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Abstract: It is observed that square planar Ni(II)-Schiff base complex of general formula
{Ni(I)L}, where L is {L: N,N-bis(5-hydroxy-salicylidene)ethylenediamine} when encapsulated
in a supercage of zeolite Y, the bulky guest complex adopts a non-planar geometry without
disturbing the integrity of the zeolite framework. Detailed comparative characterization is
carried out to understand the structural change of the guest complex as a result of steric and
electronic interaction with the host framework. UV-Vis spectroscopic studies of encapsulated
and 'neat' complex shows significant blue shift in d-d transition after encapsulation and the
diamagnetic 'neat' complex exhibits paramagnetism after encapsulation. DFT studies of Ni(II)—-
Schiff base complex have been carried out for different spin states in neat and encapsulated form
and the UV-Vis spectra are simulated using TD-DFT to understand the observed spectra in

details.

KEYWORDS. Zeolites, Encapsulation, Nickel(II) Schiff base Complex.
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Introduction

Zeolites are the micro porous aluminosilicate materials with cavities and channels of specific
architectures, which have been extensively investigated for encapsulation of transition metal
complexes, other organometallics, and polymers. Encapsulation provides a fascinating way of
coupling the reactivity of the metal complex with the robustness and stereochemistry of the host
zeolite framework,'” which is nothing but an alternative route for the heterogenization of an
otherwise homogeneous catalyst, with additional advantages like shape selectivity, site isolation,
easy separation, resistivity at higher temperatures and better reactivity. ** These hybrid catalysts
have wide range of applications in gas purification, catalysis and biomimetic chemistry.”'" A
fascinating subgroup of such encapsulated complexes are “ship-in-a-bottle” complexes, where
building blocks of the complex are assembled together in the cavity of the porous solid and once
synthesized, due to its size, the complex cannot 'leak out' through the pores without destruction
of the framework.'? It has already been well established that the space constraints imposed by the
host framework can have profound influence on the structure of guest complex which can induce
changes in magnetic, spectroscopic and redox properties of the encapsulated complex as
compared to its properties in solution or in the solid-state leading to an enhanced reactivity or

better selectivity from its solution state.*”"”

The catalytic activity of the encapsulated Schiff base
complexes are well identified, they are potential heterogeneous catalyst for
oxidation/epoxidation of alkanes, alkenes'® and alcohols' with range of oxidants, e.g.
tertbutylhydroperoxide (TBHP), hydrogen peroxide (H,O;), and molecular O,. P. Ratnasamy e?
al have reported that encapsulated copper salen and 5-chloro copper salen complexes in zeolite Y

are efficient catalysts for oxidation of p-xylene, phenol and decomposition of TBHP and H,0,.%

Recently, Deka et al have reported that encapsulated complex of Fe(III)-Schiff-base in zeolite Y
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is efficient catalyst for oxidative coupling of 2-napthol’ and encapsulated complex of copper(Il)
salen in zeolite-Y shows enantioselectivity for Henry Reaction.”' Phthalocyanine, porphyrine and
salen complexes in zeolite Y are well known biomimetic systems and have the functional
analogy with cytochrome P-450.""" The encapsulation of FePc in zeolite-Y yields a catalyst
which shows 10° times more activity for the oxidation of alkanes as compared to the its 'neat'

form in solution."”

It is quite evident that the topology of the zeolite framework could have significant influence on
the geometry of the guest molecule, which in turn could be correlated with the modified
functionality of the system in terms of reactivity and selectivity. Relatively fewer reports are
available in the literature exploring these aspects. Notably, Mizano et al have reported a novel
temperature driven inter-conversion between a low-spin and a high-spin state of
cobalt(I)tris(bipyridyl) complex encapsulated in zeolite Y."* Magnetic and spectroscopic studies
of the [Co(bpy)3]2Jr complex reveals that it adopts an octahedral geometry under encapsulation
which is less distorted compared to its “free” state.”* Mossbauer and optical spectroscopic
studies of 6 coordinated Fe*" complexes with a series of ligands have revealed that the complex
of comparable size with that of the zeolite cavity undergoes trigonal prismatic distortion from
octahedral geometry on encapsulation, whereas smaller complex doesn’t show any such
distortion.”® A detailed study of Co phthalocyanine complex in “free” and encapsulated in
zeolite-Y and MCM-41 had been carried out by Ray er al** and it is observed that the
encapsulated complex undergoes a saddle type distortion from planarity and the change in
symmetry after encapsulation affects its magnetic behavior and shows enhanced magnetic

moment than “neat” CoPc complex. Similar studies on [Ni" {salnptn(4-OH),}] complex, indicate
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that the complex undergoes distortion under the influence of a constrained zeolite framework

thus influencing the electronic structure of the molecular system.*

In the present study, we report the synthesis of encapsulated 5-OH-Ni(II) salen complex via
flexible ligand synthesis method inside the zeolite Y and also in MCM-41 and detailed
chemical, morphological and surface studies (XRD, SEM) along with spectroscopic (FTIR, UV-
Vis) and magnetic studies of the encapsulated complex and the isolated complex are carried out.
The observed shift in UV-Vis spectra as well as a drastic change in magnetic moment
(diamagnetic when free and paramagnetic when encapsulated in zeolite) of the guest complex
within the zeolite pore indicates that the geometry does not remain planar around the Ni centre.
Theoretical studies of the geometry and electronic structure of 5-OH-Ni(II) salen complexes in
different spin states are also carried out in free and encapsulated state using Density Functional
Theory (DFT) for better understanding of the structure adopted by the complex and
corresponding evaluation of the magnetic moment while entrapped within zeolite Y. Using TD-
DFT methods we have simulated the UV-Vis spectra of the complex which helps in
understanding the nature of the spectral transitions in the light of deformation of the square-

planar guest complex upon encapsulation.

Experimental Section

Materials and Preparation

Zeolites Na-Y is purchased from sigma — aldrich, India. The chemicals used for synthesis Schiff
base complex are 5 — hydroxy salicylaldehyde, ethylene di-amine (Alfa Aecer), nickel acetate
and solvents (ethanol, acetone, methanol and diethyl ether) are purchased from S.D. fine, India.

All chemicals and solvents are used as such without any further purification.
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Preparation of Schiff-Base Ligand
Synthesis of N,V '-Bis(5-hydroxysalicylidene)ethylenediamine(S-OH-Salen)26

Two molar ratio of 5-hydroxy salicylaldehyde is dissolved in ethanol in 2 necks RB, and
refluxed for 10 min, one molar ratio of ethylenediamine is added by syringe and refluxed again
for 30 minutes at 60°C. A yellow crystalline solid product is obtained which is washed with
ethanol and air dried. The purity of compound is analyzed by IR and UV — Vis spectroscopic

techniques.
Synthesis of Ni(II) Schiff base complex26(5-0H-NL5)

Equi molar mixture of 5-OH salen ligand in ethanol and nickel acetate dissolved in water (added
to the ligand solution in drop-wise fashion) are mixed together and is refluxed. The reddish-
brown product is then washed with ethanol and diethyl ether and finally dried at room

temperature.

Synthesis of Ni-exchanged zeolite y 278

To prepare Ni-exchanged zeolite of desired loading level, measured quantity of zeolite-Y
(NasgAlsgSij360388-yH,0) is suspended in 0.01M nickel acetate solution and stirred at room
temperature for 24 hours. The slurry is filtered, washed with hot distilled water until the filtrate is

free from any metal ion adsorbed on the surface, and dried for 12 hours at 200 °C.
Synthesis of encapsulated of Ni(IT) Schiff-base complex in zeolite Y.’

Encapsulated Ni(Il) complex is prepared by ‘flexible ligand’ method following the procedure

reported in the literature’ where the stoichoimetric excess of ligand {N,N'-bis(5-hydroxy
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salicylidene)ethylenediamine} is allowed to diffuse through the channels of Ni-exchanged
zeolite and react to form the metal complex in the supercage. The mixture is refluxed for 24
hours at 180-200°C under constant stirring. The reddish brown solid mass is recovered and
washed repeatedly with water, and dried at room temperature. To remove untreated species,
impurities and surface species in zeolite framework, the dried mass is further purified by Soxhlet
extraction using the solvents in sequence of acetone, methanol, and finally washing with diethyl
ether until colourless solution is obtained in each case. The product is dried in a muffle furnace

for 12 hours at 150°C.
Synthesis of MCM-41

Synthesis of Al- MCM-41 is carried out according to the procedure® by keeping the molar ratio
of sodium silicate and aluminum isopropoxide as 20: 1. Finally the suspension is transferred in
polypropylene bottle and heated at 100°C for 4 days in furnace. After cooling to room
temperature, material is recovered and repeatedly washed by deionized water, ethanol and

calcinated overnight at 540°C.
Synthesis of encapsulated S-OH-NLS5 complex in MCM-41

To synthesize 5-OH nickel salen complex encapsulated in MCM, the method discussed in
section 2.2.4 is followed where the Ni(Il) exchanged MCM-41 is refluxed with stoichoimetric
excess of ligand {N,N'-bis(5-hydroxy salicylidene)ethylenediamine} for 24 hours at 180-200°C
with constant stirring. The reaction mass is further extracted by Soxhlet extraction by using
acetone, methanol in sequence and then by diethyl ether and is finally dried in furnace at 150°C

for 12 hours.
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Physical Measurements

Powder X-ray diffraction (XRD) patterns are recorded on a Shimadzu XD-D1 powder X-ray
diffractometer using Cu Ka radiation (A = 1.542 A) for zeolite Y and Rigaku Ultima IV fully
automatic high resolution X-ray diffractometer for MCM-41. XRD patterns are recorded in the
20 range (8-50°) for zeolite Y and for MCM-41 (0-50°) at a scanning rate of 2°/min. The SEM —
EDX analysis is carried out with Zeiss EVO 40 at an accelerated voltage of 5-20 kV, the
samples are deposited on a brass holder and sputtered with gold. The electronic absorption
spectra are recorded using a Shimadzu UV-2450 spectrophotometer with a diffuse reflectance
accessory equipped with an integrating sphere of 60 mm inner diameter. To record the spectra of
zeolite, “neat” and zeolite encapsulated metal complexes, the powdered samples are placed in a
black absorbing spherical sample holder which has diameter of 10 mm. The UV-Vis spectra are
recorded in the absorbance mode in the range of 190 nm to 700 nm using BaSO, as reference.
The infrared spectra in the range 450—-4000 cm ' are recorded on ABB Bomen MB 3000 FTIR
spectrometer. The spectra of the neat Ni-salen complex and the zeolite-encapsulated complex are
recorded as KBr pellets. The magnetic studies have been done by using SQUID magnetometer
Quantum Design MPMS XL EverCool, ZFC_FC measurement in the temperature range of 5K to

300K.
Theoretical Methods

All theoretical studies are performed using DFT as implemented in the GAUSSIAN 09, suite of

ab initio quantum chemistry programs.’’ Geometry optimizations and vibrational frequenc
q y prog Yy op q y

31-32

calculations are done using the hybrid B3LYP exchange and correlation functionals and the

double-zeta 6-31++G** basis set for all atoms. Default SCF and geometry convergence criteria
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are used and no symmetry constraints are imposed and all studies are performed at 298.1 K.
Harmonic frequency analysis based on analytical second derivatives is used to characterize the
stationary points on the potential energy surface. Theoretically we have modeled a portion
Zeolite-Y supercage and all the dangling bonds of Si atoms are saturated using H atoms. The
geometry of the zeolite supercage was kept fixed at the experimental structure but the hydrogen
atoms were relaxed, such that a pre-optimized uncharged supercage was formed. Later for the
studies involving, zeolite supercage and the encapsulated complex, we have allowed only the
encapsulated complex to fully relax and attain the structure that is energetically lowest. The UV-
Vis spectra of the complexes are calculated using time dependent density functional (TD-DFT)
methods, considering both singlet and triplet spin states of the d® Ni-complex. Transition
energies and oscillator strengths for electronic excitation to the first 50 singlet or triplet excited
states of the different complexes are calculated and analyzed for the free and encapsulated

complexes and analyzed with the help of SWizard software®>*

. For the triplet complex, the
electrons with different spins behave differently and there are many transitions of which only
triplet to triplet transitions are calculated. It is important to note that the Ni d-orbitals in the

triplet case are strongly hybridized with the ligand pi orbitals and thus pure d-d transitions are

hard to differentiate.
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Results and Discussions

X-ray Powder Diffraction Studies

To ensure the preservation of zeolite framework integrity, as well as encapsulation of guest
complex inside the cavity of the host, powder X-rays diffraction patterns of pure zeolite Y, (a);
Ni-exchanged Y, (b); and encapsulated complex Ni(II) 5-hydroxy salen (c) are recorded (shown
in Figure 1A). Essentially similar XRD patterns of these systems indicate the retention of
integrity of zeolite framework during the encapsulation and even after the complex formation. A
noticeable difference in the XRD patterns of zeolite Y with encapsulated complex from that of
zeolite Y is an alternation in the relative intensities of peak positions of the 220 and 37/
reflections (/229 and I33; respectively) appearing at 20 = 10° and 12°, respectively. For pure
zeolite and Ni-exchanged zeolite the relation /5,0 > 31, holds, but for zeolite with encapsulated
complex it is observed as [31; > . This intensity reversal has already been identified and
empirically correlated with the presence of a large complex within the zeolite-Y supercage.*>>°
The above study may suggest the presence of a large 5- OH-nickel salen complex inside the
cavity of zeolite framework. No alternation of the peak intensities is observed for the complex
formation occurring on the surface.”~’ This change in the relative intensities may be associated
with the rearrangement of randomly coordinated free cations in zeolite Y at different sites.”” The
above observations indicates successful encapsulation Ni(II) 5-hydroxy salen complex within
void of the supercage Y.
The XRD patterns of AI-MCM-41, Ni-Al-MCM-41 and encapsulated 5-OH-NL5 in MCM-41
are shown in Figure 1B. All three samples show very intense peak at 20 = 0.68 — 0.70, that is

indexed to /00 plane, the high intensity of /00 plane peak shows high degree of long-range order

10
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and existence of uniform pores in the synthesized material.”**° Additional unresolved broader
area is identified due to /70 and 200 planes. There is no further modification detected in nickel
exchanged and encapsulated complex in MCM-41 XRD patterns, which clearly indicates the

integrity of the MCM framework during the metal exchange and even encapsulation processes.
Elemental Analysis

The unit cell formula of the parent sodium zeolite Y is NasgAlsgSij360333-yH>0.and Si/Al ratio is
2.34. EDX data indicate the unaffected Si/Al ratio even after exchange and encapsulation
reactions. It signifies that the dealumination doesn’t take place during encapsulation processes.
The metal concentration in encapsulated complex is found to be lesser than ion exchanged
zeolite Y, which directs towards the fact of participation of metal ions in coordination inside the
cavities. Another possibility may be the leaching of some metal ions during the complex
formation which causes the reduction metal-ion concentration. The general formula of Ni-
exchanged zeolite-Y sample is NixNasg-oxAlsgSij360388-yH2O. From AAS studies x is found to
vary within 2 to 4. In the encapsulated complex the concentration of nickel metal is found less

than 1 (0.68) wt percentage.
Scanning Electron Microscopy

Encapsulation of nickel salen complex in zeolite Y is accomplished via flexible ligand synthesis
method, to synthesize ‘Zeozymes’ where formation of the complex is essentially targeted inside
the cavities of supercage not on the surface of the host framework. But formation of complex
only inside the cavities is practically not viable, because some of the metal complexes can
always be adsorbed on surface or some ligands may remain uncoordinated. To investigate

surface morphology of zeolite Y specifically after encapsulation, SE micrographs of

11
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encapsulated 5-OH-Ni-salen complex in zeoliteY before (Figure 2A) and after soxhlet extraction
(Figure 2B) are analyzed and SEM images indicate, before extractions there are some visible
surface species in the form of complexes or un-reacted ligands but are absent after extraction.’?
The particle boundaries on the external surface are clearly visible due to the complete removal of
deposited adsorbed species on the surface in final product. The color of soxhlet extracted final
product definitely is a sign of successful encapsulation of the complex inside the cavities of

zeolite.
Infrared Spectroscopy

The FTIR spectra of Na-zeolite-Y, encapsulated Ni(II) 5-hydroxy salen in zeolite-Y are shown
in Figure 3A. IR spectrum of Na-zeolite-Y shows major bands in 450-1200 cm™ region with
additional bands at 1643 cm™ and 3500 cm™ region. The major characteristics bands at 560,717,
786, and 1018 cm™ are attributed to (Si/Al-O)4 bending mode, double ring, symmetric stretching,
asymmetric stretching vibration, respectively.”*' The broad bands observed at 3500 cm™ and
1643 cm™ are due to surface hydroxylic group and lattice water molecules respectively.”>**
These bands are not significantly altered after the ion exchange and even after encapsulation of
the complex inside the supercage, (indicated by asterisk in Figure 3A). This observation
definitely suggests that the zeolite framework is remaining unaffected after encapsulation
process. The characterization of encapsulated complex is somewhat difficult by IR spectroscopy
because the intensity of IR bands of encapsulated complexes are very weak due to low
concentration of complex inside the framework and zeolite bands interfere in proper observation
of the complex. The region of 1200-1600 cm” is appropriate to study because in this region,

zeolite bands are almost silent and some of the prominent bands of the complex appear in this

region with little shift in the peak positions. The expanded IR spectra (in range of 600-2000 cm’

12
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'Y are shown in Figure 3B and further expanded view (in the region of 1100-2000 cm™) is given
in Figure 3C. The lower shift in the case of (C=N) and (C-O) stretching frequencies identify
nitrogen and oxygen coordination inside the cavity of the zeolite framework.)* The vepy
deformation bands at 1382 cm™ in case of encapsulated complex, are shifted towards higher
wavenumbers, which indicate the encapsulation of the nickel Schiff-base complex inside the
zeolite-Y.* The observed FTIR spectral data (Table 1) suggest the formation of a nickel Schiff-

base complex in the ‘free’ as well as encapsulated state inside the supercage of zeolite.

Theoretical Studies & Results

In the ground state the complex 5-OH-Ni(II) salen is planar**’

and exists as singlet with no
unpaired electrons. The structure of the Ni-salen complexes in free state and then in encapsulated
form are optimized and the resulting structures are shown in Figure 4. The geometrical
parameters when compared with experimental XRD data show good agreement for the free
complexes.*® The isolated 5-OH-Ni(II) salen studied is planar and is more stable in singlet state
without any unpaired electrons, but also can exist as a higher energy triplet state. The calculated
energy difference between the triplet state and the singlet state for isolated 5-OH-Ni(II) salen is
21.47 kcal. After encapsulation, however, the non planer triplet state is substantially stabilized,
but still remains less stable than the singlet state by 8.1 kcal. Due to the modest difference in
energies, the possibility of a reasonable fraction of the complex existing in triplet state after
encapsulation cannot probably be ruled out. Calculated spin density on Ni atom is 1.54 (total
moment: 2.35 ug [n(n+2)"? ] for the triplet 5-OH-Ni(II) salen. Apart from the ethylene linkage
portion the singlet complexes are largely planar as appear in Figure 4. We report few selected

bond lengths and bond angles obtained from geometry optimizations for the free and the

encapsulated complexes in Table 2. It is seen that Ni-N distances vary from 1.87A for the free

13
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molecules and 1.84-1.85A for the encapsulated ones and Ni-O distances vary for 1.85-1.86A in
free state whereas 1.84-1.85A when encapsulated. The O-C and N-C distances remain
approximately 1.29A for both free and encapsulated cases. The bond angle O-Ni-N decreases
from 94° to 93.2° in case of the singlet and 92.22° in case of the complex in triplet state. The
angle C-Ni-C (marked in Figure 4 as rectangular boxes) is actually a measure of the planarity of
the molecule in free or encapsulated state. This angle is 179.9° for the free singlet molecule, but
decreases for the encapsulated one, with a large decrease to 165.3° in case of singlet and even
larger decrease to 160.48° in case of the triplet state. The extent of bending is also clear from the
end-to-end distances shown in Table 2, where the distance decreases from 14.3A to 13.7A
(singlet) and 13.48A (triplet) when 5-OH-Ni salen is encapsulated in contrast to the free
molecule. The change in the bond distances and bond angles on encapsulation may be attributed
to the influence of the zeolite framework, where the topology of the supercage is expected to

impose steric constraints on the complex.

The natures of the few important frontier molecular orbitals for the salen complexes as well as
the optimized structures are presented in Figure S2 (ESI). In the free singlet molecule, the
HOMO is mainly localized on p, orbitals on N, O and C atoms along with dy, on Ni which are
responsible for a delocalized pi orbital. The LUMO mainly consists of p orbitals of O, N and C
along with only a tiny contribution from Ni dy, orbital. HOMO™ and LUMO™" orbitals are also
primarily pi orbitals with only a small contribution from Ni dy, for HOMO™ and almost no Ni
contributions for LUMO™'. HOMO™ is mostly localized on metal d,”> while LUMO™ is mostly
localized on p and dyy orbitals of Ni along with p orbitals of O and N. HOMO™ is mainly p and
dx, on Ni and p on N,O and C atoms. LUMO™ has no contributions from metal d orbital. The

nature and the energies of the HOMO and LUMO for the free complex and those extracted from

14



Page 15 of 42

Dalton Transactions

zeolite are represented as a comparative energy diagram in Figure S3 (ESI). This figure also
shows how the MO energies change after encapsulation for 5-OH-Ni salen singlet state and we
find only a modest change in MO energies, in spite of bending. The molecular orbitals of the
encapsulated triplet state of 5-OH-Ni(Il) salen is shown in Figure S4, (ESI). In this case there are
alpha and beta type of orbitals for up-spin and down-spin electrons, and it is seen from the Figure
S4 that HOMO, HOMO™ and HOMO™ orbitals are contributed by Ni d orbitals and the C pi
orbitals of salen. For the frontier unoccupied orbitals also Ni d contributes strongly along with C

p orbitals eg LUMO, LUMO"! and LUMO™.

The singlet state complex undergoes a considerable deviation from its planar geometry under
encapsulation and the calculated gas phase TD-DFT spectrum of 5-OH-Ni salen complex both
encapsulated (singlet) and encapsulated (triplet) are given in Figure 5a-b and the corresponding
transitions are shown in Table 4. The nature of the spectra remains same for the isolated singlet
and the encapsulated singlet cases but there are clear increase in transition energies and
consequent decrease in wavelength of the first few transitions, namely isolated 5-OH-Ni salen:
652.8 nm (1.90 eV), encapsulated 5-OH-Ni salen 617.8 nm (2.01 eV); 559 nm (2.22 eV) and
532.6 nm (2.33 e¢V); 490.9 nm (2.53 ¢V) and 469.8 nm (2.64 e¢V) and few more with smaller
shifts; all of which involves mainly the transition metal d orbitals. The first transition at 652.8
nm occurs primarily due to transition from HOMO to LUMO " which is a d-d transition and the
peak at 559 nm is due to transition from HOMO™ to LUMO™ which is again a d-d transition. A
fairly intense HOMO to LUMO transition is observed at 478 nm also involved Ni d orbitals. It is
these transitions which are mostly affected when the molecule is encapsulated, and the d-d
transitions are observed at lower wavelengths for the encapsulated molecule and above

transitions occur at 617.8, 532.2 and 469.8 nm respectively for the encapsulated case. When the

15
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TDDFT spectrum of triplet 5-OH-Ni salen is considered we find that important d-d transitions
occur at 594.6 (2.08 eV) and 540.6 nm (2.29 eV); of which the second one is reasonably intense
in contrast to the isolated singlet case. Analysis of the spectral transitions and molecular orbitals
(ESI, Figure S4) shows that the peak at 594.6 nm is due to transitions from HOMO to LUMO
along with LUMO™', HOMO™ to LUMO and HOMO™ to LUMO™. The intense peak at 540.6

nm is primarily due to transitions from HOMO to LUMO and LUMO"",

The experimentally obtained pore diameter of MCM-41 is ~ 68A, which is much larger
compared to that of the zeolite supercage (pore size ~12.5A). The end-to-end distance of the
complex is ~14.3A. Thus even if the molecule aligns such that the full length is along the
diameter of the pore, then the closest non bonded distances of the salen molecule and the wall of
the pore is more than 2.5 A, thus only negligible confinement is offered by the pores. So it is

expected that the singlet salen molecule would prevail in such a pore.
UV-Visible Spectroscopy

For the better understanding of co-ordination environment and geometries of neat and
encapsulated complexes, detailed UV-Vis spectroscopic studies are carried out in solution and
solid state. For the solution UV-Vis study, chloroform has been selected as suitable solvent
among others because it has been well established that Ni(Il) salen complex shows distortion in
solution with solvents of different dielectric constants like acetic acid, dichloromethane,

methanol, chloroform etc. The minimum distortion is observed in chloroform.*®

Comparative studies of electronic spectra of the 'neat' complex and that of the corresponding
ligand reveal the presence of two additional bands at 361 and 437 nm of the complex,’ which are

assigned as charge transfer transitions. (experimental and DFT simulated UV-Vis data and

16
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spectra of the ligand are given in ESI, Figure S5) The solid state (Figure 6A, Table 3) electronic
transitions of the neat complex appearing at 240 nm is assigned as =—_ transition and 332 nm
as n— transition. The strong evidence of free state complex formation is the appearance of
charge transfer (CT) and d-d transitions bands, which are clearly observed in solid state
electronic spectrum at 374, 424 and 590 nm respectively. Encapsulated Schiff base complex in
zeolite shows m—n transition at 244 nm and n—n transitions at 288, 319, 337 nm. Charge
transfer and d-d bands are appearing at 364,384, 490 and 556 nm respectively. DFT simulated
UV-Vis data supports above observations that these lower energy transitions which are assigned
as CT and d-d bands have maximum contribution from metal center of the Schiff base complex.
Some interesting observed features are associated with the d-d transition which is broader, more
intense ** and blue shifted in case of encapsulated complex with the comparison to that of the
free state complex, which in turn provides evidence about the reshuffling in electronic energy
levels probably because of the distorted geometry of the complex due to steric and electronic
constraints imposed by host framework. Experimental spectrum of the encapsulated complex
has a very similar nature of d-d transitions with that of the triplet state simulated spectrum where
the bands are broader, more intense and blue shifted in comparison to that of diamagnetic neat
singlet state encapsulated complex. (Figure 5a-b). This observation suggests that encapsulated
guest complex has a different geometry around the metal center compared to that in its free state,
and the geometry of guest complex is distorted and is probably present in paramagnetic triplet

state.

A comparative UV-Vis study of encapsulated complex in MCM-41 and Zeolite Y has been done
in solid state. The encapsulated 5-OH nickel salen complex in MCM-41 shows quite similar

electronic behavior to that of the free state complex in chloroform rather than that of the complex

17
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encapsulated in zeolite Y. (Figure 6B) The observation signifies the electronic environment of 5-
OH-Ni(II) salen-MCM-41 is much closer to free state complex than encapsulated complex in
zeolite Y. Although d-d bands are not very much clearly distinguishable of encapsulated
complex in AI-MCM-41, but it is observed that the intensity of d-d region are not much
increased and blue shifted as in case of encapsulated complex in zeolite Y. Such type
intermediate electronic behavior from free and encapsulated state zeolite Y, of encapsulated
complex in AI-MCM-41 can be explained in terms of less steric constrain imposed by the MCM-

41 framework due to its large cavity (20 -100 A) than zeolite Y (12.5A).
Magnetic Study

Both the electronic spectroscopic studies and theoretical studies indicate an alteration of the
planar geometry of the guest complex when encapsulated in the zeolite-Y, mostly due to the
space constraint induced by zeolite. On the other hand, the same studies on the complex
encapsulated in the much larger pores of MCM-41, demonstrate significantly less distorted
structure compared to that in zeolite. The unstrained neat Ni(Il) salen and their derivatives are

4931 with marginal distortion of the NiN,O, plane,” and expectedly the magnetic

diamagnetic
moments reported for these Ni(II) complexes turn out to be quite close to zero (ranging from
0.39 to 0.54 ug), which essentially indicate presence of nearly planar NiN,O, moiety in them. To
comprehend the effect of encapsulation particularly on the geometry around the metal ion,
magnetic measurements are carried out. The y vs. T data have been fitted using the Curie-Weiss
function along with a temperature independent paramagnetic component (y,) arising from Pauli
and Van Vleck contributions. Figure 7 shows the temperature variation of inverse of the molar

Curie-Weiss susceptibility (y-x,) for the 5-OH-Ni(II) Salen complex encapsulated in zeolite

(black open circles) The linear behavior of the curve confirms paramagnetic behavior for this

18
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complex, which must be arising solely from the metal complex, since the host is diamagnetic®>?,

The moment calculated from the Curie constant for the zeolite encapsulated 5-OH-Ni(II) Salen
comes out to be 2.33 up and is very close to the moment obtained theoretically. From the
theoretical studies a clear indication of lowering of the energy gap between the triplet and singlet
states of the complex due to confinement of the complex inside zeolite is observed and the triplet
state appears with the magnetic moment of 2.35 5 with the spin density on the Ni atom as 1.54.
This large value of the moment from the Ni atom reveals that the encapsulation has indeed
caused significant change in the NiN,O; plane (Figure 4) by shifting the Ni ion away from it and
thereby making the higher lying excited triplet state much more accessible. As a result,
considerable fraction of the complex molecules occupy the slightly higher lying excited triplet
states (Section 3.5), which in turn gives rise to a higher moment of the complex. To have a better
understanding about the origin of higher magnetic moment of the zeolite encapsulated complex,
the magnetic studies of the complex encapsulated in larger pores of MCM-41 are also carried
out. Curve (b) of Figure 7 shows the temperature variation of inverse Curie-Weiss molar
susceptibility (y-x,) for the 5-OH-Ni(Il) Salen complex encapsulated in MCM. However, the
nonlinearity of this susceptibility curve indicates presence of other weaker magnetic
contributions in this sample, visible only at higher temperature i.e. when the paramagnetic
contribution is reduced. Fitting of the dominant low temperature paramagnetic contribution
indicates a low magnetic moment of 0.53 up in this sample. This value of the moment is exactly
in agreement with the moment available in the literature*® for such kind of systems in their neat
forms, which essentially proves that the large pores of MCM are able to accommodate the
complex without any further distortion. Therefore, the geometry adopted by the metal complex is

expected to be the one observed in the free state.
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Conclusions

This manuscript presents a comparative spectroscopic and magnetic studies of the 5-OH-Ni(II)
Salen complex encapsulated in hosts of different pore sizes like zeolite-Y, MCM-41 and in the
un-encapsulated free state. The focus is on the effect of the size and topology of the pores of the
host on the geometry adopted by the planar complex on encapsulation. Powder X-ray diffraction
and vibrational spectroscopic studies support the successful encapsulation of the 5-OH-Ni(II)
salen inside the supercage of zeolite-Y and in MCM-41 where the host frameworks remain
intact. Electronic spectrum of the zeolite-Y encapsulated 5-OH-Ni(II) salen complex shows that
charge transfer and d-d bands are mainly intensified and blue shifted whereas the spectrum of
the complex in MCM-41 resembles quite closely to the solution spectrum taken in chloroform.
The affected transitions which are closely associated with the metal center, indicates that the
metal is shifted from the NiN,O, plane and the complex has adopted a distorted geometry which
in turn, makes the energetically higher lying triplet state more accessible. Theoretical studies
indeed show a significant stabilization of triplet state of the encapsulated complex compared to
the free isolated singlet ground state. The theoretical magnetic moment calculated for the zeolite
encapsulated complex in triplet state shows a magnetic moment of 2.35 pg with spin density on
Ni as 1.54, whereas experimental magnetic moment is 2.33 puB. All these experimental and
theoretical observations definitely prove that topology of the zeolite supercage has a pronounced
effect on the structure of the complex. To fit into the cavity, the complex has undergone a
distortion (as shown in Fig. 4¢), as a result the energy gap between the triplet and singlet state is
diminished, which causes a dramatic change of the magnetic property of the complex from
diamagnetic to paramagnetic. This enhancement of the magnetic moment is clearly related to the

extent of distortion of the 5-OH-Ni(Il) salen from planarity, because the larger voids of
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mesoporous MCM-41encapsulates the complex without significant loss of planarity thereby

leaving the complex diamagnetic as expected in its free state.
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Figure Captions

Figure 1. (A) Powder XRD pattern of (a) pure zeolite-Y, (b) Ni exchanged zeolite-Y, (c)
Encapsulated 5-OH-NL5 in zeolite Y, (B) The XRD patterns of (a) AI-MCM-41, (b) Ni-Al-

MCM-41 and (c) Encapsulated 5-OH-NL5 in MCM-41 at the range of (0 <260 > 4).

Figure 2. SE micrograph of encapsulated 5-OH-NLS in zeolite Y, (A) before soxhelt extraction,

(B) after soxhelt extraction.

Figure 3. (A) FTIR spectra in the range of 500 cm™ to 4000 cm™ of (a) pure zeolite Y , (b)
encapsulated 5-OH-NL5 in zeolite Y (B) The FTIR spectra in the range of 600 cm™ to 2000 cm’
' (a) pure zeolite Y, (b) encapsulated 5-OH-NLS5 in zeolite Y, (c) “neat”5-OH-NL5 complex.
(C) Enlarged view of FTIR spectra in the range of 1100 cm™ to 2000 cm™ (a) pure zeolite Y, (b)

encapsulated 5-OH-NL5 in zeolite Y.

Figure 4. (a) 5-OH-NLS5 molecule (singlet) free state (b) 5S-OH-NLS5 molecule (singlet) is
encapsulated and extracted (c) 5-OH-NLS5 molecule (triplet) is encapsulated and extracted. The
atoms marked by the square defines the C-Ni-C bond angle. (d) The zeolite framework used for
theoretical studies (e) 5-OH-NLS5 molecule (triplet) is encapsulated within the zeolite pore.

Closest non-bonding distance between 5-OH-NLS5 and the zeolite framework is ~3.1 A.

Figure 5. Experimental and DFT simulated UV-Vis spectra of (a) DFT simulated singlet state
(black vertical graph) and experimental encapsulated 5-OH-NLS5 in zeolite Y, (red line graph) (b)
DFT simulated triplet state (black vertical graph) and experimental encapsulated 5-OH-NLS5 in

zeolite Y, (red line graph).
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Figure 6. (A)The solid state UV-Vis spectra of (a) 5-OH-NLS5 (b) encapsulated 5- OH-NLS5 in
zeolite , (c) 5-OH-NLS5 in chloroform (B) UV-Visible spectra of (a) “neat” 5-OH-NL5 in

chloroform (b) encapsulated 5-OH-NLS5 in complex in MCM-41.

Figure 7. The 1/x-x, Vs T graph of (a) 5-OH-NL5 complex in zeolite Y and (b) 5-OH-NL5

complex in MCM-41.
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Figure 4
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Figure 6
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Figure 7
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TABLES

Table 1. FTIR spectral data (in cm™) for the “neat” and encapsulated 5-OH- NL5- complex.

Sample (C=N (C=C ven (C-O

stretching) deformation) stretching)
stretching )

5-OH-salen 1635 1580,1481 1381 1352
ligand
“Neat” 5-OH- 1620 1542, 1465 1375 1332
NL5
Encapsulated 5- 1642 1551, 1451 1382 1301
OH-NLS in

zeolite Y
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Table 2. Important geometrical parameters and molecular orbital’s for 5-OH-NLS5 in free and

encapsulated case.

Bond distances(A)/ 5-OH-NL5 5-OH-NL5 5-OH-NLS5
angles(®) /Energy (eV)
free singlet encapsulated | encapsulated in
in zeolite zeolite Triplet
Singlet
Ni-O (A) 1.85 1.83 1.88
Ni-N (A) 1.87 1.85 1.97
0-C (A) 1.30 1.30 1.30
N-C(conj) (A) 1.30 1.30 1.30
<O-Ni-N 94.0 932 92.22
<C-Ni-C 179.9 165.3 160.48
End to end distance (A) 14.32 13.70 13.48
HOMO (eV) -4.97 -5.03 -5.32,-5.46
LUMO(eV) -1.86 -1.88 -1.93,-2.35
HOMO-LUMO gap 3.11 3.14 3.39,3.11
(eV)
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Table 3

Table 3. UV-Vis data of the “neat” and encapsulated 5-OH- NLS5 in zeolite Y in solid state.

Dalton Transactions

£

Ea

Complex — n—mn Charge d-d
transitions | transitions transfer transitions
transitions
“Neat” 5- 240 332,376 424, 485, 590
OH-NL5
Encapsulated 244 288,319, 364, 384, 556
5-OH-NL5 337 490

in zeolite Y
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Table 4. UV-Vis experimental and TD-DFT simulated spectral data of the “neat” and

encapsulated 5-OH-NLS5 in solid state with corresponding assignments.

Page 40 of 42

5-OH-NL5 solid state DFT Transitio Encapsula DFT Transitio | DFT(Encaps- Transitions
p p
in chloroform | (5-OH-NLS5) (5-OH- ns ted 5-OH- | (Encapsulated 5- ns ulated 5-OH- (triplet)
NLS) (singlet) NL5in OH-NLS in (singlet) NLS in
singlet zeolite Y) zeolite Y) zeolite Y)
solid state singlet triplet
240 240 (s) 295 H?--L° 244 295 H>-L° 257 H*--L™
(258 sh) HO--L*"
301 H7--L" 302 H?-L" 271 H*--L°
H3--L° H3--L° H3--L°
H*--1°
328 332 351 HO--L* 288 336 HO--L™ 283 H*--L™
H-Z__LO H-Z__LO H-6__L+2
H*--L*? H*--L™? H3--L*?
295 H'--L*?
H--L*
H3-.L"
361 365 H2--L° 363 H2--L™ 325 H7--L°
HO__L*? HO_L*S
H* L™
322 H3--L°
H2-L°
H*--L°
376 387 HL—L"T | 319,337 380 gL 354 H—L",
H 17L+3
373 H2—L°
H-l_L+2
H—1°
H-17L+2
395 Hl1° 387 Hl-L" 386 HO—L*
364 H'—L"
446 H — 384 434 H —L*? HO--L*!
L+1 H-ll__L+2
Tai H?--L*™ 381 H'—L*?
L+2 H-l__L+2
437 424 465 H—L™! 457 H—L"! 411 Hl-L",
HO—L" H! L+0,
H—L"!
485 478 HO-L° 490 469 H—L°, 456 H—L°,
H-Z _ L+2 H-Z L+2 H07L+1
490 H—L" 465 H—L" H-1°
H'—L" H'—L"? 540 H—L"!
H 1__L+2 H-l__L+2 HO _ LO
H07L+1 H07L+1
H'--L°
559 H?-L"7 532 H2-L"7 594 H2-L"7
590 H'-L° 556 H'—1L°
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