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Moléculas de benzimidazol covalentemente ligadas a superficie da silica gel, ° SiL. (onde L
= N-propilbenzimidazol), adsorvem Co(ClOs)2 de solvente ndo aquoso formando complexos
na superficie segundo a reagdo: m © SiL. + Co(ClO4)> ® (° SiL)mCo(ClO4)2. As constantes de
equilibrio e capacidade de adsorcdo, foram determinadas aplicando-se a equagdo de Langmuir
fornecendo respectivamente, b=3.0x 10° L mol ™' e Ns=0.098 x 10" mol g ' O metal estd liga-
do através do 4tomo de nitrogénio e o fon perclorato ndo estd coordenado. O estudo de ESR
mostrou que o complexo possui essencialmente uma geometria com distor¢ao tetragonal, com
os elétrons dos quatro nitrogé€nios interagindo com o ion metdlico central cobalto no plano
equatorial. Somente uma espécie complexa foi detectada na superficie.

Covalently attached benzimidazole molecules on silica gel surface, °SiL. (where L =
N-propylbenzimidazole), adsorbs Co(ClO4)2 from non-aqueous solvent by forming a surface
complex according to the reaction: m © SiLL + Co(ClO4)2 ® (° SiL)mCo(ClO4)2. The equilibri-
um constant and the adsorption capacity, determined by applying the Langmuir equation were
b=3.0x 10’ L mol™ and Ns=0.098 x 10~ mol g, respectively. The metal is bonded through
the nitrogen atom and the perchlorate ion is not coordinated. The ESR study indicated that the
complex has essentially an octahedral geometry with tetragonal distortion, with the electrons
of the four nitrogen atoms interacting with the cobalt central metal ion in the equatorial plane.
Only one complex species was detected on the surface.
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Introduction

Organic molecules containing nitrogen atoms have
been chemically bonded to a silica gel surface in order to
adsorb metal ions from aqueous or non aqueous solvents' .
Asinsolution phase, many complex species may be formed
at the solid-solution interface by the reaction of the metal
ion with the immobilized functional organic molecule®®.
Techniques such as '*C CPMAS NMR?'?and electron spin
resonance (ESR)®!! have been used to determine the struc-
tures of these complex species. The second technique has
been particularly useful for copper complexes'®!%,

Cobealt (I) is adsorbed from acetone solution by the at-
tached benzimidazole yielding a pale blue complex'*. The
adsorption of the metal ion occurs according to the reacti-
on: m°SiLL + CoX; ® (° SiL),,CoX,, where © SiL is the at-
tached neutral functional organic group on the silica
surface. The stepwise complex formation, which consists
of a change in the average number of the ligand, m, coordi-
nating one metal ion is a function of the metal loading in the
present case because the surface density of attached ligands
is constant. The correlation between the structure of the
complexes in the solution phase and that on the solid surfa-
ce is not straightforward because from a steric point of view
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the attached ligands have limited mobility while in the so-
Iution phase this restriction does not exist.

In this work the structure of cobalt perchlorate adsorbed
on the surface of silica modified with benzimidazole is re-
ported. The perchlorate counterion was chosen because it
has low coordination ability and thus, the resulting structu-
re of the reaction between Co(ClO4); and © SiL. may be ex-
clusively determined by the interaction of the immobilized
ligand and the metal ion. On the other hand, this study is of
great interest because the silica gel surface is morphologi-
cally very heterogeneous, the ligands are not uniformly dis-
tributed on the surface and to our knowledge, little
information on complex formation in porous materials is
available in the literature.

Experimental

Preparations

Silica gel 60 (Merck) having a particle size between 0.2
and 0.05 mm was activated at 420 K under vacuum
(0.13 Pa). This silica (ca. 50 g) was suspended in dry xylene
(200 cm?) and 3-chloropropyltrimethoxysilane (15 cm?)
was added; the mixture was stirred for 24 h at 380 K under a
nitrogen atmosphere. The resulting modified silica was im-
mersed in pure dimethylformamide (150 cm®) and benzi-
midazole (17.5 g, 0.15 mol) was added. The mixture was
stirred for 24 h at 380 K under a nitrogen atmosphere. The
resulting modified silica was filtered off and washed with
dimethylformamide and ethanol. The product was heated
for 8 h at 353 K under vacuum (0.13 Pa). The amount of
benzimidazole attached to the silica surface was No=
0.48 x 107 mol g\

The reactions which describe the preparation can be re-
presented by the equations in Scheme 1, where for simplifi-
cation (A) will hereafter be designated as SiL.

Isotherm of Adsorption

The isotherm adsorption of Co(ClO4), from an acetone
solution by ° SiL. was determined at 298 K. About 0.1 g of ©
SiL was immersed in 50 mL solutions of Co(ClOy4), of vari-
able concentrations. The suspension was shaken for 60 min
and then allowed to stand for 20 min, time necessary for all
the solid material to deposit at the bottom of the flask.
About 10 mL of the supernatant solution was evaporated,

3=SiOH + (MeO);Si(CH,);Cl

— (=Si0);Si(CH,);Cl
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the residue dissolved in water and the metal was analyzed
by conventional EDTA complexometric titration. The
quantity of the adsorbed metal was determined by applying
the equation:

Nf _ Na - Ne

m
where Na is the initial metal mole number, Ne the metal
mole number in equilibrium with the solid phase and m the
mass of the adsorbent.

Infrared spectra

Infrared spectra of the samples were obtained in the re-
gion 2000 to 1000 cm™', using the technique of self suppor-
ted disk described elsewhere®. The equipment used was a
Nicolet FT-IR spectrophotometer.

Electronic spectra

The electronic spectra of the samples were obtained by
immersing the solid with Co(ClO4), adsorbed on the surfa-
ce, (° SiL)mCo(ClOs),, in spectral grade carbon tetrachlori-
de in a quartz cell having 1mm path length. A Cary 2300
spectrophotometer was used. Good quality spectra were
obtained since the refractive index of both, silica and the li-
quid, are nearly the same'*.

ESR spectra

Spectra of the samples were obtained in a quartz tube at
77K, at band X (9 Ghz), 40 mW microwave power, modu-
lation frequency of 100 kHz and a magnetic field with swe-
eping of 1000 Gauss centered at 2850 or 2900 Gauss. The
equipment used was a Bruker ECS 106 electron spin reso-
nance spectrometer.

Results and Discussion

Isotherm of adsorption

Figure 1 shows the isotherm of adsorption of Co(ClO4)»
by the solid phase ° SiL, from acetone solution. The adsorp-
tion capacity, Ns, and the equilibrium constant, b, were de-
termined by applying the Langmuir equation:

Cc_ 1 + C

Nf bNf Ns
+ 3MeOH

. . S
(ESi0);Si(CH5Cl  + H—N'SN — (SSi0)38i(CH,); —N~ N + HCI

Scheme 1.

(A)
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Figure 1. Isotherm of adsorption of Co(ClO4)2 from acetone solution
at 298 K by benzimidazole modified silica gel, °SiL (L=
N-propylbenzimidazole).
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Figure 2. Infrared spectra of (° SiL)nCo(ClO4),, pressed disk. Metal
loading on the surface (Nf/No): (a) 0, (b) 0.065 and (c) 0.21.

where C is the metal concentration in the solution phase in
equilibrium with the solid phase. Plotting C/Nf vs. C gave a
straight line with correlation coefficient r =0.997 was obta-
ined. The calculated constants were: b =3.0 x 10° L mol’!
and Ns = 0.098 x 10~ mol g!. The magnitude of the cons-
tant b is the same as that determined for reaction of the pen-
dant benzimidazole ligand and cobalt (II) in non aqueous
solvents®. The chemical species formed on the surface is

A (nm)

Figure 3. Electronic absorption spectra of (° SiL)mCo(ClO4)2 immersed
in CCly: (a) Nf/No=0.065, (b) Nf/No=0.16 and, (¢) Nf/No=0.21.

thermodynamically stable and adsorption occurs by nitro-
gen-metal bond formation. The reaction at the surface can
be represented by the equation:

m © SiLy) + Co** (sin) + 2C104 51y =(° SiL)mCo(ClO4)s(s)

The equation shows that when the metal ion diffuses into
the solid-solution interface it is followed by the C1O4™ coun-
terion and then, the adsorption occurs as an adsorption of a
neutral species. The equation also shows that as the concen-
tration of the metal ion increases at the solid-solution interfa-
ce, the average number of the attached ligands coordinated
to the metal ion decreases because the surface density of the
ligands is constant. Therefore, it is very important to study
the strucuture of the species taking into account the quantity
of the metal adsorbed on the surface®.

Infrared spectra

The infrared spectra of (° SiL.),,Co(ClOy4), as a functi-
on of metal loading is presented in Fig. 2. The bands obser-
ved between 1570 and 1450 cm™' are due to the vibrational
modes involving the benzimidazole ring. The band at 1500
cm’! observed in Fig. 2a (sample without adsorbed metal,
Nf/No = 0) is slightly shifted to higher frequency, 1504
cm’! (Fig. 2b, Nf/No = 0.065), and for the saturation condi-
tion is shifted to 1518 cm™ (Fig. 2c, Nf/No = 0.21). This
particular band is assigned to the skeleton vibrational mode
of the ring which involves coupled vibrations, NCN +
NCC'>!1%, This band normally is shifted toward higher fre-
quency upon metal-nitrogen bond formation®$. Other
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bands observed in the spectra are not sensitive to nitro-
gen-metal bond formation.

If the adsorption occurs exclusively at the benzimida-
zole basic site i.e., due to the formation of a nitrogen-metal
bond, the saturation value should give an idea of the avera-
ge number of ligands coordinated to the central metal ion.
However, it must be remembered that the surface is hetero-
geneous and the ligands are not distributed uniformly on
this surface and thus, many of them may remain uncoordi-
nated even at surface saturation conditions.

Electronic spectra

The electronic spectra for the complex with Nf/No
0.065, 0.16 and 0.21 were recorded. However, no spectral
changes (Fig. 3) were observed as the degree of loading
was varied, which may suggest that in every case only one
chemical species was formed on the surface. A different be-
havior was observed for Cu(Il) complexes adsorbed on
benzimidazole-modified silica, where the spectra changed
for different degrees of metal loadings®. In the last case,
more than one species was formed on the surface.

ESR spectra

Figure 4 shows the esr spectra obtained for
(°SiL)mCo(ClO4)2, under the experimental conditions:
Nf/No =0.065 and 0.21. For Nf/No =0.21 (Figure 4a) one
can distinguish very well nine superhyperfine line structu-
res, characteristic of the interaction of benzimidazole nitro-
gen atoms with the cobalt unpaired electron, corresponding
to the transition M = -1/2 to 1/2, and Co nuclear spin [ =
7/2. The other expected transitions are barely seen due to
the broadening effects but there are residual broadened su-
perhyperfine lines that may be identified by comparing the
second harmonic experimental spectrum with the simula-
ted one. The less concentrated species (Fig. 4b) shows bro-
adened superhyperfine lines in all hyperfine transitions
including those of M =-1/2to 1/2. The spectra (Fig. 4b) as a
whole resembles that corresponding to the more concentra-
ted perchlorate species (Fig. 4a). This behavior is indicati-
ve that the overall symmetry of the cobalt-benzimidazole
complex is not changed when cobalt is diluted i.e., the inte-
raction with four benzimidazole molecules persists. The
persistent intense line (starred peaks) with g = 2.00 visible
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Figure 4. ESR spectra of (° SiL)nCo(ClO4)»: (a) Nf/No = 0.098, (b)
Nf/No=0.065. The starred peaks are due to the Fe** impurity in the si -
lica gel.

in all spectra for ° SiLL or (SiL)mCo(ClO4), is due to the
Fe** impurity.

The spectra shown in Fig. 4 may be analyzed consi-
dering a square planar structure with the metal ion at the
origin and four ligands at the equatorial positions. A
powder simulation spectrum was generated using the ha-
miltonian parameters in Table 1 and the line shape con-
sisting of a ratio of Gaussian to Lorentzian equal to 50
percent and line widths of 35 gauss in the parallel and 30
gauss in the perpendicular positions, respectively. The
calculations were carried out using the accepted values for
P =254 cm™ 7 and the spin orbit coupling constant| =178
cm! 18, The calculated perpendicular and parallel directi-
ons of the superhyperfine coupling constant of the ligand,
KN, by simulation up to second order in the perturbation
treatment for the superhyperfine spectra'®, gave: KN = 16
and KN =8 gauss.The resulting simulated spectrum, which
agrees fairly well with the experimental spectrum, is shown
in Fig. 5.

Conclusions

Only one adsorbed complex species is detected for dif-
ferent surface loadings with the metal ion. The ESR study
indicated that we have essentially an octahedral complex
with tetragonal distortion in a low spin configuration.
Under the Dan crystalline electric field, Co(Il) interacts
with four nitrogen nuclei of benzimidazole molecules in
the equatorial plane. According to the foregoing analysis

Table 1.
Co Co N . . -1
gl gn Aj"" (gauss) A~ (gauss) K (gauss) Optical transition (cm™ )
Experiment 2.0023 2.0650 23 166.0% 17,015
Calculated 2.0023 2.0650 22 -165.5 KM= 16 17,044
K||N= 8

a Considering the transition M=-1/2 to 1/2 (absolute value).
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Figure 5. Second harmonic simulated spectrum using data from Ta-
ble 1. The agreement is fairly good for the central transition (M =-1/2
to 1/2) where superhyperfine lines 1 to 9 are indicated. In the real
spectrum the other transitions are broadened but some structure is vi-
sible by comparing with the simulated spectrum.

we have essentially a>A ground state with the electron in a
dz’ orbital. About 58 percent of the normalized angular va-
riation of this orbital is in dx>-y* and this justifies the obser-
vation of superhyperfine lines with the four nitrogen nuclei
in the equatorial plane of symmetry of the complex.
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