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Abstract Zeolite encapsulated complex nanoparticles

‘‘[Co([18]py2N4)]2?, [Co([20]py2N4)]2?, [Co(Bzo2[18]py2

N4)]2? or [Co(Bzo2[20]py2N4)]2?’’ were successfully pre-

pared by the template synthesis of 2,6-diacetylpyridine

with [Co(N–N)2]2? (N–N = 1,2-diaminoethane, 1,3-diamine

propane, 1,2-diaminobenzene, 1,3-diaminobenzene) within

the zeolite-Y. These complex nanparticles were entrapped in

the Y-zeolite by a two-step process in the liquid phase: (i)

inclusion of a Co(II) precursor complex, [Co(N–N)2]2?

@NaY, and (ii) template synthesis of the cobalt(II) precursor

complex with the 2,6-diacetylpyridine. The new complex

nanoparticles entrapped in the zeolite Y ‘‘[Co([18]py2N4)]2?

@NaY, [Co([20]py2N4)]2?@NaY, [Co(Bzo2[18]py2N4)]2?

@NaY, [Co(Bzo2[20]py2N4)]2?@NaY’’ were characterized

by several techniques: chemical analysis and spectroscopic

methods (FT-IR, UV/VIS, XPS, XRD, BET, DRS). Analysis

of the data indicates that the cobalt(II) complex nanoparticles

are encapsulated in the zeolite-Y and exhibit different

property from those of the free complexes, which can arise

from distortions caused by steric effects due to the presence

of sodium cations, or from interactions with the zeolite

matrix.

Keywords Complex nanoparticles � Hexaaza �
Cobalt(II) � Zeolite encapsulation

Introduction

IUPAC classifies porous materials into three categories, (1)

microporous with pores of less than 2 nm in diameter, (2)

mesoporous having pores between 2 and 50 nm, and (3)

macroporous with pores greater than 50 nm. The term

nanoporous materials have been used for those porous

materials with pore diameters of less than 100 nm. Many

kinds of crystalline and amorphous nanoporous materials

such as framework silicates and metal oxides, zeolites,

pillared clays, nanoporous silicon, carbon nanotubes and

related porous carbons have been described lately in the

literature [1–4]. Nanoporous materials are exemplified by

crystalline framework solids such as zeolites, whose crystal

structure defines channels and cages, i.e. nanopores, of

strictly regular dimensions. They can impart shape selec-

tivity for both reactants and the products when involved in

the chemical reactions and processes. The large internal

surface area and void volumes with extremely narrow pore

size distribution as well as functional centers homoge-

neously dispersed over the surface make nanoporous solids

highly active materials. Over the last decade, there has

been a dramatic increase in synthesis, characterization and

application of novel nanoporous materials [5–32].

Zeolites, which represent the largest group of nanopor-

ous materials, are crystalline inorganic polymers based on a

three-dimensional arrangement of SiO4 and AlO4 tetrahe-

dral connected through their oxygen atoms to form large

negatively-charged lattices with Brønsted and Lewis acid

sites. These negative charges are balanced by extra-

framework alkali and/or alkali earth cations. The most

known zeolites are silicalite-1, ZSM-5, zeolite Beta and

zeolites X, Y, and A. The incorporation of small amounts

of transition metals into zeolitic frameworks influences

their properties and generates their redox activity. Zeolites
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with their well–organised and regular system of nano-pores

and nanocavities also represent almost ideal matrices for

hosting nanosized particles e.g. transition metal complexes

that can also be involved in catalytic applications.

In this paper, I report the synthesis and characterization of

cobalt(II) complex nanoparticles of 18- and 20-membered

hexaaza macrocyclic ligand; [18]py2N4: 3,6,14,17,23,24-

hexaazatricyclo[17.3.1.18,12]tetracosa-1(23),2,6,8(24),9,11,

13,17,19,21-decane; [20]py2N4: 3,7,15,19,25,26-hexaaz-

atricyclo[19.3.1.19,13]hexacosa-1(25),2,7,9(26),10,12,14,19,

21,23-decaene; Bzo2[18]py2N4 : 3,10,18,25,31,32-hexa-

azapentacyclo[25.3.1.1.12,16.04,9.019,24]dotriaconta 1(31),2,

4(9),5,7,10,12(32),13,15,17,19,21,23,25,29-hexadecane;

Bzo2[18]py2N4: 2,10,16,24,30,32-hexaazapentacyclo[23.3.

1.14,8.11,1,15118,22otriaconta-1(29),2,4,6,8(32),9,11,13,15(31),

16,18(30),19,21,23,25,27-hexadecane; encapsulated within

the zeolite-Y by the template condensation of 2,6-diacetyl-

pyridine and [Co(N-N)2]2?; [Co([18]py2N4)]2?@NaY,

[Co([20]py2N4)]2?@NaY, [Co(Bzo2[18]py2N4)]2?@NaY

and [Co(Bzo2[20]py2N4)]2?@NaY; shown in Scheme 1, 2.

Experimental section

Materials and physical measurements

Safety note: Cobalt perchlorate salt with organic ligands is

often explosive and should be handled with caution. All

other reagents and solvents were purchased from Merck

(pro-analysis) and dried using molecular sieves (Linde 4Å).

Solvents was distilled under nitrogen and stored over

molecular sieves (4Å). NaY with the Si:Al ratio of 2.53

was purchased from Aldrich (Lot No. 67812). The complex

[Co(N-N)2](ClO4)2 was prepared according to the pub-

lished procedures [33]. Hexaaza macrocyclic ligands

([18]py2N4, [20]py2N4, Bzo2[18]py2N4 and Bzo2[20]-

py2N4) were prepared by following the procedures reported

in Ref. [34]. The elemental analysis (carbon, hydrogen and

nitrogen) of the materials was obtained from Carlo ERBA

Model EA 1108 analyzer. XRD patterns were recorded by

a Rigaku D-max C III, X-ray diffractometer using Ni-fil-

tered Cu Ka radiation. Nitrogen adsorption measurements

were performed at 77 K using a Coulter Ofeisorb 100CX

instrument. The samples were degassed at 150 �C until a

vacuum better than 10-3 Pa was obtained. Micropore

volumes were determined by the t-method, a ‘‘monolayer

equivalent area’’ was calculated from the micropore vol-

ume [35, 36]. FAB mass spectra were recorded on a Kratos

MS50TC spectrometer. FT-IR spectra were recorded on

Shimadzu Varian 4300 spectrophotometer in KBr pellets.

The electronic spectra of the neat complexes were taken on

a Shimadzu UV-Vis scanning spectrometer (Model 2101

PC). The stability of the encapsulated catalyst was checked

after the reaction by UV-Vis and possible leaching of the

complex was investigated by UV-Vis in the reaction

solution after filtration of the zeolite. The amounts of

complex nanoparticles encapsulated in zeolite matrix were

determined by the elemental analysis and by subtracting

the amount of metallocomplex left in the solutions after the

synthesis of the catalysts as determined by UV-Vis spec-

troscopy, from the amount taken for the synthesis. Atomic

absorption spectra (AAS) were recorded on a Perkin-Elmer

4100–1319 Spectrophotometer using a flame approach,

after acid (HF) dissolution of known amounts of the zeo-

litic material and SiO2 was determined by gravimetric

analysis. Diffuse reflectance spectra (DRS) were registered

on a Shimadzu UV/3101 PC spectrophotometer the range

1500–200 nm, using MgO as reference. XPS (small area

X-ray photoelectron spectroscopy) data were recorded with

the PHI–5702 Multi-Technique System, Power Source by

Mg Ka line and Ag 3d5/2 FWHM 6 0.48 eV. Thermo-

gravimetric-differential thermal analysis (TG-DTA) were

carried out using a thermal gravimetric analysis instrument

(Shimadzu TGA-50H) with a flow rate of 20.0 mL min-1

and a heating rate of 10 �C min-1.
Scheme 1 18-, and 20-membered hexaaza macrocyclic cobalt(II)

complexes
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Preparation of [Co([18]py2N4)]2?, [Co([20]py2N4)]2?,

[Co(Bzo2[18]py2N4)]2? and [Co(Bzo2[20]py2N4)]2?

To a stirred methanol solution (500 mL) of [Co(diami-

ne)2](ClO4)2 (42.07 mmole; diamine = 1,2-diaminoethane

(2.53 g), 1,3-diaminopropane (3.11 g), 1,2-diaminoben-

zene (4.54 g) or 1,3-diaminobenzene (4.54 g)) were slowly

added 2,6-diacetylpyridine (13.69 g, 84.20 mmole) under

nitrogen atmosphere. The mixture was heated at reflux for

12 h until a dark red solution resulted. The solution was

cooled to room temperature and filtered to remove cobalt

hydroxide. Excess perchloric acid or lithium perchlorate

dissolved in methanol was added to the filtrate, and the

mixture was kept in the refrigerator until red solid formed.

The red solid were filtered, washed with diethyl ether, and

air-dried. The products were crystallized from hot

methanol.

Preparation of Co(II)@NaY

An amount of 2 g NaY zeolite was suspended in 100 ml

distilled water, which contained Co(NO3)2.6H2O

(0.025 M). The mixture was then heated while stirring at

90 �C for 24 h. The light pink solid was filtered, washed

with hot distilled water till the filtrate became free from

any cobalt(II) ion (by AAS of filtrate) content and dried for

10 h at 80 �C under vacuum. The ionic exchange degree

was determined by AAS.

Preparation of [Co(N-N)2]2?@NaY

Typically a 4 g sample of NaY zeolite was mixed with

0.37 g of [Co(N-N)2](ClO4)2; diamine = 1,2-diaminoe-

thane, 1,3-diaminopropane, 1,2-diaminobenzene or 1,3-

diaminobenzene; suspended in 100 ml of MeOH and then

refluxed for 8 h. The pale orange solid consisting of [Co(N-

N)2]2? exchanged with Na? in NaY and denoted as [Co(N-

N)2]2?@NaY, was collected by filtration, washed with

ethanol. The resulted zeolites, were Soxhlet extracted with

ethanol (for 4 h) and then with chloroform (for 3 h) to

remove excess unreacted diamine and any Co(II) com-

plexes adsorbed onto the external surface of the zeolite

crystallines. The resulting light orange solids were dried at

60 �C under vacuum for 24 h.

Preparation of complex nanoparticles entrapped

in the zeolite Y

To a stirred methanol suspension (100 mL) of [Co(N–

N)2]2?@NaY (2 g) were slowly added 2,6-diacetylpyridine

(under N2 atmosphere). The mixture was heated under

reflux condition for 24 h until a pale red suspension

resulted. The solution was filtered and the resulting zeo-

lites, were Soxhlet extracted with chloroform (for 4 h) and

then with ethanol (for 4 h) to remove excess unreacted

products from amine-ketone condensation and any cobal-

t(II) complexes adsorbed onto the external surface of the

zeolite crystallites. The resulting pale red solids were dried

NaY
[Co(diamine)2](ClO4)2

Ar
[Co(diamine)2]2+-NaY

  -(CH2)2-
        ;
  -(CH2)3-

;

;N

N

N
N

CH3
CH3

N
N

CH3 CH3

Diamine

O
N

O

CH3
CH3

A
r
,
R
e
f
l
u
x

= Cobalt(II)
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at 70 �C under vacuum for 12 h. The remaining [bis(dia-

mine)cobalt(II)] ions in zeolite were removed by

exchanging with aqueous 0.1 M NaCl solutions. The sta-

bility of the encapsulated complex nanoparticles was

checked after the reaction by UV-Vis and possible leaching

of the complex was investigated by UV-Vis in the reaction

solution after filtration of the zeolite. The amounts of

Co(II) complexes encapsulated in zeolite matrix were

determined by the elemental analysis and by subtracting

the amount of Co(II) complex left in the solutions after the

synthesis of the materials as determined by UV-Vis spec-

troscopy, from the amount taken for the synthesis.

Results and discussion

Cobalt(II) complexes were prepared by reacting 2 equiv

of 2,6-diacetylpyridine and 1 equiv of [Co(N-N)2]2?

(Scheme 1). The complexes are soluble in dimethylform-

amide (DMF) and dimethylsulfoxide (DMSO), but are

insoluble in common organic solvents and water. They

are thermally stable up to *250 �C. The complexes are

extremely stable in the solid state and in solution and are

relatively stable against ligand dissociation even in highly

acidic solutions. The analytical data of the metal chelates

are given in Table 1, which show that chelates may be

represented by the formula [Co([18]py2N4)](ClO4)2,

[Co([20]py2N4)](ClO4)2, [Co(Bzo2[18]py2N4)](ClO4)2 and

[Con(Bzo2[20]py2N4)](ClO4)2.

The measurements of molar conductance in DMF show

that these chelates are 1:2 electrolytes. The tests for anions

are positive directly without decomposing the chelates

showing their presence outside the coordination sphere.

The molecular formula of the complexes has been assigned

on the basis of the results of their elemental analyses and

the molecular ion peaks in the mass spectra (Table 1).

Synthesis of cobalt(II) complex nanoparticles encapsu-

lated in the zeolite-Y involves two steps: (i) exchange of

[Co(N–N)2]2? (N–N = 1,2-diaminoethane, 1,3-diamino-

propane, 1,2-diaminobenzene or 1,3-diaminobenzene) ions

with NaY in methanol solution and (ii) reaction of [Co(N–

N)2]2?@NaY with excess 2,6-diacetylpyridine in methanol

where 2,6-diacetylpyridine slowly enters into the nano-

cavity of zeolite-Y due to its template nature and interacts

with [Co(N–N)2]2? ions. Soxhlet extraction using ethanol

and chloroform finally purified the impure complexes. The

remaining uncomplexed metal ions in zeolite were

removed by exchanging with aqueous 0.01 M NaCl solu-

tion. As one extra anionic ligand would be required to

balance the overall charges on the Co(II), Cl- of NaCl used

during exchanged process fulfills this requirement. Thus,

the formula of cobalt(II) complex may be written as

[Co([18]py2N4)]
2?@NaY, [Co([20]py2N4)]

2?@NaY, [Co(Bzo2

[18]py2N4)]
2?@NaY, [Co(Bzo2[20]py2N4)]

2?@NaY.

The percentage of metal contents determined before and

after encapsulation by inductively coupled plasma (ICP)

along with their expected formula is presented in Table 2.

As crude mass was extracted with methanol, the metal ion

content found after encapsulation is only due to the pres-

ence of metal complexes in the nanopores of the zeolite-Y.

The molecular formula of the complex nanoparticles are

based on the neat complexes [Co([18]py2N4)]2?, [Co([20]

py2N4)]2?, [Co(Bzo2[18]py2N4)]2? and [Co(Bzo2[20]-

py2N4)]2? that have also been prepared and characterized.

The flexible ligand synthesis scheme leads to the

encapsulation of Co(II) complex nanoparticles of macro-

cyclic ligands inside the nanopores of zeolite. The results

of chemical analysis of the samples are given in Table 2.

The parent NaY zeolite has Si/Al molar ratio of 2.53 which

corresponds to a unit cell formula Na56[(AlO2)56(SiO2)136].

The unit cell formula of metal-exchanged zeolites shows

11 moles of cobalt dispersion per unit cell (Na34Co11[(A-

lO2)56(SiO2)136].nH2O). Metal ion exchange at around 34%

leads to 2.62–2.68% of metal loading in zeolite. The CHN

analysis results of the neat cobalt complexes showed near

similarity to the theoretical values. The cobalt contents of

the zeolite encapsulated samples were estimated by dis-

solving known amounts of the catalyst in concentric HCl

and using AAS. The analytical data of each complex

indicate molar ratios of Co:C:H almost close to those cal-

culated for the mononuclear structure (Table 2). However,

the presence of minute traces of free metal ions in the

lattice could be assumed as the metal content which is

slightly higher than the stoichiometric requirement. Only a

portion of metal ions in metal-exchanged zeolite has

undergone complexation and the rest is expected to be

removed on re-exchange with sodium nitrate solution. But,

some of these cation sites in the zeolite lattice might be

blocked from access solution by the encapsulated com-

plexes. This shielding effect is more probable in the present

case since the complex loading level is relatively higher

than that reported previously [37]. The remaining trace

amount of free metal ions in the zeolite doesn’t show any

serious interference in the behavior of the encapsulated

complexes [38–40].

The Si and Al contents in the metal-exchanged zeolites

and the zeolite complex nanoparticles are almost the same

ratio as in the parent zeolite. This indicates little changes in

the zeolite framework due to the absence of dealumination

in metal ion exchange. The X-ray diffraction patterns of

encapsulated complex nanoparticles are shown in Fig. 1.

The encapsulated complexes exhibit similar peaks to those

of NaY; except for a slight change in the intensity of the

peaks, no new crystalline pattern emerges. These facts

confirmed that the framework and crystallinity of zeolite
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were not destroyed during the preparation, and that the

complexes were well distributed in the cages. The relative

peak intensities of the 220, 311 and 331 reflections have

been thought to be correlated to the locations of cations. In

NaY, the order of peak intensity is in the order:

331 [ 220 [ 311, while in encapsulated complexes, the

order of peak intensity became 331 [ 311 [ 220. The

difference indicates that the ion-exchanged Co2?, which

substitutes at the location of Na?, undergoes rearrangement

during complexation [41].

The TGA profile of one of the representative encapsulated

cobalt(II) complex nanoparticles, [Co([18]py2N4)]2?@NaY

is given in Fig. 2. The thermal decomposition of all these

materials occurs in two steps. First step starts shortly after

increasing the temperature above 150 �C and continues until

the loss of all intrazeolite water. Second step occurs in a wide

temperature range (300–700 �C) and is due to the slow

decomposition of the chelating ligand. A very small weight

percentage loss indicates the presence of only small amount

of metal complex insertion in the nanocavity of the zeolite.

This is in agreement with the low percentage of metal content

estimated by atomic absorption spectrometer. Compared to

the neat complex, the decomposition of the zeolite-encap-

sulated complex nanoparticles occurs at the higher temper-

ature. A similar enhancement of the thermal stability of a

metal complex on encapsulation has been observed earlier

[42].

The surface area and pore volume of the materials is pre-

sented in Table 3. The encapsulation of [Co([18]py2N4)]2?,

[C0([20]py2N4)]2?, [Co(Bzo2[18]py2N4)]2? and [Co(Bzo2

[20]py2N4)]2? complexes in zeolite reduced the adsorp-

tion capacity and the surface area of the zeolite. The low-

ering of the pore volume and surface area indicated the

presence of complexes ([Co([18]py2N4)]2?, [Co([20]py2

N4)]2?, [Co(Bzo2[18]py2N4)]2?, [Co(Bzo2[20]py2N4)]2?)

within the zeolite nanocages and not on the external surface.

Table 2 Chemical composition, d$ d transition and IR stretching frequencies (as KBr pellets) of 18- and 20-membered hexaaza macrocyclic

cobalt(II) complex nanoparticles encapsulated in the zeolite Y

Sample C (%) H (%) N (%) C/N Si (%) Al (%) Na (%) Co (%) Si/Al tC=N (cm-1) d $ d (nm)

NaY – – – – 21.76 8.60 7.50 – 2.53 – –

Co(II)@NaY – – – – 22.08 8.73 3.34 3.71 2.53 – –

[Co([18]py2N4)]2?@NaY 4.82 1.75 1.60 3.03 20.80 8.22 5.27 2.68 2.53 1615 1008, 628, 530, 397

[Co([20]py2N4)]2?@NaY 4.80 1.80 1.50 3.20 20.75 8.20 5.25 2.65 2.53 1613 1011, 631, 533, 397

[Co(Bzo2[18]py2N4)]2?@NaY 4.84 1.83 1.19 4.08 20.70 8.18 5.20 2.62 2.53 1625 1005, 626, 531, 398

[Co(Bzo2[20]py2N4)]2?@NaY 4.85 1.82 1.18 4.10 20.72 8.19 5.22 2.63 2.53 1628 1010, 625, 533, 398

Fig. 1 XRD patterns of (a) NaY, (b) Co@NaY, (c) [Co([18]py2-

N4)]@NaY, (d) [Co([20]py2N4)]@NaY, (e) [Co(Bzo2[18]py2N4)]@-

NaY and (f) [Co(Bzo2[20]py2N4)]@NaY

Fig. 2 TGA profiles of NaY, Co@NaY and [Co([18]py2N4)]@NaY
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The IR spectra of all the complexes do not exhibit any

bands in the region at ca 3400–3200 cm-1, the character-

istic frequency of the free–NH2 group. There is no

absorption *1600–1700 cm-1 due to the free carbonyl

group [43]. The absence of stretching and bending vibra-

tions of the (C-O) group at ca 1525 and 1280 cm-1 sub-

stantiate the absence of this group [44]. The strong bands

appearing as doubles at ca 1610–1640 cm-1 may be

assigned to t(C=N) vibrations and point towards the

coordinated azomethine groups [45, 46]. Therefore, it is

clear from the IR spectra that both the NH2 groups of

diamine have condensed with both the carbonyl groups of

2,6-diacetylpyridine to give rise to an N6 arrangement of

four azomethine and two pyridine nitrogen atoms equally

suitable for coordination. 2,6-Disubstituted pyridine

derivatives show various bands at ca 1585–1615, 1570–

1590, 1455–1490 and at ca 1440–1445 cm-1 can be

assigned to four t(C=C) skeletal frequencies and desig-

nated as bands I, II, III and IV of pyridine rings, respec-

tively [47]. In the spectra of complexes under study, a

strong band at ca 1615 cm-1 with a shoulder at ca

1610 cm-1 may be assigned to symmetric and anti-sym-

metric stretching modes of the azomethine linkage [48] and

the frequency concerned with the t(C=N) stretching mode

shifted to lower range by 2–5 cm-1, with a marginal loss of

the intensity of the band. This lowering may be taken as an

indication of the coordination of the nitrogen of the azo-

methine group to the metal atom [49]. The appearance of

one band at ca 1080 and 625 cm-1 assignable to ClO4
-

stretching and bending modes, respectively, are found in

the perchlorato complexes of cobalt(II). The position of

these bands is compatible with the ionic perchlorate group

[50]. The far-IR spectra of the complexes show various

bands in various regions assignable to pyridine ring and

metal-nitrogen vibrations. The spectra of the complexes

derived from 2,6-diacetylpyridine and diamine show bands

at ca 415 and 600 cm-1, assignable to (C–C) out-of-plane

and (C–C) in-plane deformations. The vibrations suffer

significant shift towards higher frequencies and support

pyridine-nitrogen coordination to the metal atom [51]. The

spectra also exhibit various bands in the region at ca 260–

280 cm-1. In this region the various vibrations observed

are at ca 260–270, 265–274 and 275–280 cm-1 and these

may be assigned to t(Co-py) stretching vibrations,

respectively [52]. The far-IR spectra also show various

bands at ca *455 cm-1, which implies t(Co–N) (azome-

thine) vibrational modes and confirms the involvement of

the azomethine nitrogen.

IR spectroscopy provided information on the integrity of

the encapsulated complex nanoparticles, as well as the

crystallinity of the host zeolite. The IR bands of all

encapsulated complexes were weak due to their low con-

centration in the zeolite. Co(II) complexes encapsulated in

the zeolite cages did not show any significant shift in C=N

stretching modes. We did not notice any appreciable

changes in the frequencies of Co complexes after incor-

poration into zeolite matrix. The major FT-IR bands of the

encapsulated complexes are tabulated in Table 2. All metal

complexes encapsulated zeolites exhibit band around 1140,

1035, 960, 780 and 740 cm-1 due to zeolite framework. No

significant broadening or shift of the structure-sensitive

zeolite vibrations at 1130 cm-1 (due to the asymmetric

T–O stretch) on encapsulation of metal complexes indi-

cates that there is no significant expansion of the zeolite

nanocavities or dealumination during the encapsulation

process. This further indicates that, the structure of metal

complexes fit nicely within the cavity of the zeolite.

At room temperature the magnetic moment measure-

ments of the cobalt(II) complexes lie in the range *3.90

BM corresponding to three unpaired electrons, Table 1.

The electronic spectra of all the cobalt(II) complexes,

Table 1, exhibits absorption in the region *1010 nm

(e = 64 mol-1 cm-1), *630 nm (e = 85 l mol-1 cm-1),

*532 nm (e = 98 l mol-1 cm-1) and *395 nm

(e = 120 l mol-1 cm-1). These bands may be assigned to

the following transitions: 4T1g(F) ? 4T2g(F), 4T1g ? 4A2g

and 4T1g(F) ? 4T1g(P), respectively. The fourth band may

be due to charge transfer. The position of bands indicates

that these complexes have distorted octahedral geometry

[53–57], Scheme 1, and might possess D4h symmetry.

When the complex nanoparticles were encapsulated in

zeolite-Y, the d$d band shifted again to the higher energy

side. The stability of the complexes increases apparently

when they are encapsulated in zeolite-Y. The position of

the d$d band corresponds to a octahedral geometry for

macrocyclic cobalt(II) complex nanoparticles.

The presence of the complex in NaY was supported by

XPS analysis. All modified NaY samples revealed the

presence of oxygen, sodium, silicon and aluminium from

the zeolite lattice in their XPS resolution spectra. The

Table 3 Surface area and pore volume data of 18- and 20-membered

hexaaza macrocyclic cobalt(II) complex nanoparticles encapsulated

in zeolite Y

Sample Surface areaa

(m2/g)

Pore volumeb

(ml/g)

NaY 545 0.31

Co(II)@NaY 532 0.30

[Co([18]py2N4)]2?@NaY 320 0.11

[Co([20]py2N4)]2?@NaY 315 0.10

[Co(Bzo2[18]py2N4)]2?@NaY 286 0.08

[Co(Bzo2[20]py2N4)]2?@NaY 277 0.07

a Surface area is the ‘‘monolayer equivalent area’’ calculated as

explained in the reference 20, 21
b Calculated by the t-method
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bands typical of the Co(II)-py2N4 complex, scarcely visible

because of their low loading, were identified in the Co 2p3/2

and N 1s region. The bulk (Table 1) and the surface Si/Al

(Table 4) atomic ratios of NaY and of modified samples

were similar, which indicates that dealumination does not

occur during the encapsulation procedure. The binding

energies of the elements detected by XPS are summarized

in Table 4. The most intense bands identified are due to the

zeolite structure, in the Si 2p region a band at 103.5 eV

typical for Si atoms with different chemical environments,

such as SiO4 and terminal Si–OH groups. In the Al 2p

region a band at 75.1 eV from the tetrahedral AlO4 groups

and a symmetrical large band at 531.0 eV from the O 1s

region, and finally a band in the Na 1s region at 1072.6 eV

were also observed (Table 4).

As appears from Table 4, the amount of surface cobalt is

very similar to the bulk cobalt content (Table 1), which

that suggests the Co(II)-py2N4 complexes are homoge-

neously distributed throughout the NaY crystals. The

medium binding energy values for Co 2p3/2 are different

before and after encapsulation, which indicates the change

in environment of the cobalt upon coordination with the

py2N4 ligand. Before coordination the medium binding

energy of Co 2p3/2 value is 780.2 eV (Co(II)@NaY) and

after the complex encapsulation the value is 782.5 eV,

[Co([18]py2N4)]2?@NaY; 782.3 eV, [Co([20]py2N4)]2?

@NaY; 782.7 eV, [Co(Bzo2[18]py2N4)]2?@NaY and

782.6 eV, [Co(Bzo2[20]py2N4)]2?@NaY (Table 4). These

results confirm the same cobalt coordination sphere for the

complex when free or encapsulated within NaY zeolite and

that the host matrix environment does not affect the

valence state of the metal atom of the complex.

Figure 3 shows the Co 2p core levels of neat and

encapsulated complexes. Cobalt remains in the 2?

oxidation state in both the neat and encapsulated com-

plexes and it matches well with the reported values for

similar systems [58–60]. There is a strong increase in

satellite intensity for Co 2p levels and a large energy gap

(16.1–16.7 eV) between them is observed from encapsu-

lated complex, which results in higher stability than neat

complex. Table 4 lists the relevant parameters for Co

complexes.

The high resolution C 1s spectrum of encapsulated

complexes shows an asymmetric band centered at

285.0 eV that can be deconvoluted into three individual

bands (Table 4). The three bands at high energy were also

observed in the starting material and are presumably due to

the presence of some contamination. The band at 289.0 eV

is attributed to the aromatic carbons of the py2N4 ligand.

The encapsulated complexes and the free complex samples

exhibit in the N 1s region a band centred at 400.1 and

402.3 eV, due to the contribution of nitrogen atoms of the

ligand (Fig. 3).

Conclusion

The hexaaza complex nanoparticles; [Co([18]py2N4)]2?,

[Co([20]py2N4)]2?, [Co(Bzo2[18]py2N4)]2? and [Co(B-

zo2[20]py2N4)]2?; have been encapsulated in the nano-

cavity of zeolite by template condensation between pre-

entrapped; [bis(diamine)cobalt(II)] (diamine = 1,2-diami-

noethane, 1,3-diaminopropane, 1,2-diaminobenzene, 1,3-

diaminobenzene), [Co(N–N)2]2?@NaY; complexes with

2,6-diacetylpyridine. This strategy appears to be effective

for the encapsulated of Co(II) complexes with 18-, 20-

membered hexaaza macrocycle ligands derived from

[Co(N–N)2]2?@NaY, as template condensation in the

Table 4 Curve fitting data of the XPS spectra in the Si 2p, Al 2p, Na 1s, Co 2p3/2, C 1s, O 1s and N 1s bands of the samples

Binding energy (eV)

Si (2p) Al (2p) Na (1s) Co (2p3/2) C (1s) O (1s) N (1s) Si/Ala 2p3/2 and 2p1/2

separation (eV)

NaY 103.5 75.1 1072.6 – 285.0 531.0 – 2.62 –

Co(II)@NaY 103.5 75.1 1072.6 780.2 285.0 532.5 – 2.58 –

[Co([18]py2aneN4)]2?@NaY 103.5 75.1 1074.01 782.5 285.0, 286.5 532.6 400.2 2.41 15.8

286.9, 289.4 402.4

[Co([20]py2aneN4)]2?@NaY 103.5 75.1 1074. 782.3 285.0, 286.5 532.6 400.2 2.42 15.6

286.9 289.4 402.4

[Co(Bzo2[18]py2aneN4)]2?@NaY 103.5 75.1 1074.2 782.7 285.0, 286.9 532.7 400.5 2.38 16.1

289.5, 289.1 402.4

[Co(Bzo2[20]py2aneN4)]2?@NaY 103.5 75.1 1074.2 782.6 285.0, 286.9 532.7 400.5 2.38 15.7

289.5, 289.1 402.4

a Amount of the elements determined by XPS analysis of the samples
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nanocavity is still possible and no unreacted [Co(N–N)2]2?

ions was detected. Furthermore, the spectroscopic data

suggest that the encapsulated complex nanoparticle expe-

rience very little distortion in the supercage and that the

chemical ligation to the zeolite surface is minimal.
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