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Characterisation of Zeolitic Materials with a HEU-Type Structure Modified
by Transition Metal Elements: Definition of Acid Sites in Nickel-Loaded
Crystals in the Light of Experimental and Quantum-Chemical Results

A. Godelitsas,™ D. Charistos,'*! A. Tsipis,®! C. Tsipis,*!*] A. Filippidis,'! C. Triantafyllidis,!

G. Manos,'*! and D. Siapkas!!

Abstract: Nickel-loaded HEU-type
zeolite crystals have been obtained by
well-known synthetic procedures and
characterised by X-ray fluorescence
(XRF), scanning-electron microscopy/
energy-dispersive spectroscopy (SEM-
EDS), FT-IR, diffuse reflectance UV/
Vis spectroscopy (DR(UV/Vis)S) and
X-ray  photoelectron  spectroscopy
(XPS) measurements as non-homoionic
and non-stoichiometric substances con-
taining exchangeable hydrated Ni** ions
in the micropores and nickel hydroxide
phases supported on the surface. Ther-
mogravimetric analysis/ differential
gravimetry (TGA/DTG) and differen-
tial thermal analysis (DTA) demonstrat-
ed that full dehydration below approx-
imately 400°C follows a clearly endo-
thermic process, whereas at higher
temperatures the zeolite is amorphised
and finally partially recrystallised to
Ni(ALSi) oxides, detected by powder

Introduction

HEU-type zeolites, a family of crystalline aluminosilicate
microporous solids, include both natural and synthetic

X-ray powder diffraction (XRD). The
solid acidity of NiHEU, initially deter-
mined by temperature-programmed de-
sorption (TPD) of ammonia to be
893 mgg~! NH;, is attributed to the
weak acid sites (fundamentally Lewis
sites) resolved at approximately 183°C,
and to the strong acid sites (essentially
Brgnsted sites) resolved at approximate-
ly 461°C in the TPD pattern. A more
sophisticated study based on in situ/ex
situ FT-IR with in situ/ex situ 27Al MAS
NMR and pyridine (Py) as a probe
molecule, revealed that the Lewis acid
sites can be attributed primarily to Ni**
ions, whereas the Brgnsted ones can
probably be associated with the surface-
supported nickel hydroxide phases. The
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spectroscopic measurements in conjunc-
tion with powder XRD and ?Si MAS
NMR data strongly suggest that distort-
ed Al tetrahedra are formed during the
dehydration process and Py chemisorp-
tion/complexation (NiHEU-Py), where-
as the crystal structure is remarkably
well preserved in the rehydrated materi-
al (NiHEU-Py/R). The structural, elec-
tronic, energetic and spectroscopic
properties of all possible nickel(1) aqua
and dihydroxy complexes absorbed in
the zeolite micropores or supported on
the zeolite surface were studied theoret-
ically by density functional theory
(DFT). The computed proton affinity,
found to be in the range 182.0-
210.0 kcalmol~, increases with increas-
ing coordination number of the aqua
and dihydroxy nickel(i) complexes.

members.'2 The naturally occurring HEU-type zeolites
(heulandite —clinoptilolite series) are the most abundant

minerals on Earth, exhibiting a zeolitic structure. They are
mostly found in specific types of sedimentary rocks (tuffs) in
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Supporting information (DR(UV/Vis) and FTIR absorption spectra of
NaHEU and NiHEU, and in situ FTIR absorption and 2’ Al MAS NMR
spectra of NiHEU-Py and NiHEU-Py. Tables list the computed
excitation energies, oscillator strengths, harmonic vibrational frequen-
cies and IR intensities for the high-spin ground states of [Ni(OH,),]**
and [Ni(OH,),_,(OH),] (n=4-6) complexes) for this article is
available on the WWW under http://www.wiley-vch.de/home/chemis-
try/ or from the author.
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the form of small crystals (0.1 -100 um) associated with clays
and other silicate and aluminosilicate phases of similar
density.’%) However, even centimetre-scale single crystals
can grow in cavities of igneous rocks (for example, basalts)
from natural hydrothermal solutions. Tuffs containing crystals
of HEU-type zeolites (zeoliferous rocks) form large deposits
in many areas, such as the USA, Japan, the former Soviet
Union, Hungary, Bulgaria, Australia, China, Greece and
Mexico, and are low-cost industrial minerals with several
commercial applications.*'? The synthetic zeolite spe-
cies,[*1 including 1L.Z-219 and CIT-3, are all more expensive
microporous solids, as yet without extensive practical appli-
cations.

The crystal structurel'l of all HEU-type zeolites (both
natural and synthetic) is characterised by a three-dimensional
aluminosilicate framework consisting fundamentally of sec-
ondary building units (SBUs) of the 4-4-1 type, formed by TO,
(T=Si, Al) tetrahedral primary building units (PBUs)?l.
Chain-like structural subunits (SSUs) of the ke type originate
from these SBUs, and are further combined through 4.5%type
SSUs to form structural “sheets” parallel to the (010) (ac)
plane.l'201 For this spatial arrangement of SSUs, the frame-
work contains narrow four- and five-membered rings, as well
as broad eight- and ten-membered rings constituting intra-
framework micropores (channels) capable of hosting extra-
framework/exchangeable cations (for example, Nat, KT,
Ca?*) in association with mobile water molecules. The
monoclinic (C2/m) crystals of HEU-type zeolites accommo-
date two different systems of micropores interconnected
within the lattice, the first developed along the [001] ¢ axis
with both eight- and ten-membered rings forming A- and

Abstract in Greek:

HMepilnyn:  Kpdotohrot HEU-tomov {edMbBov @optwpévov pe Ni
shfebnoav pe Baon kowég peBodoug auvleang kot yupaktnpictnkay, pe
uetpiiostg XRF, SEM-EDS, FT-IR, DR(UV-Vis) kat XPS, o¢ un-
OUOIOVTIKOL KUt  UN-OTOLYEWOUETPIKOL, Tov  mepExovy  aviodrdadipa
spudatopiva 10vie Ni¥¥ pécn oTovg pupormdpovs kat doeis vipokeidiov
Tov vikghiov omy smipdvein. Metpnosig TGA/DTG kan DTA £6eiéav ou
oe Beppokpacia pikpodtepn v 400 °C cvpuPaiver mhipng apuddtwcn wov
ovvodshstn amd  kabapr ev86bepun Sepyacio, evd o VYMAOTEpEg
Osppokpuciss o LedMbog  kabictatar  apoppog  kar  Tehkd
avakpuoturhdvetar pe ™ popeny ofewdiov Ni(ALSi). H atepen ofvmyta
tov gohbov NiHEU, mov vroloyiotmke apywkd pe TPD mg appmviag oe
893 mg ¢! NH;, anodotnke 1000 og aodeveic 6&veg B&aeis (o ovoia
0éosig Lewis) mov avaiibnkav ot Beppokpacia 183 °C ,600 ka1 og 10x0pEg
dveg Oicswg (omyv ovoio Bicsg Brensted) mov avaldbnkav os
Beppokpacia 461 °C oto mpdéro TPD. M mo eéeidikevpévy pedém
Bactopévy o cvvdvaopd in-situ/ex-situ FT-IR kot in-situ/ex-situ 27Al
MAS NMR pe mopdivny (Py) g popto avagopds, £deife om ot o&wveg
Btaeic Lewis propei va anodoBody ata 16via Nit', svéd o Oiceic Bronsted
B puropovoay mbavov va awodoBovy oe paoetg vdpoeidiov Tov vikehiov
nov Ppiokoviur omyv cmpdvewr Tov (edhiBov. Ot QUOPHATOCKOMIKEG
HETPROEL, Ge GLVBLacuO pe pstpriosiy XRD-okovng ko 2°Si MAS NMR
£361£0v TO CYNUATIOUO TUPAHOPPOUEVEY APYIMKGOV TETPUESpOV KATA TNV
apLddTOoT Ko KRUsoppdenon/cuprlokonoinon g mopdivng (NiHEU-
Py), své n kpvotarhikn dou Swmpeitn o onpavukd Pabud oto
apudatopivo vhikd (NIHEU-Py/R). Or Sopikée, NAEKTPOVIKES, EVEPYEIUKES
Kot QuopaTooKomikés 1810 Ghwv twv mbavdv vduto- kar vduto-
Swdpolv-copmhéxav tov Ni¥, pshemnxav Osopnukd pe Baom m
utBodo DFT. O1 npotoviocuyyiveieg mov vrohoyicBnkav Bpiokovial otnv
neproyh tov 182,0 pe 210,0 keal mol” xon avéavovtar pe mv adEnon tov

apIBLOY COVAPLOYIS TV PENTO- ket VEATO-51SPoEV-copIAOKEY Tov Ni™,
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B-type channels (3.3 x 4.6 and 3.0 x 7.6 A respectively), and
the second developed along the [102] a axis with eight-
membered rings forming C-type channels (2.6 x 4.7 A).

The relatively “open” structure of HEU-type zeolites, with
a total pore volume (TPV) of 35 %] enhances the sorption
properties of these microporous solids, especially towards
gaseous molecules such as dinitrogen, water, carbon mon-
oxide, ammonia, methanol, methane and pyridine, which are
small enough to enter the channels. The TPV of zeolite
crystals is correlated with the crystallographic arrangement of
the aluminosilicate framework, and particularly with the
framework density (FD), which is 17.0 T sites/1000 A3 for the
HEU-type structure.’) However, the chemical composition of
the framework (the Si/Al ratio, in the range 3 -5) modulates
the ion-exchange properties of the zeolites expressed as
cation-exchange capacity (CEC, which can theoretically reach
330 meq/100 g).? The rather low Si/Al ratio and the con-
sequently increased CEC render HEU-type zeolites advanta-
geous for binding dissolved cations from aqueous solutions.
Of particular interest is the interaction of HEU-type zeolites
with metallic cations (mostly heavy metals) such as lead,
cadmium, zinc, copper and nickel, which are sorbed by the
zeolite and immobilised in the crystals, modifying the initial
HEU-type structure. This is crucial for environmental tech-
nology (for example, decontamination of wastewaters) and
for certain industrial applications. In the development of
transition metal based catalysts, precise characterisation of
the chemically modified (metal-loaded) zeolite and thorough
investigation of the chemical properties of the solid, with
particular emphasis on the definition of potential structural
Lewis- and/or Brgnsted-type active sites, are essential.

To our knowledge, nickel-loaded HEU-type zeolites, in
contrast to their copper counterparts, have not been exten-
sively studied, in spite of their importance in heterogeneous
catalytic processes. The results reported until now? deal
mainly with nickel-loaded HEU-type zeolites coexisting in
zeoliferous rocks with different silicate and aluminosilicate
minerals. These measurements must be treated with caution,
since nickel interacts with crystals of all the associated phases
(for example, clays) in the preparation process. Although the
crystal structures of pure HEU-type zeolites ion-exchanged
with several metals (Na, K, Rb, Cs, Mg, Sr, Ba, Mn, Ag, Cd, Tl,
Pb) have been determined,?! the crystal structure of the fully
or even the partially nickel-exchanged form has not been
reported. We have already published a few preliminary results
concerning the structural and chemical properties of natural
zeolite crystals modified with nickel,?! and here we report
further details of the characterisation of pure natural HEU-
type zeolite crystals loaded with nickel by means of known
wet-chemical procedures. We had four objectives: 1) charac-
terisation of these crystals using an appropriate combination
of microscopic (scanning-electron microscopy/energy-disper-
sive spectroscopy (SEM-EDS)), diffraction (powder X-ray
diffraction (XRD)), thermal (temperature-programmed de-
sorption (TPD), thermogravimetric analysis/differential grav-
imetry (TGA/DTG) and differential thermal analysis (DTA))
and spectroscopic (radioisotope-induced X-ray fluorescence
(RI-XRF), diffuse reflectance spectroscopy (DRS), X-ray
photoelectron spectroscopy (XPS), 2Si MAS NMR, in situ/ex
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situ FT-IR, in situ/ex situ Al MAS NMR spectroscopic)
techniques; 2) definition of the acid sites created in the
structure of the microporous solid by nickel; 3) exploration,
by first-principle quantum-chemical methods, of the struc-
tural, electronic and spectroscopic properties of the nickel-
containing species sorbed or surface-precipitated on the
zeolite structure; 4) investigation of the efficiency of HEU-
type zeolites in the removal of dissolved nickel ions from
aqueous media, which is of considerable technological and
environmental significance.

Experimental Section

Starting material: The HEU-type zeolite sample was of natural origin,
occurring in geodes of a basaltic rock. Pure, pale white, single crystals were
detached carefully from the rock, cleaned in an ultrasonic bath with
distilled water, air-dried and crushed in an agate mortar. A granular
fraction, particle size 20— 90 pm, which was selected taking into account the
average size of HEU-type zeolite crystals in relevant commercial products
(zeoliferous rocks), was separated with standard analytical sieves.

Preparation of nickel-loaded (NiHEU) material: The preparation of this
material was based on known proceduresi?" 2!l for heavy metal-loaded/ion-
exchanged HEU-type zeolites, through appropriate modification of the
homoionic sodium form (fully Na*-exchanged), which is a precursor phase
(NaHEU). In particular, the previously prepared NaHEU crystals were
refluxed repeatedly with a concentrated aqueous solution® of Ni(NO,),
to achieve the maximum release of Na*t ions (checked in the filtrates by
flame photometry; Bruno Lange M6a), the only exchangeable cation in the
NaHEU. The NiHEU crystals (pale green) were collected by filtration,
washed with small portions of distilled water until no traces of nickel were
detected in the filtrates by atomic absorption spectrometry (Perkin-
Elmer 5000), and stored in a desiccator over a saturated solution of
Ca(NO;),.

Spectroscopic and thermogravimetric characterisation: Preliminary char-
acterisation of NiHEU was by powder XRD (Scintag XDS2000, Cug,,
26 =2°-80° 1°min~') and SEM-EDS (JEOL JSM 840-A equipped with an
Oxford ISIS 300 EDS) also using carbon-coated polished sections of the
crystals. The total nickel content of the solid was determined directly by RI-
XRF using an 'Am secondary excitation source (Sn target) and a
Canberra LEGe detector with a 2-mil (2 x 102 inch) Be window connected
to a computer-based data acquisition/MCA system (Canberra S-100). The
initial spectroscopic study of the chemically modified zeolite was per-
formed by FT-IR (Bruker IFS113v, KBr pellets) and DR(UV/Vis)
(Shimadzu UV/Vis 2101 scanning spectrometer, BaSO, reference materi-
al). The surface of the material (up to approximately 30 A) was
investigated by XPS (V.G. Scientific 1000 instrument, Mgy, X-ray source,
10-° Torr UHV chamber), whereas characterisation of the aluminosilicate
framework of the crystal structure was based on *Si and ¥ Al MAS NMR
on Bruker MSL400 equipment with (CH;),Si and [Al(H,0)4]** reference
materials. TGA/DTG and DTA were carried out with a Chan instrument in
a He atmosphere at 20 °Cmin~" up to 800 °C. The NiHEU samples obtained
by the thermal analyses were also investigated by SEM-EDS and powder
XRD.

Solid acidity of the NiHEU zeolite: This was determined by TPD of
ammonia using a high-temperature vertical furnace with a temperature
controller and a quartz vertical reactor equipped with a thermal con-
ductivity detector (TCD) to determine the ammonia evolved. The material
(100 mg) was placed in the reactor and dehydrated at 350°C under a
continuous flow of He (50 mLmin~') for 3 h. The temperature was then
lowered to 100°C and dry ammonia was passed through the sample at
1.5 bar for 1 h. Physisorbed ammonia was also stripped at 100 °C under the
He flow for 30 min. Chemisorbed ammonia was desorbed by heating the
sample from 100 to 800 °C (heating rate 10°Cmin~!, He flow 50 mL min~")
and a known amount of HCI solution was used for titrimetric determination
after passage through the detector. The acid sites responsible for the solid
acidity of the dehydrated (activated) NiHEU crystals were defined by in
situ FT-IR and Al MAS NMR, with Py as a probe molecule.
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For in situ FT-IR experiments, thin self-supporting NiHEU wafers
(approximately 14 mgcm~2) were prepared and mounted within a special
vacuum cell containing an internal electrically heated furnace region and
appropriate windows for FT-IR measurements, adapted for a Mattson
Cygnus 100 FT-IR spectrometer. The NIHEU samples were dehydrated at
350°C under vacuum (107> Torr) for 12 h. The temperature was decreased
to 150°C to record the spectra of the activated zeolite. By continuous
adjustment to ensure this temperature, a portion of spectroscopic-grade
pyridine (3 pL), purified by several “freeze—pump-thaw” cycles to
remove dissolved gases, was inserted by syringe in the vacuum cell and
the in situ FT-IR spectra of NtHEU-Py were recorded. At that temperature
pyridine is gaseous and can be chemisorbed by the zeolite. However, to
remove possible physisorbed pyridine the pressure (initially 10~° Torr) was
decreased rapidly before the spectra were recorded, then the wafers were
removed from the vacuum cell and the material was rehydrated for two
weeks in the desiccator. The rehydrated sample (NiHEU-Py/R) was
investigated by ex situ FT-IR (with KBr pellets), SEM-EDS, powder XRD,
Si MAS NMR and Al MAS NMR.

Analogous experiments were performed using in situ Al MAS NMR.
NiHEU (an appropriate quantity) was inserted in a specially designed
aluminium-free Pyrex glass tube, which was joined to a Schlenk-type
vacuum line. The sample was dehydrated in a convenient vertical ceramic
furnace at 350 °C for 12 h and then cooled to 150 °C for sorption of pyridine.
After the reaction was complete the upper part of the tube, connected to
the vacuum line, was first sealed using a flame. The lower part of the
separated tube containing the NIHEU-Py material was sealed later with a
sharp flame while being rotated continuously in liquid nitrogen to prevent
the high temperature from affecting the sample and to obtain a well-shaped
glass capsule. This capsule was mounted in a MAS zirconia rotor fitted on
the Bruker MSL400 spectrometer. After acquisition of the spectra, the
capsule was crushed carefully and its contents were rehydrated (NIHEU-
Py/R) for two weeks in the constant-humidity chamber for further
examination by ex situ Al MAS NMR, SEM-EDS, powder XRD, FT-IR
and ¥Si MAS NMR.

Computational Details

The structural, electronic and energetic properties of all possible nickel(ir)
aqua and dihydroxy complexes absorbed in the zeolite micropores or
supported on the zeolite surface, in both their low- (singlet) and high-spin
(triplet) states, were computed using density functional theory (DFT) at the
B3LYP level of theory (B3LYP =Becke’s three-parameter hybrid func-
tional®! combined with the Lee — Yang - Parr correlation functional), using
the LANL2DZ basis set that includes Dunning/Huzinaga full double zeta
(DZ) basis on the first row and Los Alamos effective core potentials
(ECPs) plus DZ for the nickel atom. The hybrid B3LYP functional gives
acceptable results for molecular energies and geometries, as well as proton
donation, and weak and strong hydrogen bonds.’l No constraints were
imposed on the geometry in any of the computations. Full geometry
optimisation was performed for each structure using Schlegel’s analytical
gradient method,”” and the attainment of the energy minimum was
verified by calculating the vibrational frequencies that resulted in the
absence of imaginary eigenvalues of the Hessian matrix. The vibrational
modes and the corresponding frequencies were based on a harmonic force
field. Electronic transitions were computed by the configuration inter-
action (CI) singles approach. All calculations were performed with the
Gaussian 98 program suite."!

Results and Discussion

Characterisation of zeolitic materials with a HEU-type
structure modified by Ni** ions: The total nickel content of
the nickel-loaded HEU-type zeolite, determined by RI-XRF,
was 3.5% (w/w) (35 mgg"). The calculated CEC of the
precursor NaHEU zeolite (302 meq/100 g) strongly suggests
that the completely nickel-exchanged NiHEU material could
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theoretically contain 88.62 mgg~! nickel. However, if one
assumes that Ni2* ions had been sorbed through ion exchange,
the product would primarily be a partially nickel-exchanged
(non-homoionic) zeolitic material. Bulk analyses of the
material showed that a considerable amount of sodium
remained in the crystal structure of NIHEU. SEM-EDS of
polished sections of the material indicated that the distribu-
tion of nickel was remarkably inhomogeneous throughout the
grains, with significant accumulation towards the rims and
around the edges (Figure 1). This means that the non-
homoionic NiHEU crystals were also non-stoichiometric, so

A

Figure 1. SEM-EDS results, indicating the distribution of nickel in
polished sections of NIHEU crystals (Nig, - was used for the corresponding
elemental mapping). Left: typical SEM image (back-scattered electron
images) of NIHEU crystal sections. Right: typical elemental mapping of the
nickel distribution.

the nickel sorption by the zeolite may not be completely
attributable to ion exchange. The XPS study (Figure 2)
showed that the near-surface layers of the material comprised
not Ni** jons but specific compounds corresponding to
hydroxides of nickel()®32 (Ni 2p;, peak resolved at

Ni2ps/>

Intensity / arb. units

862.96 857.96 852.96 847.96

Binding Energy / eV
Figure 2. Ni 2p;, region of the XPS spectrum of NiHEU.

842.96 837.96

856 eV). This is further supported by observation of an extra
characteristic sharp band at 1384 cm™" in the FT-IR spectra of
NiHEU, associated® with the 6(OH) stretching vibrations of
metal hydroxides and/or oxyhydroxides. These data are
further verified by SEM-EDS investigation of individual
NiHEU crystals, indicating the presence of very small (up to
2 um) solid nickel phases supported on the zeolite surface
(Figure 3). In addition, the powder XRD study of NiHEU,
NaHEU and pure nickel hydroxide proved the crystalline
nature of the surface nickel hydroxide phases, by definition of
small, well-resolved peaks in the corresponding patterns

3708
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18¥m HD36

Figure 3. SEM image showing the nickel hydroxide phases supported on
the surface of NiHEU.

gegd 15K

which were not due to the structure of the HEU-type zeolitic
substrate.P4

The NiHEU zeolitic material is not a typical partially
nickel-exchanged (non-homoionic) form of a HEU-type
zeolite, and the non-stoichiometric nickel-loaded crystals
have possibly been formed through metal sorption mecha-
nisms, which do not exclusively involve ion exchange. These
mechanisms are mainly represented by distinct surface
chemical processes, such as adsorption and surface precip-
itation,®> 3 taking place at the solid-solution interface
during treatment of the zeolite with aqueous solutions of
Ni?* ions. These processes are facilitated by the hydrolysis of
the Ni?* ion,"] which is favoured at the elevated temperature
required for sufficient metal loading. As a result, various
hydrolysis products interact progressively with the micro-
porous solid, which can also act as a forceful cation exchanger.
The positively charged solvated species, such as [Ni(H,0),]**
and [NiOH]*, are sorbed primarily through ion exchange.
replacing initial extra-framework Na* ions, whereas mono-
nuclear and/or polynuclear insoluble hydroxide species can be
bonded to the material by surface precipitation. As a
consequence, the NIHEU zeolite exhibits a rather compli-
cated structure in which nickel ions occupying different sites
in the micropores (channels) and on the surface possess
differing Lewis and/or Brgnsted acidic properties. Schoon-
heydt et al.’¥! discussed adequately the crucial importance of
such structures in possible catalytic applications with respect
to non-stoichiometric nickel-loaded Linde NaX and NaY
(NiFAU) synthetic zeolites. Accordingly, XPS measurements
by Xiao and Mengl®! demonstrated that in nickel-containing
HZSM-5 catalysts (NiMFI) nickel ions can exist in various
other coordination environments as well as in nickel hydrox-
ides supported on the surface. It is rather difficult to prepare
either fully or even partially nickel-exchanged HEU-type
zeolite crystals that are practically stoichiometric (with the
same metal content in each unit cell) in order for the crystal
structure to be resolved accurately and the positions of the
ions in the lattice to be defined precisely.

As dipositive metal cations with small ionic radii are
preferentially surrounded by H,O molecules and are less
coordinated by framework O atoms, in the nickel-loaded
HEU-type zeolite Ni2* ions with an ionic radius of 0.70 Al
are expected to be completely surrounded by water molecules
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in the large micropores (A and B), probably without
coordination by framework O atoms. The existence of
hydrated Ni** ions in the structure of NiHEU is further
supported by the DR(UV/Vis) spectra showing a character-
istic broad band in the 630-765 nm region and a band at
390 nm.*I However, the #Si and A1 MAS NMR spectra of
NiHEU (Figures 4 and 5) are identical to those of the raw
HEU-type zeolite,*>* strongly suggesting that the alumino-
silicate framework hosting the extra-framework hydrated Ni**
ions has not been affected by the sorption of nickel ions. The
Si/Al ratio of NiHEU calculated from 2°Si and Al MAS
NMR spectra*? is 3.78.

Si(1Al)

Si(1AY

-60 -70 -80 -90 -100 110 -120  -130 -140 -150

ppm
Figure 4. Si MAS NMR spectrum of NiHEU.

Altet

130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30
ppm
Figure 5. Al MAS NMR spectrum of NiHEU.

Definition of acid sites in nickel-loaded HEU-type zeolite:
The Ni** ions encapsulated in the structure of NiHEU
introduce a weak solid acidity to the material that can easily
be recognised after suitable thermal treatment (activation),
which leads to the removal of the coordinated water
molecules and the creation of Lewis acid sites due to the
dehydrated Ni*t ions.*>*! However, the nickel hydroxide
phases supported on the surface of the crystals seem to play a
more critical role in the solid acidity, for they tend to
constitute Brgnsted acid sites, adding stronger acidity to the
nickel-loaded zeolite. The thermal analyses of NiHEU (Fig-
ure 6) revealed a total weight loss of 15.93% involving

Chem. Eur. J. 2001, 7, No. 17
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Figure 6. TGA/DTG (top) and DTA (bottom) curves of NitHEU.

three main stages, but complete dehydration of the crystals
was realised below approximately 400 °C corresponding to a
major weight loss of approximatelyl 3%. A discrete endo-
thermic event resolved in the DTA curve at 150°C is evidently
related to the release of zeolitic H,O molecules predom-
inantly associated with the Ni** ions in the micropores
(Figure 6 bottom). The minor weight loss (2.93%) from
approximately 400 to 800°C could be attributed to dehydrox-
ylation of the surface-supported nickel hydroxide phases,
which was a potential source of volatile constituents that
could be released at higher temperatures. The SEM-EDS
examination of the thermally treated NIHEU showed that the
grains obtained retained the external morphology of the
initial zeolite crystals, but the powder XRD data indicated
that the solid had become practically amorphous. However,
careful treatment of the powder XRD patterns revealed the
presence of a small sharp peak, separated from the back-
ground, which corresponded to crystalline Ni(Al,Si) oxides.
Partial recrystallisation evidently takes place as a result of the
progressive reaction of the dehydroxylated nickel hydroxide
phases with the amorphised zeolitic substrate. These results
imply that complete dehydration (activation) of NiHEU,
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which is required for identifying the acid sites by TPD and in
situ FT-IR/MAS NMR spectroscopy, can be achieved reason-
ably well at quite low temperatures (below approximately
400°C). TPD of ammonia gave a considerable total solid
acidity of NiIHEU (8.93 mgNH,g™"). The characterisation of
zeolitic materials with a modified structure using TPD could
also provide valuable information on the strength distribution
of the acid sites recorded. ¥ Thus the broad peak in the
TPD pattern (Figure 7) with a maximum at 183°C corre-
sponds to “weak” acid sites, which are represented mainly by

NH; Desorbed/a.u.

100 ' 300 ' 500 ' 700
T°C
Figure 7. TPD of NH; from NiHEU activated at 350 °C.

Lewis-type sites such as the dehydrated Ni** ions. Associated
acid sites are also considered to be any relevant extra-
framework species located in the micropores (that is, the
residual Na* ions), including potential AI’* ions in an
octahedral coordination environment (Al°), which can be
formed in activated zeolites. The second broad peak in the
TPD spectrum, with a maximum at 461°C, corresponds to
“strong” acid sites, which are primarily attributed to Brgnst-
ed-type sites containing protonated active groups. The
characteristic Brgnsted-type sites in the structure of activated
zeolites are the so-called bridging hydroxy groups, consisting
of protons bonded to the aluminosilicate framework in the
micropores (Si-O(H)-Al). However, possible silanol groups
(Si—-OH) commonly formed on the surface of zeolites
(terminal hydroxy groups) do not constitute “strong” acid
sites and are generally of minor importance. Extended
bridging hydroxy groups are usually created in NH,"-ex-
changed zeolites as a result of the release of NH;(g) during the
thermal treatment, but are not typical of metal-loaded
zeolites. Therefore, in NiHEU the “strong” acid sites ob-
served in the TPD pattern are probably due to the surface-
supported nickel hydroxides.

The different types of acid sites were characterised further
by in situ FT-IR after exposure of the activated metal-loaded
zeolite to gaseous strong electron donor ligands such as
pyridine (Py).*! The FTIR showed clearly that Py is
chemisorbed on the activated NiHEU zeolite through reac-
tion with certain structural acid sites of the zeolite. The lack of
discrete absorption bands in the 3700-3500 cm~! region
indicates the absence of Brgnsted-type acid sites attributable
to bridging hydroxy groups. In contrast, some absorption
bands appearing in the 1700-1400 cm™' region strongly
suggest that Py can also be chemisorbed to Lewis and/or
Brgnsted acid sites different from those of the bridging
hydroxy groups. The normal vibrational modes with maxima
at 1610 cm™! and 1447 cm™! are due to the species resulting
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from the interaction of the lone-pair orbital of Py with the
appropriate vacant orbital of the Lewis acid sites, whereas
that at 1650 cm~! is characteristic of the pyridinium ion
formed by interaction of Py with the protons of the Brgnsted
acid sites. The band at 1491 cm™! could be attributed to the
pyridine ring and is common to all Py-containing species.
These data substantiate the existence of “strong” Brgnsted-
type acid sites due to surface-supported nickel hydroxides,
identified with certainty by a characteristic peak at 461°C in
the TPD spectrum of NiHEU (Figure 7). However, the Lewis-
type acid sites, verified by FT-IR spectra of the NiHEU-Py
material, could be due primarily to dehydrated Ni** ions
located in the micropores, as well as to residual Na* ions. In
addition, sufficient evidence for relevant acid sites due to
extra-framework octahedrally coordinated AI** ions was
obtained from Al MAS NMR spectra. The in situ Al
MAS NMR spectrum of NiHEU-Py exhibits, besides the
characteristic peak due to tetrahedral Al (Al*') moieties, a
second broad peak at d =56 also due to the presence of Al°*
moieties. Moreover, the ex situ Al MAS NMR spectra
recorded after rehydration of the material (forming NiHEU-
Py/R) exhibited only the single peak due to Al'*'; hence no
Al moieties were created or remained in the rehydrated
crystal structure. Consequently, distorted Al'* primary build-
ing units (Al tetrahedra) are most probably formed in the
aluminosilicate framework of the zeolite upon activation,
then further rearranged. Therefore, the Lewis-type acid sites
resolved in the in situ FT-IR spectra are represented solely by
exchangeable cationic species and particularly by the domi-
nant Ni?>* ions. A reversible structural transformation of this
kind has not been reported previously for zeolites, but it is
well known for other microporous materials, such as the
zeotype AIPO,.

Chemisorption of the Lewis-type base Py on the activated
NiHEU is apparently associated with coordination processes
affording relevant Ni?>* coordination compounds throughout
the crystals of the material (intra-zeolite and surface com-
plexes). The powder XRD patterns of NiHEU-Py/R (Fig-
ure 8) demonstrated that the crystal structure of the zeolite is
essentially preserved during dehydration/activation followed
by Py sorption and rehydration. This is important for potential
catalytic applications of HEU-type zeolites modified by Ni**
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Figure 8. Powder XRD patterns of NiHEU-Py/R (top) and NiHEU
(bottom).
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ions, and it is also proved by the ex situ Si MAS NMR and
FT-IR spectra, which are identical to those of the starting
NiHEU material.

Structural, energetic and electronic properties of
[Ni(OH,),]** (n=4-6) complexes: The Ni** ions may exist
in their complexes both in high-spin (triplet) and low-spin
(singlet) states. The ordering of spin states depends on the
strength and symmetry of the ligand field. Figure 9, 10 and 11
present the optimised geometries for [Ni(OH,),]*" (n=4-6)
complexes in both their singlet and triplet states.

[Ni(OH,),J** complexes: The low-spin state of the tetraaqua
Ni" cluster, [Ni(OH,),]**(S), possessing D,, symmetry, is a
local minimum in the potential energy surface (PES) at
16.9 kcalmol~! higher in energy than the high-spin ground
state [Ni(OH,),]**(T) (Figure 9). The H atoms of two
coordinated water molecules in trans positions are in the
square-planar coordination plane, whereas those of the other
two coordinated water molecules are perpendicular to the
plane. Moreover, the H atoms of the coordinated water
molecules in trans positions adopt a staggered conformation,
with dihedral angles for the two pairs of trans water ligands of
41.3° and 53.3°. All O-Ni-O bond angles are 90°. The H-O-H

IMHOH 1, 150

Emod 7L AT Harfree Em

[MEH L P T TS

F=—474 474 Horfres

Figure 9. Optimised geometries of the [Ni(OH,),]>* complexes in their low- and high-spin states computed at the

B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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bond angle of the coordinated water molecules is higher by
about 8° than the corresponding angle of the free water
molecule. The computed dipole moment (0.00 D) is consistent
with the D,, symmetry of the complex.

According to Mulliken population analysis the net atomic
charges on the central Ni?* ion, the O donor atoms and the H
atoms are +0.92, —0.72 and + 0.50 charge units, respectively.
The bond overlap populations of the Ni-O and O—H bonds
are 0.13 and 0.27 respectively. The HOMO at —0.661 eV
corresponds to a central Ni** atom non-bonding MO, with
predominantly d,. character (Figure 12), whereas the LUMO
at —0.496 eV corresponds to a central Ni** atom antibonding
MO with predominantly d,._y. character. Thus the HOMO -
LUMO energy gap is only 0.165 eV, implying that a triplet
state could also be possible as the ground state of the complex.

Indeed, we have found that the triplet state of the tetraaqua
Ni" cluster [Ni(OH,),]**(T), corresponding to the global
minimum in the PES, is the ground state of the complex.
Application of crystal field theory leads one to expect that the
energy of the d,._y. orbital in a square-planar crystal field rises
substantially as a consequence of strong repulsions between
electrons of the metal and the ligands, and the low-spin state is
expected to be the ground state. However, the B3LYP
calculations demonstrated that the triplet state, adopting a
distorted tetrahedral geometry
(C; point group), becomes the
ground state. The distorted tet-
rahedral geometry of the high-
spin state is characterised by
the dihedral angles: O(8)-
Ni(1)-0(2)-0(3) 110.7, O(8)-
Ni(1)-O(3)-O(11) 146.8, O(2)-
Ni(1)-O(11)-O(3) 105.1°. More-
over, bond angles are O(2)-
Ni(1)-O(3) 101.7° and O(8)-
Ni(1)-O(11) 138.2° and the
computed dipole moment is
0.55 D. The Ni—O bonds in the
triplet state are about 0.1 A
longer than those of the
square-planar singlet state. This
is not unexpected, however,
because the LUMO (d,_,. of
the central Ni** atom) involved
in the bonding is a singly occu-
pied molecular orbital (SOMO)
in the triplet state, in which the
Ni?* ion and the O donor atoms
acquire higher net atomic
charges than in the singlet state
(computed values +1.16 and
—0.77 respectively). The posi-
tive net atomic charge on the H
atoms remains unchanged. The
bond overlap populations of the
Ni—O bonds in the triplet state
are 0.02 lower than those in the
singlet state. The lower bond
overlap population indicates
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Figure 10. Optimised geometries of the [Ni(OH,);s]** complexes in their
low- and high-spin states computed at the B3LYP level of theory. Bond
lengths in A, bond angles (in italics) in °.

that Ni—O bonds in the triplet state are weaker, which is also
reflected in the longer computed bond lengths. The total
atomic spin density is located mainly on the central Ni** ion
(1.81) and much less on the O donor atoms (0.04-0.05)
(Figure 13). However, the computed isotropic Fermi contact
couplings (IFCC values) are —17.6 to —35.6 MHz. The two
doubly degenerate SOMOs at —0.698 eV correspond to
antibonding MOs with predominantly d,, and d,, character,
but the LUMO at —0.367 eV corresponds to a central Ni**
atom antibonding MO with predominantly 4s character.

A distorted tetrahedral transition state (TS2) about
1.5 kcalmol~! higher in energy was located on the PES, with
two Ni—O bonds that are shorter, and two that are longer,
than the corresponding bonds of the ground state. The TS2

3712
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structure is characterised by the dihedral angles: O(2)-Ni(1)-
0O(8)-0(3) 102.1, O(8)-Ni(1)-O(3)-O(11) 155.6, O(2)-Ni(1)-
O(11)-O(3) 102.4°. The computed dipole moment is 0.47 D.
Very close to TS2 (about 0.8 kcalmol™! higher in energy),
another transition state, TS1 (Figure 9), exhibiting a square-
planar configuration (zero dipole moment), was located on
the PES. In the square-planar triplet TS1 two of the trans
Ni—O bonds are about 0.075 A shorter than the other two. The
salient feature of the structure of TS1 is the eclipsed
conformation of the H atoms of the coordinated water
molecules in trans positions. Even the triplet square-planar
transition state is more stable than the singlet square-planar
configuration of [Ni(OH,),]**, which according to crystal field
theory is predicted to be the ground state. It is clear that the
excitation of an electron to the o antibonding d,._,. orbital
introduces an imbalance to the square-planar configuration
througha D,, distortion, leading ultimately to a tetrahedral
excited state (TS2), which then relaxes to the triplet ground
state. The high-spin states of some Ni** and other transition
metal ion complexes interacting with amino acid chains in
various coordination geometries were recently predicted?! to
be the ground states at the DFT/B3LYP level of theory.

[Ni(OH.,)s]** complexes: The low-spin state of the pentaaqua
Ni'' cluster, [Ni(OH,)s]>*(S), exhibiting a trigonal-planar
geometry, is a local minimum in the PES at 38.9 kcalmol~!
higher in energy than the high-spin ground state
[Ni(OH,)s)**(T) (Figure 10). Surprisingly, two of the water
molecules are not coordinated to the central Ni** ion, but are
involved in the formation of short, strong hydrogen bonds
with coordinated water molecules. Thus, the low-spin penta-
aqua Ni' cluster can be considered as a coordinatively
unsaturated three-coordinate complex, [Ni(OH,);]**-2H,0.
The high-spin triplet state with an analogous trigonal planar
geometry possesses one imaginary frequency and is therefore
a transition state, [Ni(OH,);]**(T), TS (Figure 10). The salient
feature of the trigonal-planar structures is the lengthening in
the high-spin state by 0.06—0.08 A of all Ni—O bonds. The
geometry of the coordinated water ligands in both states
remains unchanged.

In both electronic configurations one water molecule forms
one short, strong hydrogen bond with a coordinated water
molecule; the O—H, H--- O bond lengths are 1.150, 1.257 A
and 1.129, 1.288 A, and the O—H--- O bond angle is 3.4° and
0.9°, in the low- and high-spin states, respectively. Another
water molecule forms two weaker hydrogen bonds with the
other two coordinated water molecules, one corresponding to
O—H, H - O bond lengths of 1.017, 1.606 A and 1.010, 1.661 A
and O—H --- O bond angles of 21.7° and 22.7°, and the other to
O—H, H - O bond lengths of 1.007, 1.678 A and 1.008, 1.676 A
and O—H --- O bond angles of 25.2° and 23.3°, for the low- and
high-spin states, respectively. In the second case a six-
membered chelate ring is formed.

In both pentaaqua Ni!! cluster structures, the Mulliken net
atomic charges on the H atoms involved in hydrogen bond
formation between the coordinated and non-coordinated
water molecules are +0.53 and +0.50 charge units for the
O—H:--O and O—H---O---H-O skeletons, respectively. All
other H atoms acquire a net atomic charge of +0.48 charge
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Figure 11. Optimised geometries of the [Ni(OH,)s]** complexes in their low- and high-spin states
computed at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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Figure 13. Atomic spin density (0.002 a.u. isospin
surface) of the high-spin ground state of the
[Ni(OH,),]* complex.

units. The bond overlap populations of the
O—H, H:-- O bonds are 0.16, 0.12 and 0.17,
0.12 for the singly hydrogen-bonded water
molecule, and 0.22, 0.06 and 0.23, 0.06 for
the doubly hydrogen-bonded water mole-
cule, for the low- and high-spin states
respectively The formation of strong hydro-
gen bonds exhibiting a high covalent com-
ponent in the singly hydrogen-bonded water
molecule is reflected in the computed bond
overlap populations, which are almost
equivalent for the O—H and H--- O bonds.
Moreover, as in the case of the tetraaqua
Ni" complex in the high-spin state, the Ni**
ion acquires a higher net atomic charge than
the singlet state (computed values +1.19
and +0.97, respectively).

The HOMO at —0.628 eV of the low-spin
state corresponds to a central Ni** atom
non-bonding MO with predominantly d,
character (Figure 14), whereas the LUMO
at —0.490 eV corresponds to a hybridised
orbital with predominantly d.._. character
directed to the fourth vacant position of the
square planar coordination environment of
the central Ni** atom. The form of the
LUMO is that expected for a T-shaped three-coordinate
fragment resulting from a square planar four-coordinate
square planar coordination compound upon removal of one
of the ligands. The HOMO-LUMO energy gap is only
0.138 eV.

Surprisingly, as in the case of the tetraaqua Ni! cluster, we
have found that the high-spin triplet state of the pentaaqua
Ni'' cluster, [Ni(OH,)s]**(T) (Figure 10), with a square-
pyramidal configuration corresponds to the global minimum
in the PES. In the square-pyramidal structure of
[Ni(OH,)s]**(T) the central Ni** atom is found about
0.123 A above the basal plane defined by four O donor
atoms. The square-pyramidal structure of the high-spin
ground state is characterised by the dihedral angles O(5)-
0(6)-0(4)-0(3) 5.9°, O(5)-0(1)-0(6)-0O(3) 84.5°, and O(5)-
O(1)-0(6)-O(4) 169.7°. The computed dipole moment is
0.51 D. The Ni—O bond lengths in the high-spin ground state
are about 0.2 A longer than those of the trigonal-planar
singlet state. In the triplet state the Ni** ion and the O donor
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Figure 14. HOMO and LUMO of the low-spin state of the [Ni(OH,)s]**
complex.

atoms acquire higher net atomic charges than those in the
singlet trigonal-planar state (computed values +1.05 and
—0.76 respectively). The positive net atomic charge on the H
atoms remains unchanged. The bond overlap populations of
the Ni—O bonds in the triplet state are 0.02 to 0.05 lower than
those in the singlet state, indicating weaker Ni—O bonds
(compare also the Ni—O bond lengths). The total atomic spin
density is located mainly on the central Ni** ion (1.79) and
much less on the O donor atoms (0.03-0.05) (Figure 15).

Figure 15. Atomic spin density (0.002 a.u. isospin surface) of the high-spin
ground state of the [Ni(OH,)s]** complex.

However, the computed IFCC values are —30.6 to
—38.0MHz. The two doubly degenerate SOMOs at
—0.660 eV correspond to antibonding MOs with predomi-
nantly d,, and d,, character, but the LUMO at —0.325 eV
corresponds to a central Ni** atom antibonding MO with
predominantly 4s character.

[Ni(OH,)s]** complexes: The low-spin state of the hexaaqua
Ni" cluster, [Ni(OH,)¢]**(S), exhibiting a square-planar
coordination geometry, is a local minimum in the PES,
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20.7 kcalmol~! higher in energy than the high-spin triplet
ground-state [Ni(OH,)¢]**(T) (Figure 11). In the low-spin
state of [Ni(OH,)4]**(S), two of the water molecules are not
coordinated to the central Ni** ion but are involved in the
formation of short, strong hydrogen bonds with coordinated
water molecules, so this species could be formulated as
[Ni(OH,),)** - 2H,0. Importantly, the conformers
[Ni(OH,)e)**(S1) and [Ni(OH,)]**(S2) (Figure 11) have been
identified as local minima in the PES of the low-spin state,
differing in energy by only 1.9 kcalmol .

In the more stable conformer [Ni(OH,)qJ>*(S1), one water
molecule forms a short, strong hydrogen bond with a
coordinated water molecule (O—H, H:--O 1.076, 1.375 A:
bond angle O—H -+ O 2.5°). The second water molecule forms
two weaker hydrogen bonds with two coordinated water
molecules in cis positions: for one, O—H, H---O 1.006,
1.669 A and bond angle O—H---O 22.8°, and for the other,
O—H, H-+- 0O 1.005, 1.670 A and bond angle O—H -+ O 23.8°.
The Mulliken net atomic charges on the H atoms involved in
hydrogen bond formation are +0.53 and +0.49 charge units
for the O—H---O and O—H:--O---H—O skeletons respec-
tively. All other H atoms acquire a net atomic charge of +0.48
charge units. The bond overlap populations of the O—H, H ---
O bonds are 0.19, 0.09 for the singly hydrogen-bonded water
molecule, and 0.23, 0.05 for the doubly hydrogen-bonded
water molecule, respectively. Moreover, the central Ni** ion
acquires a net atomic charge of +0.86, whereas the negative
net atomic charge on the oxygen atoms is in the —0.73 to
—0.79 charge unit range.

In conformer [Ni(OH,)s]**(S2), two water molecules form
equivalent short, strong hydrogen bonds with coordinated
water molecules in trans positions (O—H, H---O 1.078,
1.375 A; bond angle O—H---O 1.6°). The [Ni(OH,)s]**(S2)
conformer possesses D,, symmetry with the plane defined by
the atoms O(5), O(7), O(11) and O(9) being perpendicular to
the square planar coordination plane. The computed dipole
moment is almost zero (0.02 D). The Mulliken net atomic
charges on the H atoms involved in the hydrogen bond
formation are + 0.53, whereas all other H atoms acquire a net
atomic charge of +0.48 charge units, except those of the water
molecules involved in the hydrogen bond formation (net
atomic charge 0.46 charge units). The bond overlap popula-
tions of the O—H, H--- O bonds are 0.19, 0.09, respectively.
The central Ni?* ion acquires a net atomic charge of +0.85,
whereas the negative net atomic charge on the oxygen atoms
is in the —0.70 to —0.81 charge unit range.

The HOMO at —0.587 eV of the low-spin state corresponds
to a central Ni** atom non-bonding MO with predominantly
d,. character, whereas the LUMO at —0.418 eV corresponds
to an antibonding molecular orbital with predominantly d._.
character. The HOMO -LUMO energy gap is 0.169 eV.

Interestingly, the low-spin state of the hexaaqua Ni!! cluster
adopting the expected octahedral geometry for a six-coor-
dinate complex of a Ni?* ion was identified as a transition
state in the PES (the Hessian matrix has one negative
eigenvalue). The transition state, [Ni(OH,)s]**(S), TS, was
found to be 31.4 and 52.1 kcal mol~! higher in energy than the
more stable low-spin state [Ni(OH,)¢]**(S1) and the high-spin
ground-state [Ni(OH,)s]**(T), respectively (Figure 11).
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The high-spin state of the [Ni(OH,)s]** complex exhibiting
an octahedral stereochemistry (D,, point group) is the global
minimum in the PES and therefore it is the ground state. The
computed dipole moment is almost zero (0.05 D). The six
Ni—O bonds, at 2.075 A, are about 0.2 A longer than those of
the hydrated square-planar singlet states. In the triplet state
the Ni?* ion and the O donor atoms acquire higher net atomic
charges than those in the singlet state (computed values + 0.93
and —0.74, respectively). The positive net atomic charge on
the H atoms remains unchanged. The bond overlap popula-
tion of the Ni—O bonds in the triplet state is 0.10. The total
atomic spin density is located mainly on the central Ni** ion
(1.79) and much less on the O donor atoms (0.32) (Figure 16).
However, the computed IFCC values are — 0.0 to —33.2 MHz.
The SOMOs at —0.632 eV correspond to the doubly degen-
erate antibonding MOs with predominantly d,. and d.
character (e, orbitals in a D,, crystal field), but the LUMO
at —0.292 eV corresponds to a central Ni** atom antibonding
MO with predominantly 4s character.

-

Figure 16. Atomic spin density (0.002 a.u. isospin surface) of the high-spin
ground state of the [Ni(OH,),]** complex.

The incremental binding energy due to the successive
addition of one and two water molecules to [Ni(OH,),]** in
the high-spin ground state is 46.4 and 37.6 kcal mol~', respec-
tively at the B3LYP level. The trends seen for the incremental
binding energy are in accordance with those anticipated from
electrostatic considerations. The Ni—water interaction weak-
ens with increasing coordination of the metal. This trend
arises from the repulsion of the dipoles between the water
ligands and from unfavourable multi-body interactions.

Spectroscopic properties of [Ni(OH,),]** (n=4-6) com-
plexes: The predicted absorptions (CIS excitation energies)
for the high-spin ground states of the [Ni(OH,),]** (n =4-6)
complexes are those expected for the corresponding geo-
metries of the complexes and are in line with experimental
data'[SZ, 53]

For the square-planar [Ni(OH,),J** (D,,) complex they
constitute a band envelope involving crystal field d —d
transitions in the 658-945 nm region and ligand-to-metal
charge transfer (LMCT) transitions in the 264-283 nm
region. In the high-spin square-pyramidal complex
[Ni(OH,)s]**, the band in the visible region of the spectra
(418-542 nm) shows a blue shift relative to the corresponding

Chem. Eur. J. 2001, 7, No. 17

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

band of the [Ni(OH,),]** complex. In contrast, the MLCT
transitions are shifted towards lower frequencies (267—
374 nm) relative to the corresponding bands of the four-
coordinate square-planar complex. For the octahedral
[Ni(OH,)¢]** complex the shape of the “middle” band
exhibiting two maxima results from the coupling of E,('E,)
and E,(°T},) electronic states. As a consequence, the *A,, —
'E, spin-forbidden transition gains significant intensity from
the spin-allowed *A,, — *T, transition, leading to the appear-
ance of a double-humped band envelope.’ The salient
feature of the electronic spectra of the [Ni(OH,),]*" (n=4-
6) complexes is the absence of a band around 440 -540 nm in
the four-coordinate square-planar complexes, whereas this
band is shifted towards higher wavelengths in the five-
coordinate complex than in the six-coordinate one. Moreover,
there is a significant shift of the spin-allowed transitions of
[Ni(OH,)s]** at 418.6 and 541.5 nm to higher wavelengths in
[Ni(OH,)¢)**. These features of the electronic spectra of
[Ni(OH,),]** (n=4-6) complexes could be used to distin-
guish the three different geometries of their high-spin states.
The computed harmonic vibrational frequencies for the
high-spin states of [Ni(OH,),]** (n=4-6) complexes were
scaled by 0.96, as suggested previously by Curtiss et al. ®> and
Scott and Radom.! Their IR spectra of these complexes are
characterised by four main bands of vibrational transitions.
The first band, in the 3511-3632, 3534-3666 and 3553-—
3683 cm™! region for the four-, five- and six-coordinated
complexes respectively, involves the symmetric, v,,(OH),
and antisymmetric, V,,,(OH), stretching vibrations of the
O—H bonds. Both stretching vibrations are shifted to higher
wavenumbers by increasing the coordination number of the
complexes. The second band, in the 1634-1648, 1608 —1620
and 1589-1599 cm~' region respectively, involves 6(OH)
stretching vibrations. The third band, in the 572-703, 517 -
668 and 510-633 cm™! region, respectively, involves skeletal
vibrations. The second and third bands are shifted to lower
wavenumbers by increasing the coordination number of the
complexes. The fourth band, in the 101-451, 115-387 and
111-456 cm™! region, respectively, involves the Ni-O-H out-
of-plane vibrations. Thus the position of the IR bands can be
used as a criterion for distinguishing the coordination
geometry of the [Ni(OH,),]** (n=4-6) complexes.

Structural, energetic and electronic properties of
[Ni(OH,),_,(OH);] (n=4-6) complexes: Figures 17, 18 and
19 depict the optimised molecular geometries for these
complexes in their low- and high-spin states, the latter being
the global minima in the PES.

[Ni(OH,),(OH),] complexes: The high-spin state of trans-
[Ni(OH,),(OH),], exhibiting a square-planar geometry, is the
global minimum in the PES. The low-spin state is a local
minimum, at 10.9 kcalmol~! higher in energy than the triplet
ground state. Very close to the global minimum (only
1.4 kcalmol~! higher in energy) was found the high-spin state
of the cis isomer, which surprisingly exhibits a distorted
tetrahedral geometry characterised by the dihedral angles
0O(2)-Ni(1)-O(5)-0O(3) 91.2, O(2)-O(4)-Ni(1)-O(3) 89.6 and
O(5)-0(3)-Ni(1)-O(4) 149.8°. The low-spin state of the cis
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Figure 17. Optimised geometries of the cis- and trans-[Ni(OH,),(OH),] isomers in their low- and high-spin states

computed at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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Figure 18. Optimised geometries of the [Ni(OH,);(OH),] complexes in their low- and high-spin states computed

at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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isomer is also a local minimum
in the PES, at 10.2 kcalmol!
higher in energy than the
ground state, so the low-spin
states of the cis and trans
isomers  differ by only
0.7 kcalmol~! in energy at the
B3LYP level. The most salient
feature of the equilibrium geom-
etries of the [Ni(OH,),(OH),]
isomers is the formation of two
intramolecular hydrogen bonds
between the coordinated water
and hydroxide ligands. In the
triplet ground state belonging
to the D, point group, the two
O—H bonds are equivalent with
O—H and H--- O bond lengths
of 1.010 and 1.669 A, respec-
tively. The O—H--- O bond an-
gle is 124.0°. The computed
zero dipole moment is in ac-
cordance with the D,, symme-
try. In the high-spin triplet state
of the cis isomer the two O—H
bonds are not equivalent
(O-H, H---O 1.008, 1.021 A
and 1.704, 1.612 A respective-
ly). The O—H--- O bond angles
are 121.3° and 126.8°, respec-
tively. The computed dipole
moment is 2.23 D. The hydro-
gen bonds of the low-spin states
of the two isomers are analo-
gous (Figure 17). The low-spin
cis and trans isomers both adopt
square planar geometries with
computed dipole moments of
223 and 0.00 D respectively.
The computed Ni—O bond
lengths range from 1.836 to
2126 A. The shorter Ni—O
bonds correspond to those of
the hydroxide ligands (1.836 to
1.874 A), and the longer ones to
the those of the coordinated
water  ligands  (1.928 to
2.126 A). In all the complexes
the hydroxide groups adopt the
anti configuration.

The Mulliken net atomic
charges of the Ni** ion and the
O donor atoms in their triplet
states (gni=+0.74, go=—0.72,
qoyn =—0.85) are higher than
those of the singlet states (gn; =
+0.52, qo=-0.69, qou=
—0.80). The positive net atomic
charge on the H atoms involved
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Figure 19. Optimised geometries of the cis- and trans-[Ni(OH,),(OH),] isomers in their low- and high-spin
states computed at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.

in hydrogen bonds is +0.46. Moreover, the H atoms of the
hydroxide groups acquire lower positive net atomic charge
(+0.36) than those of the coordinated water ligands (+0.40).
The hydroxide ligands clearly have a greater Brgnsted-type
basicity than the coordinated water ligands. The bond overlap
populations of the Ni—“OH, bonds (0.10) are about half of
those for the Ni—OH bonds (0.21). This is a result of the
stronger trans effect of the hydroxide than the water ligands.
The O --- H bond overlap population is 0.046 —0.058. The total
atomic spin density is located mainly on the central Ni** ion
(1.61) and much less on the O donor atoms (0.04 for OH, and
0.16 for OH) (Figure 20), whereas the computed IFCC values
are —0.00, —26.0 and —22.4 MHz for Ni**, OH, and OH
respectively. The two SOMOs of the triplet ground state at
—0.247 and —0.259 eV correspond to antibonding MOs with
predominantly metal d,,_,» and d, character, along with a
strong component of s AOs located on the O donor atoms of
the hydroxide ligands. On the other hand, the LUMO at
—0.000 eV corresponds to a non-bonding MO with predom-
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Figure 20. Atomic spin densities (0.002 a.u.
isospin surfaces) of the high-spin states of
a) cis-[Ni(OH,),(OH),] and b) trans-[Ni-
(OH,),(OH),].

inantly s character localised on one
of the H atoms of the coordinated
water ligands. Clearly, the H atoms
of the coordinated water ligands are
more acidic than those of the hy-
droxide ligands, also being the nu-
cleophilic centre of the complex.

The proton affinity (PA) of the
dihydroxy species is calculated from
the difference in electronic energies
of the protonated [Ni(OH,),|** and
deprotonated  [Ni(OH,),_,(OH),]
(n=4-6) complexes [Eq. (1)].

This corresponds to half of the energy of the deprotona-
tion [Eq.(2)], in other words the proton affinity of
[Ni(OH,),_,(OH),] (or, equivalently, the deprotonation en-
ergy of [Ni(OH,),J*").

PA = [ E([Ni(OH,), »(OH),]) — E([Ni(OH,),]*")] M

[Ni(OH,),** — [Ni(OH,), »(OH),] +2H* @

The computed proton affinities of the [Ni(OH,),(OH),]
complexes of 188.9 and 188.2 kcalmol~! for the high-spin
states, and 184.8 and 185.1 kcalmol~! for the low-spin states,
of the cis and trans isomers respectively are lower than those
of various clusters representing the zeolite ZSM-5, which are
relevant to zeolite catalysis because of the catalytic activity of
its acid sites.P7-%0

[Ni(OH,);(OH),] complexes: The high-spin state of [Ni-
(OH,);(OH),], with a trigonal bipyramidal geometry (Fig-
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ure 18), is a local minimum in the PES at 1.3 kcalmol~! higher
in energy than the low-spin ground state. In the trigonal-
bipyramidal geometry the axial Ni—O bonds are longer than
the equatorial ones; the bond angles O(4)-Ni(1)-O(5), O(6)-
Ni(1)-O(2) and O(3)-Ni(1)-O(6) are 174.8, 153.8 and 132.5°,
respectively. The low-spin state adopts a square-planar
stereochemistry with the hydroxide ligands in cis positions
(a structure similar to that of the low-spin cis-[Ni(OH,),-
(OH),]) but with a water molecule forming two almost
equivalent intermolecular hydrogen bonds with one coordi-
nated water molecule and a hydroxide ligand. The hydrogen
bonds correspond to O—H, H---O bond lengths of
1.075(1.080 A), 1.383(1.379 A) and an O—H -~ O bond angle
of 125.9°. The Mulliken net atomic charges are +0.46 on the
H atoms involved in the hydrogen bond formation, +0.37 on
those in the OH group and +0.40 charge units on those of the
coordinated water molecules. The HOMO at —0.230 eV of the
low-spin state corresponds to a central Ni** atom non-bonding
MO with predominantly d, and d,, character, whereas the
LUMO at —0.062 eV corresponds to an antibonding orbital
with predominantly d,._,. character.

In the triplet state the hydroxide ligands occupy equatorial
positions. The salient feature of the structure is that one of the
hydroxide ligands forms two intramolecular hydrogen bonds
with one equatorial and one axial water ligand. The geo-
metrical parameters of the hydrogen bonds are shown in
Figure 18. The Mulliken net atomic charges are +0.46 on the
H atoms involved in the hydrogen bond formation, +0.36 on
those in the OH groups and 0.38 - 0.40 charge units on those
of the coordinated water molecules. The total atomic spin
density is located mainly (1.67) on the central Ni** ion and
much less (0.04—0.13) on the O donor atoms (Figure 21).
The computed IFCC values are —0.00, —18.8-25.7 and

&k

Figure 21. Atomic spin density (0.002 a.u. isospin surface) of the high-spin
ground state of the [Ni(OH,);(OH),] complex.

—20.2 MHz for Ni**, OH, and OH respectively. The two
SOMOs at —0.249 and —0.259 eV correspond to central Ni**
atom antibonding MOs with predominantly d,._y., d,,, dy, and
d,y, de_y, d,, character respectively. The high degree of mixing
of the AOs is due to the low symmetry of the complex. The
LUMO at —0.002 eV corresponds to a non-bonding orbital
with predominantly s character localised on the H atom of one
of the hydroxide ligands.

The computed PAs of [Ni(OH,);(OH),] are 182.0 and
202.0 kcalmol~" for the low- and high-spin states, respectively,
very close to those of the [Ni(OH,),(OH),] complexes.
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[Ni(OH,),(OH),] complexes: The cis and trans isomers of
[Ni(OH,),(OH),] have been investigated in both their high-
and low-spin states. The high-spin triplet state of trans-
[Ni(OH,),(OH),] corresponds to a global minimum in the
PES, whereas the singlet state of the trans isomer is a local
minimum 4.4 kcalmol™' higher in energy than the triplet
ground state. The triplet state of cis-[Ni(OH,),(OH),] was
found to be only 2.5 kcalmol~! above the triplet ground state
of trans-[Ni(OH,),(OH),]. The singlet state of cis-[Ni(OH,),-
(OH),] is also a local minimum, being 19.5 kcalmol~! higher
in energy than the triplet ground state. The high-spin states of
both isomers adopt distorted octahedral geometries, whereas
the low-spin states exhibit essentially square-planar geome-
tries with two water molecules not involved in the coordina-
tion sphere. These water molecules are involved only in
intermolecular hydrogen bonding with the hydroxide and/or
the coordinated water ligands. Therefore, the low-spin states
of [Ni(OH,),(OH),] correspond to the formula Ni(OH,),-
(OH),-2H,0.

In all the structures, both hydroxide ligands are involved in
the formation of hydrogen bonds with adjacent coordinated
water ligands. It is important that the hydroxide ligands form
two intra- and/or intermolecular hydrogen bonds with adja-
cent water ligands simultaneously, the only exception being
the low-spin trans isomer in which one of the hydroxide
ligands is involved in one intermolecular hydrogen bond. The
characteristics of the hydrogen bonds are shown in Figure 19.
In the low-spin state of the cis isomer the non-coordinated
water molecules forming the intermolecular hydrogen bonds
are located above and below the coordination plane, with
dihedral angles O(5)-Ni(1)-O(13)-O(11) 44.3° and O(5)-
Ni(1)-O(13)-O(7) —45.7°. In contrast, in the low-spin
state of the trans isomer both non-coordinated water mole-
cules are located above the coordination plane, with dihedral
angles O(5)-O(2)-Ni(1)-O(6) 3.4° and O(3)-O(6)-Ni(1)-O(7)
27.5°.

The HOMO of the low-spin states of the cis and trans
isomers at —0.239 and —0.243 eV, respectively, correspond to
central Ni’** atom antibonding MOs with predominantly d,
character. However, the LUMOs at —0.069 and —0.068 eV
correspond to antibonding MOs with predominantly d._,.
character. The SOMOs of the high-spin states of the cis
(trans) isomers at —0.247(—0.247) eV correspond to anti-
bonding MOs resulting from the mixing of d,, and dy, AOs of
the central Ni’>* ion and p, AOs localised on the O donor
atoms of the hydroxide ligands. The SOMOs at
—0.264(—0.267) correspond to antibonding MOs resulting
from the mixing of d.._. and d,, AOs of the Ni** ion and p,
AOs localised on the O donor atoms of the hydroxide ligands.
The LUMO at 0.009(0.008) eV is a non-bonding MO localised
on the H atoms of the equatorial O donor atoms of the water
ligands. The total atomic spin densities of the high-spin states
of the cis and trans isomers are located mainly on the central
Ni?* jon (1.675 for both isomers) and much less on the O
donor atoms (0.04-0.08), being higher for the O donor atoms
of the hydroxide ligands (Figure 22). The computed
IFCC values of the cis(trans) isomers are —0.00(—0.00),
—17.4(—18.4) and —21.0(—20.0) MHz for Ni?*, OH, and OH,
respectively.
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Figure 22. Atomic spin densities (0.002 a.u. isospin surfaces) of the high-
spin states of a) cis-[Ni(OH,),(OH),] and b) trans-[Ni(OH,),(OH),].

The incremental binding energies due to the successive
addition of water molecules to [Ni(OH,),(OH),] in the triplet
ground states are 18.8 and 22.8 kcalmol~! for the first and
second, respectively, being much lower than those of the
[Ni(OH,),]** compounds. Moreover, the trends in the incre-
mental binding energy follow inversely the order of the
[Ni(OH,),]** compounds. This is not unexpected, as the
successive addition of water ligands to [Ni(OH,),(OH),]
increases the number of hydrogen bonds formed, thus
stabilizing the complexes with increasing coordination num-
ber. The computed PAs of [Ni(OH,),(OH),] are 209.3 and
208.0 kcalmol~' for the high-spin states of the cis and trans
isomers respectively. The PA generally increases with increas-
ing coordination number of the complexes.

Spectroscopic properties of [Ni(OH,), ,(OH),] (n=4-6)
complexes: The predicted absorptions (CIS excitation ener-
gies) for the high-spin ground states of these complexes are
those expected for the corresponding geometries of the
complexes and are in line with experimental data.[*?!

There are remarkable differences between the spectra of
the dihydroxy derivatives and those of the corresponding
unprotonated aqua complexes. The electronic spectrum of the
four-coordinate [Ni(OH,),_,(OH),] complex exhibits two
extra absorption bands with maxima at 966 and 337 nm,
which do not exist in the spectrum of the [Ni(OH,),]**
complex. In the spectrum of the five-coordinate [Ni(O-
H,);(OH),] complex there are two absorption bands with
maxima at 762.2 and 602.3 nm, which do not exist in the
spectrum of the [Ni(OH,)s]** complex. The spectrum of the
six-coordinate [Ni(OH,),(OH),] is similar to that of the
corresponding hexaaqua complex. The electronic spectra of
[Ni(OH,),J** and [Ni(OH,),_ ,(OH),] (n=4-6) complexes
could therefore be used to distinguish their various ge-
ometries.

From comparison of the calculated spectra with the
experimentally determined UV/Vis absorption spectrum of

Chem. Eur. J. 2001, 7, No. 17
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the NiHEU zeolitic material involving three absorption bands
at 755.9 nm (shoulder), 667.3 nm and 385.7 nm, it can be
concluded that the nickel-containing species incorporated
into the zeolite structure corresponds to the [Ni(OH,),(OH),]
complex (either cis or trans isomers), probably chemisorbed
on the surface through a fifth coordination to a bridging O
atom of the zeolite framework, in line with all the other
experimental data discussed so far.

The computed IR spectra of [Ni(OH,),_,(OH),] (n=4-6)
complexes exhibit the main features of the spectra of the
corresponding [Ni(OH,),J** (n =4 -6) complexes, but involve
some extra bands attributable to the hydroxide ligands. Thus,
the band in the 2968 -3084, 2707 —-2967 and 2520-2872 cm™!
region for the four-, five- and six-coordinate complexes
respectively involves the stretching, v(OH), vibrations of the
O---H bonds, which are shifted to lower wavenumbers by
increasing the coordination number of the complexes. The
band in the 1474-1486, 1473-1500 and 1510-1570 cm™!
region for the four-, five- and six-coordinate complexes,
respectively, involves (OH) stretching vibrations, which are
shifted to higher wavenumbers by increasing the coordination
number of the complexes. The band in the 882 -984, 859 -965
and 722-996 cm~! region for the four-, five- and six-coordi-
nate complexes, respectively, is attributed to skeletal and out-
of-plane vibrations. Thus the position of the IR bands can be
used as a criterion for distinguishing the coordination
geometry of the [Ni(OH,),]** (n=4-6) complexes.

Conclusion

In this work a carefully selected combination of experimental
(XRF, SEM-EDS, FT-IR, DR(UV/Vis)S and XPS measure-
ments) and theoretical (DFT) tools has been used to
characterize nickel-loaded HEU-type zeolite crystals as
non-homoionic and non-stoichiometric, containing exchange-
able hydrated Ni** ions in the micropores and nickel
hydroxide phases supported on the surface. Moreover,
TGA/DTG and DTA techniques have demonstrated that full
dehydration occurs below approximately 400°C following a
clear endothermic process, whereas at higher temperatures
the zeolite is amorphised and finally partially recrystallised to
Ni(ALSi) oxides (detected by powder XRD). The solid acidity
of NiHEU, determined experimentally, is due to the existence
of both weak acid sites (fundamentally Lewis sites) resolved
at approximately 183°C, and strong acid sites (essentially
Brgnsted sites) resolved at approximately 461 °C, in the TPD
pattern. A more sophisticated study, by in situ/ex situ FT-IR in
combination with in situ/ex situ Al MAS NMR with Py as a
probe molecule, revealed that the Lewis acid sites could be
attributed primarily to Ni* ions, whereas the Brgnsted ones
could not be associated with possible bridging hydroxyls but
probably with the surface-supported nickel hydroxide phases.
The spectroscopic measurements in conjunction with powder
XRD and ¥Si MAS NMR data strongly suggest that distorted
Al tetrahedra are formed during the dehydration process and
Py chemisorption/complexation (NiHEU-Py), whereas the
crystal structure is remarkably preserved in the rehydrated
material (NiHEU-Py/R). The structural, electronic, energetic
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and spectroscopic properties of all possible aqua and dihy-
droxy nickel(i1) complexes absorbed in the zeolite micropores
or supported on the zeolite surface were studied theoretically
by DFT calculations and discussed in relation to experimental
data. According to theoretical results the most likely species
to be chemisorbed on the zeolite’s surface is the [Ni(OH,),-
(OH),] complex, thus substantiating the experimental spec-
troscopic properties (FT-IR and UV/Vis absorption spectra)
of the NiHEU zeolite. The computed proton affinities found
in the 182.0-210.0 kcalmol~! range increase with increasing
coordination number of the dihydroxy aqua complexes.
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