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Abstract Mesoporous silica functionalized by cyclam—
metal molecules were investigated by spectroscopic
methods including Raman, IR, UV-VIS absorption and
EPR technique. To analyse quantitatively the physical
features, numerical models were developed using the
density functional theory method. Thus, the construction of
molecular geometries and their optimisation analysis were
achieved on the cyclam-metal molecules in vacuum as
well as constrained by the host mesoporous silica matrixes.
In this context and with regard to the paramagnetic nature
of the metals chelated by cyclam molecules, EPR tech-
nique allows probing the metal environments which can be
compared to theoretical results inferred from numerical
models. The vibrational and optical properties were
exhaustively investigated and the assignment of the main
features was quantitatively discussed thanks to the carried
out numerical analyses. The developed approach point out
the possibility to define a targeted application of such
functional materials based on the possibility to fine tune the
absorption features in a wide wavelength range by stabi-
lizing defined configurations of the cyclam—metal groups.
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1 Introduction

Mesoporous silica functionalised by organometallic active
groups constitute attractive architectures for a wide range
of potential applications like e.g. magneto-optical switch-
ers and bi-sensors [1-3], drug delivery controllers [4—6] or
catalytic agents [7, 8]. Thus, the considered materials are
the subject of broad field of investigations [9-12] since the
functionalities can be tuned by changing the nature of the
functional groups such as nanoparticles [13], magnetic
clusters [14], organic or organometallic molecules [15].
Besides, these materials can be prepared by incorporating
several classes of organic chelates depending on the tar-
geted property [16-19]. In this aim, the development of
different synthesis routes was extensively experienced and
applied to silica backbone on the form of mesoporous
materials with pore sizes ranging from 2 to 20 nm. These
pores are suitable for hosting several functional vectors.
Additionally, the carried out synthesis methods are able to
draw innovating architectures, where the active groups are
located either in the channels or constitute a part of the
silica backbone [20]. A functionalization of the silica pores
can be performed either by grafting the active molecules to
the silica channels walls using organosilica chains or by
direct synthesis methods [21]. In this case, the functional
groups are expected to be more regularly distributed in the
channels leading to a homogeneous media. From another
side, fundamental understanding of the physical phenom-
ena involved in such class of materials can orient and
contribute to open new possibilities of applications.
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Particularly, the characteristic features of the functional
materials are monitored by the intrinsic properties of the
host matrices and those of the active molecules as well as
the mutual interactions involved at the interfaces.

One of the promising doping agent concerns organic
macrocycle group such as tetraazamacrocycle called
1,4,8,11-tetraazacyclotetradecane and referred below as
cyclam. The key interest from cyclam lies in its ability to
form thermodynamically stable organometallic complexes
by chelating several metal ions. Their features were
exploited in several area of applications [22-27] including
the cyclam derivatives, which show anti-tumor activity
[28], alternatively may be used as contrast agents for
magnetic resonance or radio-diagnostic imaging [29, 30] or
as therapeutic radio-pharmaceuticals [31]. Cyclam has the
form of cyclic molecule formed by four imine groups
acting as donor centres with the nitrogen atoms being
characterized by sp® hybridisation. The metallic ion che-
lated by a cyclam is coordinated with the nitrogen atoms
and located in the centre of the cycle cavity. The size and
the morphology of the cavity can be changed as function of
the chelated metal ions which monitor the characteristic
features and activities of the organometallic group.

The present work is dedicated to investigate physical
and structural properties of cyclam molecules chelating
metal ions such as nickel and copper. The organometallic
groups are studied solely, grafted in pores of mesoporous
silica matrixes or even introduced in the mesoporous silica
backbone. Spectroscopic methods (IR, Raman, UV-VIS
absorption, EPR) were conjugated to shed lights on the
main features of mentioned hybrid architectures. Quanti-
tative analyses were carried out thanks to theoretical model
and numerical simulation methods used as key supports for
the performed experiments. Even though the doping rate of
active groups in the host matrixes is in the range of
2.6-25%, the optical and vibrational features as well as the
EPR spectral parameters of the organometallic complexes
were calculated and analysed using the density functional
theory (DFT) computational method.

The experimental results and the carried out numerical
simulations have contributed to clarify the electronic,
magnetic and structural properties of cyclam derivatives
associated with the host mesoporous silica matrices. The
EPR experiments and the carried out analysis of the
spectral line intensities and line widths have contributed to
give precise insight on the local structure of the metallic
ion environment [32]. These facts were also underlined by
Raman and optical UV-VIS absorption experiments. Par-
ticularly, the clustering of the cyclam-ion groups signifi-
cantly affects Raman spectra by a large broadening and
wavenumber shifts of the corresponding bands. In this
context, the performed numerical methods have contrib-
uted to point out the main parameters, which monitor the
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optical and vibrational features of the organometallic
groups in agreement with the experimental analyses as it
will be discussed in the present report.

2 Experimental Details
2.1 Materials Preparation

All reactions were carried out under argon using a vac-
uum line. Solvents were dried and distilled just before
use. Triblock copolymer P123, 3-chloropropyltrimethox-
ysilane and TEOS were purchased from Aldrich and used
as supplied. The cyclam was purchased from Chematech.
NiCl, powders supplied from Acros were dried before to
be used.

Several routines of synthesis were developed to obtain
cyclam groups chelating metal transition ions (refereed
below as cyclam—metal) as well as mesoporous silica with
pores or networks functionalized by cyclam—metal groups.
The doping rate of the mesoporous silica by cyclam—metal
molecules was performed in the range 2.6-25% with
respect to the precursors of silica. The achievement of the
correct organization and structure of the material requires
appropriate procedures. However, the forthcoming report
exemplifies in detail, the synthesis of the mesoporous silica
sample functionalized in the pores by cyclam—metal groups
with a doping rate about 11%.

2.1.1 Preparation of Pre-functionalized (Silica Matrix)-Cl

This first synthesized material (silica matrix)-Cl, represents
the mesoporus silica with the location of (CH,),-Cl chains
dedicated to attach the functionalising groups such as
cyclam-metal. In this aim, triblock copolymer (EO,q
PO,,EO,o with PEO = poly(ethylene oxide) and PPO =
poly(propylene oxide)) Pluronic P123 (4.0 g) were dis-
solved in 160 mL of an aqueous solution of HCI
(pH = 1.5). The resulting clear solution was added to a
mixture of 3-Chloro-Propyl-Trimethoxysilane (0.84 g,
4.49 mmol) and Tetraethylorthosilicate (TEOS) (8.41 g,
40.41 mmol). A vigorous stirring for 3 h was performed at
room temperature until a transparent solution appeared.
Then, the solution was transferred in a hot oil bath at 60 °C
and NaF (76.0 mg, 1.80 mmol) was immediately added to
induce the polycondensation. A white precipitate appeared
within a few minutes and the resulting suspension was
further stirred for 2 days at 60 °C. The resulting white
powder was filtered off and the surfactant was selectively
removed by soxhlet extraction over ethanol for 24 h. After
drying at 120 °C overnight under vacuum, 2.89 g (94%) of
(silica matrix)-Cl (defined SBA-CI) were obtained as white
powder.



J Inorg Organomet Polym (2010) 20:761-773

763

2.1.2 Preparation of (Silica Matrix)-Cyclam

This step consists in realisation of mesoporous silica func-
tionalized by cyclam groups. The process uses a mixture of
1,4,8,11-tetraazacyclotetradecane (cyclam) (0.42 g, 2.09
mmol), SBA-CI (1.00 g, 1.49 mmol) dissolved in 90 mL of
acetonitrile and triethylamine (1.1 g, 10.9 mmol). The used
mixture was heated under reflux (78 °C) and stirring for
2 days. The white solid was quantitatively recovered by
filtration and washed five times with hot chloroform and
three times with hot ethanol to remove the excess of cyclam.
After drying at 120 °C overnight under vacuum, 1.10 g
(95%) of mesoporus silica functionalized by cyclam mole-
cules (SBA-cyclam) were obtained as a white powder.

2.1.3 Preparation of (Silica Matrix)-Cyclam—Ni

The final step realizes the mesoporous silica functionalized by
organometallic groups which consist in cyclam molecules
chelating nickel ions. This was achieved using 1.00 g
(1.49 mmol) of SBA-cyclam dissolved in an ethanolic solution
of NiCl, (0.017 M, 123 mL). The resulting suspension was
heated overnight under reflux with stirring. The solid was
quantitatively recovered by filtration and washed with dry
ethanol several times to remove the excess of nickel salt. After
drying at 120 °C overnight under vacuum 1.08 g (97%) of
SBA-cyclam chelating nickel, referred below as SBA—cyclam—
Ni, the investigated material was obtained as a green powder.
Schematic summary of the carried out synthesis is shown
in Fig. 1. By this way the mesoporus silica pores or networks
were functionalised by cyclam—metal groups. With the same

Fig. 1 Structure of
investigated materials:

(a) mesoporous silica in
hexagonal lattice (SBA-15),
(b) mesoporous silica
functionalized by cyclam
groups chelating nickel ions
inside the pore, (¢) mesoporous
silica functionalized by cyclam
groups chelating nickel ions in
the network
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procedure, the functionalization of mesoporous silica (SBA)
by cyclam—copper groups was achieved. In the last step of
procedure discussed above, the ethanol solution of CuCl,
instead of NiCl, was used.

2.2 Characterization Methods
2.2.1 Transmission Electron Microscopy

The TEM observations were carried out in order to check the
homogeneity and morphology of the mesoporous silica. JEOL
2010 equipment with an acceleration voltage of 200 kV was
used as well as liquid nitrogen anticontamination trap devoted
to improve the vacuum around the sample. All TEM images
were taken by using a contrast diaphragm. The sample prep-
aration consists in small amount of powder, grinded in pure
ethanol. One droplet of the suspension was then deposited on
copper grid covered by amorphous carbon membrane. At first
glance, the sample resists quite well to the electron beam and
elongated grains were clearly seen as illustrated in Fig. 2. The
morphology of the mesoporous grains is marked by alternat-
ing clear and dark fringes with a periodicity about 10 nm.
Such contrast reveals the porous structure of the sample with
parallel and well aligned pores. However, with regard to the
functional cyclam—Ni group dimensions, it was not easy to
evaluate their presence in the host silica.

2.2.2 Spectroscopic Investigations

Room temperature UV-VIS diffuse reflectivity spectra
were collected on a finely grinded sample with a Cary 5G

Walls

NiCl,
—

cr
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Fig. 2 TEM images of functionalised mesoporous silica doped in the
pores

spectrometer (Varian). The instrument was equipped with a
Cary Praying Mantis Diffuse Reflectance accessory and
computer control using the Scan software. The absorption
in diffuse reflectance versus wavelength measurements
were made in the 250-800 nm range with a 2 nm step
using a mirror as reference (100% reflectance).

The infrared absorption measurements were performed
using Perkin-Elmer FTIR spectrometer model 2000. The
samples were prepared by grinding the samples with KBr
and to form cold pressed pellets.

A confocal micro-Raman spectrometer coupled with an
Ar™" laser was used at room temperature. The experiments
were realized by selecting the 514 nm or the 647 nm
radiations with an incident power about 40 mW. The
experimental conditions are kept the same for all investi-
gated samples. Finally, for the paramagnetic cyclam—metal
molecules, the EPR investigations were performed and the
characterisation of the key features related to mesoporous
silica functionalised by cyclam-metal groups were com-
pleted [32].
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3 Numerical Simulation Models

The computer simulations were performed with the aim to
ensure a key support for the experimental investigations
performed by structural and spectroscopic means on the
functional materials. The numerical models consider sev-
eral configurations of the cyclam molecules related to non-
chelating macrocycle as well as to nickel and copper
chelated molecules with defined valence and coordination
features. Indeed, with regard to the stability of the cyclam—
metal molecular structure, bonding of the central metal
transition ion with chlorine ions must be considered. This
lead to pyramidal-like environment for copper while
bi-pyramidal-like local environments holds for cyclam—
nickel. The size of the investigated systems requires the use
of the density functional theory (DFT) formalism to fully
optimize their geometries in vacuum without any symme-
try constraint.

The proposed calculations were performed with ADF
program package [33] at the Generalized Gradient
Approximation (GGA) [34]. The BLYP exchange—corre-
lation potential was used as equivalent to the gradient
correction proposed by Becke for the exchange part of
potential [35] and for the Lee—Yang—Parr correlation cor-
rection [36-38]. All atoms were described within the triple-
{ (TZ) basis set defined in the program database. The core
electrons such as 1 s—3p for Cu and Ni, 1s—2p for Cl, 1s for
C and N were kept frozen for the considered atoms. The
calculations performed at the BLYP level and employing
the TZ basis set, were found to be relevant for the geometry
optimization in the case of molecular structures based on
metals of the second and third raw of the transition ele-
ments in the periodic table [39]. The correct feature of the
optimized structure which ensures local minimum in the
potential energy surface, was confirmed by vibrational
frequency computations. In all cases the absence of nega-
tive frequencies confirmed that the optimized geometries
correspond to stable configurations.

The numerical methods carried out on cyclam—metal
groups were devoted to simulate the spectral parameters
experimentally obtained from Raman, IR and UV-VIS
absorption as well as the EPR spectra. The vibrational
frequencies were determined from the normal modes
related to the molecule in its electronic ground state and
within the harmonic approximation. The IR frequencies
were calculated numerically using GEOMETRY module in
ADF program [40, 41]. Time dependent DFT (TDDFT)
computations at the equilibrium geometry were employed
as an accessory tool in the assignment of the electronic and
Raman spectra [42] while the calculations of the Raman
frequencies were performed using the RESPONSE module
[43] of the ADF program package. In the computation
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process dedicated to IR and Raman frequencies, the same
basis sets and the relevant exchange—correlation potentials
were used as for the geometry optimisation procedure.
Finally, the EXCITATION module implemented in ADF
program was employed to calculate the electronic excita-
tion of the valence electrons with regard to the UV-VIS
absorption spectra [43—46]. Particularly, Davidson diago-
nalization procedure [47] was considered for the excited
states calculations implementing the BLYP potential and
the TZ2P basis set.

4 Results and Discussion
4.1 Geometry of the Cyclam—Metal Complexes

DFT calculations were performed on organometallic
groups as isolated objects or grafted on silica walls. Even if
the structures of isolated molecules were developed earlier
on similar composition [48], the approach developed in the
present work examines the specific cases of the cyclam—
metal groups and consider constrained molecules due to the
host mesoporous silica. Indeed, cyclam molecules chelat-
ing metal ions and grafted inside the silica pores or
embedded into the silica backbone alter significantly both
vibrational and optical properties as well.

For the isolated cyclam molecules, DFT calculations
were performed and compared successfully to molecular
geometries involved in crystals [49]. This fact supports the

relevance of DFT method to draw reliable analysis for the
structural peculiarities of cyclam molecules chelating metal
ions. As mentioned in the paragraph related to computa-
tional details, the full geometry optimizations for all
molecules were performed based on the criterion of mini-
mization of the second derivative of the energy on the
pseudopotential surface supported by the search for posi-
tive eigenvalues of the Hessian. The relevant data are
summarized in Table 1.

According to this numerical analysis, the copper ion in
cyclam—Cu structure is fully coordinated by the tetra-aza
sub-units in the configuration of a square geometry. This
fact contrasts with the case of nickel even if the radius of
both ions is comparable as well as the expected Jahn—Teller
nature which characterizes both ions. In the cyclam—Ni
complex, the four imine groups are not equivalent and this
seems to be connected with the nickel electronic configu-
ration. Indeed, former experimental reports on the cyclam—
Ni complexes state on the less constrained geometries, when
planar configurations hold and stabilize low-spin for Nickel
ions [50, 51]. However, high-spin state is compatible with a
geometry configuration as trans-octahedral complex [52,
53]. Noticeably, the macrocycles exhibits versatile geome-
tries for cyclam—metal and its derivatives while the stable
valence of the metal ions impose the bonding of the central
atom to chlorine. As example, cyclam—Ni and cyclam—Cu
were considered with a bond metal-Cl out from the square
planar geometry formed by imine groups. Optimization of
the geometries leads to nearly the same configuration but the

Table 1 Structural data obtained by theoretical optimization of cyclam molecule chelated metal ion, where R = Ni, Ni-Cl, Ni-Cl,, Cu and

Cu-Cl
R= Ni . Ni-Cl Ni-Cl, Structure Cu _ CuCl
Bond Distance (A) Bond Distance (A)
C Ni-N; 1.91 2.06 1.97 Cu-N, 1.98 2.04
C/ °« Ni-N; 1.91 2.05 1.97 Cu-N; 1.97 2.05
I 1 Cs Ni-N, 2.98 2.08 1.97 Cu-N, 1.97 2.08
N Ni-N, 2.98 2.08 1.96 Cu-N, 1.98 2.08
~ 1 N2 .
C N / *-«-04 Ni-C ¢ 2.88 3.10 2.92 Cu—Cy 6 3.01 2.94
| 10 R l Ni-C, 7 3.28 3.34 3.43 Cu—C, 5 3.30 3.34
C9-~ / \ _Cq Ni—Cs 5 2.79 2.95 2.92 Cu—Csg 3.00 3.09
Ny N3 Ni—C40 2.81 2.86 2.79 Cu—Cyo 2.84 2.84
('3 (l3 Ni—Cs 0 3.12 2.88 2.80 Cu—Cus ;o 2.82 2.88
8 6 Ni—Cl - 3.09 2.89 Cu-Cl - 3.08
\C/
7
Angle ©) Angle ©)
N, —Ni-Nj 167 179 173 N,—Cu—N; 160 179
N>—Ni-N, 148 155 170 N,—Cu-N, 162 155
N;-Ni-N, 82 94 87 N;—Cu-N, 84 94
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total energy of cyclam—Cu with Cu—Cl complex is lower
than in the case of nickel based complexes. Alternatively,
bonding of the central nickel with two chlorines seems more
stable from the total energy criterion and can be compared to
experimental reports based on X-ray diffraction [54]. The
nickel—chlorine bonds were fond anomalously longer than
usually shown for undistorted octahedral complexes. As
matter of fact, the numerical analysis yields a stable
geometry in the form of tetragonal coordinated nickel with
square planar bonds between nickel ion and imine groups
and two perpendicular Ni—Cl bonds. The carried out cal-
culations of the Ni—Cl bonds exhibit larger lengths than the
experimentally determined ones while the angles defined in
Table 1 are in very good agreement with the experimental
values related to the same structures. It is worth noting that
the departure of the bond lengths about 0.4 A is a conse-
quence of the main drawback of the used BLYP approxi-
mation in the considered numerical model. The reported
discrepancy is justified by the tendency of mentioned
approximation to overestimate the bond lengths as was
generally reported for environments with transition metal
ions based compounds [55].

4.2 EPR Probing of Ligand Fields

EPR spectroscopy is a very sensitive to the local environ-
ments around paramagnetic ions. For the cyclam—Cu and
cyclam-Ni geometries, the EPR signal of copper and nickel
ions are well resolved. The involved interactions can be
identified from the anisotropy of the EPR spectra or from
the hyperfine or super-hyperfine structure which originates
respectively from the nuclear spins of copper nuclei or that
of chlorine ions. Typical EPR signals related to cyclam—Cu
and cyclam—Ni molecules grafted in the mesoporous silica
channels are shown in Fig. 3. From the EPR signal of
copper (Fig. 3a), it seems that only weakly resolved
hyperfine interaction can be shown but a large anisotropy
of the magnetic interaction seems to be involved. In the
case of nickel spectrum (Fig. 3b), the anisotropy is very
low compared to the well resolved hyperfine structure,
which testifies that chlorine ions are involved in the first
coordination shell of nickel ions. Quantitatively, the anal-
ysis of the EPR spectra for the considered cases is per-
formed by the following spin-hamiltonian:

H=PB-2-S+> S-Ai-I;

where S = 1/2 represents the effective electronic spin of
Cu?" and Ni**. The first term of equation is related to the
Zeeman interaction with the magnetic g tensor being
dependent on the local environment and symmetry of the
paramagnetic ions. The second term can be either associ-
ated to an interaction between electronic spin or nuclear
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Fig. 3 EPR spectra of copper and nickel ions in the organometallic
cyclam—metal groups used to functionnalize mesoporus silica

spin of copper nuclei (i = 1) as well as to the interactions
between the electronic spin and the ith neighboring chlo-
rines ion.

An adjustment of the EPR spectrum shapes allow to
obtain the spectral EPR parameters summarized in Table 2
for copper and nickel ions chelated by cyclam molecules,
respectively. The EPR results are then consistent with the
anisotropy of the magnetic environments involved for both
ions as well as an axial symmetry, which can be understood
by planar coordination with imine groups and perpendic-
ular bonding of the metal to chlorine ions.

Thus, for the copper ions, the g-tensor components are
theoretically described in an axial environments by:

8 = 2.0023 + 8kc1|2—0|
|
Ay
where k¢ and ky represents the covalence parameters of
the Cu—Cl and Cu-N, respectively. The A is the spin—orbit
coupling constant, which contributes to the energies of
d orbitals of the Cu®" ion and A 1) characterize the energy
splitting between electronic d states.

The experimental value of g-tensor components are
consistent with the fundamental orbitals associated with
dy»_\» and covalence parameters between copper and

Table 2 EPR spectral parameters for cyclam—Cu and cyclam-Ni
molecules grafted in the silica channels. The A, ,, . represent the hyper
fine parameters for copper ions while for Nickel they arc related to
super-hyperfine coupling with axial chlorine ions

Cyclam-R-i 8x 8y 8z Ac Ay A

R = Cu*" 2.070 2.070 2210 20 20 170
M = Ni*", i = CI(1), CI(2) 2.178 2.178 20025 O O 28
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nitrogen (kcy—N) and between copper and chlorine (kcy—c1)
in the ratio (KcuNj () > 1.1 The different data

inferred from EPR investigations suggest, that as far as the
first coordination shell of copper is concerned, pyramidal
like coordination of copper is realized and consist in planar
bonding with the imine groups and in perpendicular
direction of elongated Cu—Cl bond compared to the planar
Cu-N ones. This analysis supports the stability of the
pyramidal like environment of cyclam—Cu quantitatively
demonstrated by numerical modeling.

The same analysis carried out for the cyclam—Ni groups
shows that the EPR signal is consistent with the valence of
Ni** interacting with two chlorines ions. This result is in
agreement with the numerical model which indicates a
more stable and energetically favorable the tetragonal
coordination of the nickel ions.

4.3 Raman Investigations of Cyclam—Ni in Mesoporus
Silica

4.3.1 Experiments

The Raman spectra were recorded at room temperature for
the samples described in Sect. 2.1. Bare cyclam—Ni pow-
ders or cyclam—Ni molecules grafted in the silica pores
give rise to the high wavenumber Raman spectra depicted
in Fig. 4 for different doping rates (2.6%, 5.3%, 11.1%).
Whatever the synthesis method (direct or two steps pro-
cess) or the concentration of cyclam—Ni molecules in the
silica channels, the Raman spectra exhibit similar features.
The main difference exists only between cyclam—Ni in bare
powder form and in the silica. For the isolated molecules,
the Raman spectrum shows quite resolved and narrow
bands in contrast to the broad features observed when these
molecules are in the silica pores.

In the high wavenumber range, the Raman shifts from
2,830 cm ™! t0 2,960 cm™" can be assigned to symmetric
and asymmetric stretching vibration of the CH, groups.
Precisely, the weak bands located at 2,837 cm™! and
2,860 cm™ ! result from symmetric CH, stretching [56].
The large band located at 2,923 cm ™' can be assigned to
asymmetric stretching of CH, groups [57] while the shift at
2,959 cm ™! is attributed to vibrations of CH, groups [58].
N-H stretching mode are characterized by the vibrational
features observed around 3,250 cm_l, but the splitting on
the corresponding band in two components (3,230 cm™'
and 3,260 cm™ ') is an indication of non equivalency
between the local environment of the bonded hydrogen
atoms [59]. A tentative explanation for such splitting can
be suggested from the computational work performed on
cyclam—Ni molecules reported in Table 1. Indeed, two
molecular configurations are involved and consist in the

767
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Fig. 4 High wavenumber range of Raman spectra obtained for
mesoporous silica with cyclam groups inside pores. The Raman
spectra for the cyclam groups alone and pure silica are also reported
for comparison

bonding of the metal to one or two chlorines. Even if the
last configuration (Ni—Cl,) is energetically more favorable,
the existence of Ni—Cl groups is relevant and can con-
tribute to the shift of the N-H vibrational band.

In the low wavenumber range [300-1,000 cmfl], the
multiple Raman bands from the silica backbone did not
allow a consistent comparison with the functionalized sil-
ica channels by cyclam—metal molecules. So, this part of
analysis was not considered in the present report.

4.3.2 Numerical Simulation of Raman Frequencies

The numerical simulations of the Raman spectra were per-
formed in order to assign quantitatively the origin of the
observed Raman bands limited for our purpose to the high
wavenumber side of the spectra. The simulation data are
carried out on the mesoporous silica functionalized by
cyclam or cyclam—Ni complexes with two configurations of
bonds between nickel and chlorine ions (Ni—Cl and Ni—Cl,).
The calculated characteristic wavenumbers are summarized
in Table 3 and compared with the main experimental data.
The first column of Table 3 reports the position of experi-
mental Raman bands obtained for the cyclam—Ni molecules.
The three remaining columns contain the theoretical Raman
band positions for different configurations of cyclam and
cyclam—Ni complexes. The forth, dashed column with bold
numbers report the average theoretically obtained wave-
number for different cyclam or cyclam—Ni complexes. The
assignment of the Raman bands to defined vibrational modes
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Table 3 Experimental and simulated peaks position of Raman spectra

Table 3 continued

Experiment  Cyclam— Cyclam + Cyclam Experiment  Cyclam— Cyclam + Cyclam
(cm™) NiCl, (em™)  NiCl em™)]  (em™) (cm™) NiCl, (em™)  NiCl (em™)]  (em™)
316 319 1,263 1,258 1,263
326 1,268
347 343 1,286 1,292 1,274 1,282
359 353 359 1,279
365 2,841 2,839
385 393 390 2,863 2,860
407 405 406 411 407.3 2,886 2,881
427 430 2,895
453 449 2,925 2,920 2,910 2,926 2,924.5
476 475 471 2,937 2,925
503 503 2,957 2,956 2,954 2,955 2,955
520 521 2,976 2,961 2,978
535 2,990 2,975
545 3,001 2,995 3,012
570 560 3,230 3,215 3,230
583 583 3,245
727 731 733 732 3,265 3,259
774 771
800 792 798.5
805 of given molecular bonds cannot reproduce the shape of the
825 experimental Raman spectra because of its broadening,
843 849 832 850 843.7 probably caused by the host matrixes, where cyclam—-Ni
865 871 860 863 864.7  groups are grafted to silica walls. To analyze quantitatively
886 890 893 880 887.7  the effect of the host silica matrix on the Raman band
909 906 913 909.5 broadening in the high wavenumber region, quantum
930 938 937 chemical calculations were carried out by using the same
966 958 957 966 numerical procedure as described above, modifying the
970 979 boundary conditions. To take into account the interaction
994 1,000 between the cyclam groups and the silica matrix, a constraint
1,011 1,022 1,005 1,013.5 was imposed at the atomic sites where chemical bonding
1,032 1,034 exists between cyclam molecules and the silica wall. On the
1,044 other hand, multiple configurations such as non-functional-
1,055 1,048 1,050 ized cyclam, or cyclam—Ni with Ni—Cl or Ni—Cl, bonding are
1,067 1,075 presumably involved. Also, combined vibartional features
1,087 1,079 from different molecular configurations were used to tenta-
1,097 1,098 tively reproduce the experimental spectra in the high
1,108 1,104 wavenumber side as depicted in Figs. 5 and 6.
1,120
1.131 1,127 4.4 Experimental and Numerical Analysis of IR
1,152 1,158 Spectra
1,173 1,165
1,182 1,186 Figure 7 reports the IR spectra of cylam—Ni molecules as well
1.201 1,190 1,199 as the mesoporous silica with the channels being funtionalized
1208 by cyclam-Ni and cyclam—Cu groups. Narrow absorption
1228 1,230 peaks are observed for isolated cyclam—Ni molecules while
1051 1,252 1,252 broad bands with some details characterize the functionalized
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Fig. 5 High frequency part of Raman spectra of mesoporous silica
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Fig. 6 High frequency part of Raman spectra of mesoporous silica
with active cyclam group inside channels (solid line) measured
experimentally and simulated Raman spectra for constrained pure
cyclam molecule and doped with NiCl,

resolved band around 3,250 cm~! is associated to N-H

stretching modes leading to the two observed peaks [60]. It is
well-know that the strength of the hydrogen bond can be
correlated with the magnitude of the shift of N-H with respect
to the free volume around them. The peaks between 2,600 and
3,000 cm™! are consistent with the cyclam C-H bands [61].
The intense bands observed in the 800—1,500 cm™! region are
consistent with the stretching vibration modes of metal—Cl
bonds [62-64]. Finally, the peaks around 420 cm™" corre-
spond to vibration of Cu—N bonds [65].

SBA-cyclam-Cu,

SBA-cyclam-Ni

IR absorption

1500 2000 2500 3000 3500 4000

-1
Wavenumbers [cm ]

500 1000

Fig. 7 Experimental IR absorption spectra obtained for cyclam
chelating nickel molecules, cyclam chelating nickel and cooper
complexes deposited into silica matrix

To sum up, the cyclam—Ni IR spectrum is marked by
substructures in the range of 800-1,500 cm™'. Addition-
ally, the high wavenumber side is marked by two bands.
Each of them being composed of narrow components. Such
features are related to isolated molecules but cannot be
resolved on the IR spectra of functionalised silica irre-
spective to the nature of the chelated metal. Thus, a loss of
information from IR studies is inferred and its conse-
quence lies in the impossibility of IR spectroscopy to probe
correctly the achievement of functionalization of silica
pores by cyclam-metal group. However, the numerical
approach is quite relevant to quantitatively account for the
experimental IR spectra of isolated cyclam—metal mole-
cules as exemplified on cyclam—Cu (Fig. 8).

4.5 UV-VIS Spectroscopy
4.5.1 Cyclam—Nickel Molecules
Mesoporous silica functionalized by cyclam—Ni groups

gives rise to quite broad UV-VIS absorption spectra without
informative details (Fig. 9a). These features characterize

IR absorption

2000 3000 4000

Wavenumber [em™]

0 1000

Fig. 8 IR spectra calculated for isolated cyclam—Cu molecules with
or without bonding of the central metal to chlorine ion
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two samples referred as SA and SB, prepared as described in a
Sect. 2.1 by two steps synthesis process and a direct method,
respectively. Only diffuse details can be seen around
250 nm, 377 nm and 470 nm in the functionalized silica
while the bare mesoporus sample did not show any features
in their absorption band in the 250-800 nm region. This
means that the details in Fig. 9a are related to cyclam
molecules chelated metal ions. Calculations of the theoret-
ical absorption bands of cyclam—Ni molecules were carried
out and the main results are summarized in Fig. 9b. Thus, it
is shown that the pure cyclam molecules exhibit an
absorption band near 250 nm while cyclam—Ni bonded to
one and two chlorine have characteristic bands at 320 nm 50 1
and 450 nm, respectively. These results support the possi-

bility of coexistence of bare cyclam molecules and cyclam—

Ni geometries with the central metal atom bonded to one or

two chlorines (Ni—Cl, Ni—Cl,) as it was suggested also in b
Raman investigations part. These facts underline the pos-
sibility to tune the UV-VIS absorption in the cyclam—Ni

based material by a stabilization of relevant configurations
defined by the number of bonded chlorine ions. As illus-

trated in Fig. 9c, the obtained curve with diamonds consists

of a superposition of contributions about 89.29% from
cyclam—-NiCl,, 1.78% of cyclam-NiCl and 8.93% pure
cyclam without complexation by nickel ions. The performed
simulations may reproduce the shape of experimentally
obtained UV-VIS absorption peaks seen in Fig. 9a.

On the other hand, though the calculated wavelength
positions are shifted with respect to the measured ones.
Among others it is the consequence of the chosen calcu-
lation method. However, the numerical procedure seems
sound and relevant with regard to the fact that the calcu-
lations consider free and isolated molecules in vacuum 300 400 500 600 700 800
contrast with a real powder, where molecular interactions Wavelenght [nm]
are involved. Furthermore, when the active molecules are c
grafted inside the mesoporous silica, constraints on the
molecular configurations are induced as well as a clustering T oydam-NiCl
which occurs in the case of inhomogeneous media as it was T oydamNiCl

demonstrated by EPR investigations [32]. ' — - - odam
+ superposition

Absorption (a.u.)

T T T T ¥ T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Cyclam+Ni (experiment)
- - - - cydam+Ni+Cly

—4@— cydam+Ni+Cl

UV-VIS absorption [arb.u.]

4.5.2 Cyclam—Copper Molecules

A similar approach to the case of cyclam—-Ni was developed
to analyze the UV-VIS absorption spectra of cyclam—Cu
molecules. However, according to early report [66], copper
chelated by macrocyclic complexes such as cyclams is
marked by d—d electronic transition leading to an absorption
in the range 300-700 nm depending on the cooper—ligand
environment [67]. As example, cyclam—Cu gives rise to an , [ T e =
absorption band reported at A, = 500 nm [68, 69]. The 300 400 500 600 700 800
nature of the used solvent alters slightly the absorption band Wavelength [nm]

Absorption [arb. u.]
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<« Fig. 9 UV-VIS absorption spectra for isolated cyclam—Ni com-

plexes: experimental data (a), experimental and calculated spectra
obtained for different configuration of Ni atoms (b), fitted theoret-
ically obtained curve (line with diamonds) reproducing experimental
data (c)

due to the high stability of such complexes. The first
absorption band of cyclam—Cu molecules measured in
methanol is at the position of 506 nm, but the red-shift of
UV-VIS peaks is noticed for the long bridging connection
between macrocyclic group and host silica matrix [70]. For
our purpose, the experimental UV-VIS spectra of cyclam
molecules chelating copper ions were performed in water
solution (Fig. 10). Changing the solvent from water to other
compound e.g. methanol does not affect the shape nor the
position of the absorption band. The electronic spectrum
of cyclam—Cu complex in a square-planar form [71-74]
or distorted-octahedral geometry exhibits a quite broad
absorption band between 540 and 600 nm, as it is shown in
Fig. 10. Particularly, the experimental UV-VIS absorption
spectrum details are quite understood when the two main
separate contributions are taken into account. One part of the
spectrum is related to bare cyclam without any metal com-
plexation while the second contribution is related to
cyclam—Cu groups. Such behavior was also observed for the
cyclam-Ni based batches and seems to indicate a general
features of cyclam complexes obtained by the carried out
synthesis method described in Sect. 2.1.

As a main behavior demonstrated from the UV-VIS
absorption experiments, it is worth noting that a coexis-
tence of several configurations of cyclam-metal groups

- |
I =

+ _+_

cyclam+Cu (experiment)

cyclaimt Cu-C1

cyclun

I
: /f

UV-VIS absorption [arb.u.]

: i + i st Bl o
200 400 o0 800
Wavelenght [nmn]

¥

Fig. 10 Experimental and theoretical UV-VIS spectra obtained for
cyclam—Cu complexes

and their bonding with chlorine atoms seems to realize
irrespective feature to the nature of the used metal. The
details of the UV-VIS absorption spectra are not so
informative on the location of cyclam-metal groups
grafted on the silica walls; i.e. their distribution or
agglomeration in the host mesoporous media. However,
the numerical methods have demonstrated their relevance
to correctly account all details related to bare batches of
cyclam-metal with the same pertinence for both nickel
and copper as well.

5 Conclusion

Mesoporous silica functionalised by cyclam-nickle and
cyclam—cooper groups are synthesized and investigated by
Raman, IR and UV-VIS absorption spectroscopy. EPR
experiments have completed this set of key features and
inform mainly on the local environment of metal chelated
by cyclam molecules. Numerical methods have been
developed to determine the local geometry of the organo-
metallic groups, their vibrational and optical properties.
Exhaustive assignment of the details on the Raman, IR and
UV-Vis absorption spectra was achieved. As a common
feature of the functionalized mesoporus silica by cyclam—
metal molecules one may conclude that different configu-
rations of the cyclam—metal and their bonding with
chlorine ions coexist with different ratios. The experi-
mental results and the carried out numerical simulations
assign correctly the physical origin of the experimental
details. This concerns the local structure of cyclam—metal
molecules, the thermodynamic stability of the different
adopted configurations as well as the optical and vibra-
tional features. The conducted complementary experiments
contributed to draw sound diagnostic on the relevant
properties of the functional materials. In this context, EPR
experiments and analyses of the spectral line intensities and
line widths were performed. They contribute to give pre-
cise insight on the local structure of the metallic ion
environments in agreement with the carried out numerical
modelling of the molecular structures. The Raman spectra
combined with the numerical data inferred from DFT
calculations show the relevance of the approach to analysis
judiciously the peculiarities of vibrational properties when
organometallic complexes are constrained by the silica
walls. The UV-VIS absorption experiments have contrib-
uted to define the characteristic absorption bands and the
possibility to fine tune their spectral features by stabilizing
a given cyclam—metal configuration. This is of a particular
importance for the possibility to combine the magnetic
behaviour of cyclam—-metal molecules with the optical
features for magneto-optical effects; aspects which are
currently under scope.
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