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The Co(II) ion sites in dehydrated beta zeolites, consisting of
polymorphs A, B, and C, were identified using an approach based
on a similarity between visible spectra of the Co(II) ions in mor-
denite, ferrierite ZSM-5, and beta zeolites, and similarity in local
framework structures accommodating the Co(II) ions in these zeo-
lites. The results were supported by FTIR spectra in the region of
skeletal vibrations showing the characteristic shifts of framework
T–O–T vibrations induced by the framework perturbations due to
the Co(II) ions at cationic sites. Three different cationic sites ac-
commodating divalent metal ions in beta zeolite were found. Their
positions in the channel system and local framework arrangements
in different polymorphs of beta zeolites were suggested. The α-
site is formed in polymorph C of the beta structure by an elon-
gated six-member ring composed of twofold connected five-member
rings. The Co(II) ions at the α-site exhibit an absorption band at
14,600 cm−1 in the visible spectrum and a band at 901 cm−1 in the
IR spectra. The β-site present in polymorphs A and B is formed
by a planar deformed six-member ring of the hexagonal cage. The
Co(II) ions at the β-site are characterized by four bands, at 15,500,
16,300, 17,570, and 21,700 cm−1 in the visible spectrum and by a
band at 918 cm−1 in IR spectra. The γ -site occurring in polymorphs
A and B of the beta structure is located inside the hexagonal cage.
The Co ions at the γ -site are reflected in a doublet, at 18,500 and
20,100 cm−1 in the visible spectra. c© 2002 Elsevier Science (USA)

Key Words: Co–beta; Co(II) ions; cation siting; visible spec-
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INTRODUCTION

Co ions exchanged in beta zeolite have been shown to
exhibit exceptional catalytic activity among cobalt pen-
tasil ring zeolites, as Co–ZSM-5, Co–ferrierite, and Co–
mordenite. The Co–beta zeolites possess high and stable
activity in selective catalytic reduction of NO (SCR-NOx )
with propane in a high excess of water vapor (1, 2), as exists
in real exhaust gases of combustion processes, and in ethane
ammoxidation to acetonitrile (3, 4). However, the structure
of the active site in this zeolite remains unknown, although
1 To whom correspondence should be addressed. E-mail: wichterl@jh-
inst.cas.cz.
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there are clear indications on the presence of various Co
ion types in Co–beta zeolites (5, 6). Due to a low concen-
tration of transition metal ions in zeolites of beta topology, a
large unit cell and, moreover, three known beta polymorphs
(A, B, and C), the identification of the cationic sites in beta
zeolites from the XRD experiments, as for other pentasil
ring zeolites, is difficult.

UV–vis–NIR diffuse reflectance spectra of Co(II) ions
and FTIR spectra of perturbed skeletal T–O bonds due
to Co(II) ion bonding at different cationic sites have been
recently successfully used for the identification of the sit-
ing and distribution of the exchanged Co(II) ions in Co–
ferrierite and Co–ZSM-5 (7–9). The suggestions regarding
the Co ion siting have been based on the similarity of the
Co(II) visible spectra and of the local framework structures
hosting the Co ions in mordenite (10), ferrierite (7), and
ZSM-5 (8). Three different Co sites, denoted α, β, and γ ,
in mordenite, ferrierite, and ZSM-5 of very similar coordi-
nations were indicated. Quantitative analysis of the Co(II)
visible spectra of Co–zeolites yielded information on the
distribution of the Co(II) ions among the individual cationic
sites. Corresponding perturbations of the framework T–O
bonds induced by the bonding of different Co ion types
were reflected in the characteristic bands of the IR spec-
tra of dehydrated Co–zeolites in the region of framework
antisymmetric T–O–T vibrations (9, 11–13).

The above approach has been employed in this study to
estimate Co siting in beta zeolites. It represents the first
step in an attempt to analyze the structure of the Co ions
in beta zeolite, and it opens a possibility of identifying the
structure of exceptionally active Co ion species in beta zeo-
lites. The study deals with the Co–beta zeolites prepared by
Co ion exchange at the condition that hydrolysis of Co ions
does not take place, and by using parent zeolites which were
calcined after synthesis at various conditions, thus contain-
ing different concentrations of Brønsted and Lewis sites,
such as is typical for H–beta zeolites. Four types of Co ion
species have been observed in the Co–beta zeolites and
their coordination and location in the beta structure, with
consideration of the occurrence of A, B, and C polymorphs
in the samples, have been suggested.
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TABLE 1

Chemical Composition of Parent Beta Zeolites

Brønsted sitesa Lewis sitesa

Zeolite Si/Al SiO2 (wt%) Al2O3 (wt%) Na2O (wt%) K2O (wt%) H2O (wt%) NH4 (wt%) (mmol/g) (mmol/g)

H–beta-I 12.7 92.7 6.2 0.0 0.0 1.1 — 0.13 0.52
HNa–beta-II 15.6 93.6 5.1 0.5 0.0 1.8 — 0.33 0.28
HNa–beta-III 22.3 95.0 3.6 0.8 0.2 0.4 — 0.25 0.18
NH4–beta-IV 14.2 92.5 5.5 0.0 0.0 0.0 2.0 0.63 0.19
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Determined by quantitative analysis of IR spectra of adsorbed d3-acet

EXPERIMENTAL

arent Zeolites

H–beta zeolite with Si/Al = 12.7 (H–Beta-I, PQ Corp.),
wo laboratory synthesized HNa–beta zeolites with Si/Al =
5.6 (HNa–beta-II) and 22.3 (HNa–beta-III), and NH4–
eta-IV with Si/Al = 14.2, the latter synthesized via an
lkaline cation free procedure (beta-IV, Research In-
titute of Inorganic Chemistry, Inc., CZ), were used.
Na–beta-II and -III zeolites were synthesized accord-

ng to the modified procedures of Rubin (14) using silica
ol (TOSIL, Silchem, CZ), NaAlO2 (Ridel-de-Haën),
etraethylammonium bromide as a templating agent
TEABr, Fluka), NH4OH, and NaOH (LACHEMA,
Z). The molar composition of the reaction mix-

ure Na2O : (NH4)2O : (TEA)2O : SiO2 : Al2O3 : H2O was
.74 : 11.02 : 4.32 : 29.06 : 1.00 : 605 for synthesis of HNa–
eta-II, and 4.17 : 0.00 : 7.14 : 49.70 : 1.00 : 517 for synthesis
f HNa–beta-III. The as-synthesized zeolites HNa–beta-II
nd -III were calcined in a stream of dry nitrogen at 723 K
or 12 h followed by calcination in dry oxygen at 773 K for
2 h. The conditions of template removal from a commercial
–beta-I sample are not known. The beta-IV zeolite was

alcined in a stream of dry ammonia at 693 K for 4 h, ex-
hanged with Na+ ions and calcined in an oxygen stream at
20 K to remove the rest of the template, and subsequently
xchanged by NH+

4 ions to obtain NH4–beta-IV. This zeolite
ontained high concentrations of Brønsted sites, and only
mall amounts of Al–O framework bonds were perturbed
nd exhibited Lewis site character (Table 1, and see below).

The crystallinity and phase purity of the as-synthesized
nd calcined zeolites were checked by X-ray powder
iffraction (Siemens D5005) and FTIR spectra of skele-
al vibrations (Nicolet Magna 550). The size of crystallites
0.1–0.5 µm) was determined using a scanning electron mi-
roscope (SEM, Philips). Chemical composition of parent
eta zeolites was determined by atomic absorption spec-
rometry after the zeolite samples dissolution; it is given
n Table 1. The concentration of unperturbed bridging OH
roups and concentration of Brønsted (perturbed and un-

erturbed bridging OH groups) and Lewis sites, given in
able 1, were determined by quantitative analysis of FTIR
nitrile on dehydrated zeolite.

spectra of OH groups and C≡N vibrations of adsorbed d3-
acetonitrile on Brønsted and Lewis sites (see below).

Co–Beta Zeolites

Ion exchange with Co nitrate solution of the parent zeo-
lites was carried out at RT and pH values for the suspension
during the exchange ranging from 2.8 to 4.0. The Co–beta
zeolite samples were thoroughly washed with distilled water
and dried in air at RT. Chemical composition of Co–beta ze-
olites, determined by atomic absorption spectrometry after
their dissolution, and the conditions of the Co ion exchange
are given in Table 2.

UV–Vis–NIR Diffuse Reflectance Spectroscopy

Dehydration of Co–zeolites was carried out under a vac-
uum of 7×10−2 Pa in two steps: 370 K for 30 min and 770 K
for 3 h. This procedure guaranteed that the Co ions did not
coordinate water molecules or OH groups, as evidenced

TABLE 2

Chemical Composition and Conditions of Preparation
of Co–Beta Zeolites

Conditions of
Co(NO3)2 ion exchange

concentration solution/zeolite Time (h) ×
Parent zeolite Co/Al (mol/L) (ml/g) repetition

H–beta-I 0.16 0.05 140 5
0.25 0.05 140 24 × 3

HNa–beta-II 0.02 0.001 20 3
0.04 0.0017 20 3
0.08 0.0034 20 3
0.09 0.006 17 3
0.20 0.0037 33 3
0.28 0.03 20 3
0.35 0.08 33 3
0.37 0.018 17 3
0.42 0.10 67 24
0.45 0.10 67 24

HNa–beta-III 0.03 0.001 17 3
0.20 0.005 33 3
0.42 0.10 33 24 × 3
NH4–beta-IV 0.55 0.05 42 6
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from the NIR region of the spectrum (for details, see
Refs. (7, 8, 10, 15)). After dehydration, the sample was
cooled to ambient temperature and transferred under vac-
uum into an optical cell 5 mm thick and sealed. UV–Vis–
NIR spectra were measured using a Perkin–Elmer UV–
Vis–NIR spectrometer Lambda 19 equipped with a dif-
fuse reflectance attachment with an integrating sphere
coated by BaSO4. Diffuse reflectance (DR) spectra were
recorded in a differential mode with a parent dehydrated ze-
olite as a reference. The absorption intensity was obtained
from the Schuster–Kubelka–Munk equation F(R∞) = (1 −
R∞)2/2R∞, where R∞ was the measured value of diffuse
reflectance from a semiinfinite layer. The F(R∞) value is
proportional to the absorption coefficient and the concen-
tration of Co ions. Details of the measurement are given
elsewhere (7, 8, 10). Spectra were processed and evaluated
by using the Microcal Origin 4.1 software (Microcal Soft-
ware, Inc., U.S.).

FTIR Spectroscopy

IR spectra of parent beta and Co–beta samples were
measured at RT after evacuation (10−3 Pa) at 750 K in a
standard glass vacuum cell equipped with KBr windows
and a carousel sample holder with six samples. Adsorption
of d3-acetonitrile was carried out at RT, followed by des-
orption at RT for 20 min (see Ref. (16). A FTIR spectro-
meter Nicolet Magna-550 with a MCT-B low-temperature
detector was used. For a single spectrum, 200 scans at res-
olutions of 2 cm−1 were collected. Samples were used as
self-supported pellets of about 5 and 10 mg · cm−2 thick-
ness for measurements in the region of skeletal vibrations
and of adsorbed d3-acetonitrile, respectively. Spectra inten-
sities were normalized on the sample 5.5 mg · cm−2 thick
using the integral area of the zeolite skeletal bands in the
region between 1750 and 2100 cm−1. Concentrations of un-
perturbed bridging OH groups (IR band at 3610 cm−1)
and Brønsted sites (sum of the unperturbed and perturbed
bridging OH groups, a band at 2297 cm−1 of C≡N vibra-
tions of adsorbed d3-acetonitrile) and Lewis sites (band at
2325 cm−1 of C≡N vibrations), determined by using ex-
tinction coefficients εOH = 4.05 ± 0.21, εB = 2.05 ± 0.10, and
εL = 3.62 ± 0.16 cm · µmol−1, are given in Table 1. Determi-
nation of the extinction coefficients is given in Ref. (16) and
details of the techniques are described in Refs. (11, 13). Po-
sitions and relative intensities of the bands in the “skeletal
transmission window” (region between 950 and 880 cm−1,
where T–O–T skeletal vibrations were observed) were eval-
uated by a Fourier self-deconvolution procedure (OMNIC
4.1 software) of the spectra.

RESULTS

UV–Vis Spectra of Co–Beta Zeolites
The visible spectra of dehydrated Co–beta zeolites were
similar to those reported for Co–mordenite, Co–ferrierite,
ET AL.

FIG. 1. Normalized visible spectra of CoHNa–beta-II zeolites:
(a) Co/Al 0.45 (——), 0.42 (- - -), 0.37 (· · · ·), 0.35 (- · - · -), 0.28 (- · · -); and
(b) 0.20 (——), 0.09 (- - -), 0.08 (· · · ·), 0.04 (- · - · -), 0.02 (- · · -). (c) CoHNa–
beta-III zeolites: Co/Al 0.42 (——), 0.20 (- - - -), 0.03 (· · · ·).

and Co–ZSM-5 (cf. Refs. (7, 8, 10)). Normalized visible,
spectra of dehydrated CoHNa–beta-II (Si/Al 15.6) and
CoHNa–beta-III (Si/Al 22.3) possessing different Co/Al ra-
tios are given in Fig. 1. A dependence of the integral in-
tensity of the individual Gaussian bands on the chemical
composition of Co–beta zeolites was employed for identi-
fication of the individual spectral components of the indi-
vidual Co(II) ions. The decompositions of the spectra of
Co–beta to the Gaussian bands of the spectral components
α, β, and γ is illustrated in Fig. 2. Details of procedures are
described in Refs. (7, 8, 10). Three types of “bare” Co(II)
ions (coordinated exclusively to framework oxygens) were
identified in Co–beta zeolites. The α-type Co(II) ions are
represented by an absorption band at 14,600 cm−1. The
β-type Co(II) ions are characterized by a quartet, at 15,500,
16,300, 17,570, and 21,700 cm−1, and a doublet, at 18,900
and 20,100 cm−1, corresponds to the γ -type Co(II) ions.
The ratios of the integral intensities of the individual bands
of the spectral component β and γ being 0.2 ÷ 0.9 ÷ 1 ÷ 0.1
and 1÷0.45, respectively, confirmed their attribution to the
corresponding components.

The UV–vis spectrum of CoHNa–beta-II with Co/Al 0.36
and 0.45 is given in Fig. 3. An increase in Co loading above
ca. Co/Al 0.35 was not followed by a significant increase

in the intensity of d–d transitions, but by an increase in
a new intensive band with maximum at ca. 31,500 cm−1.
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FIG. 2. Decomposition of the visible spectra of CoHNa–beta-III ze-
olites to Gaussian curves: (a) Co/Al 0.42, component α indicated by a
shadow area; (b) Co/Al 0.20, component β indicated by a shadow area;
and (c) Co/Al 0.03, component γ indicated by a shadow area.

This strong band was accompanied by a weak band at
ca. 21,500 cm−1. Because of the position of the band at
31,500 cm−1, and an increase in its intensity without sub-
stantial changes in the d–d transition region, it cannot
be related to the d–d transitions; it represents additional
Co species exhibiting charge transfer character and is de-
noted here δ-type Co-species. Some insight into the char-
acter of this species was given by changes in the spectra
FIG. 3. UV–vis spectra of CoHNa–beta-II: Co/Al 0.35 (- - - -) and
0.42 (——).
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FIG. 4. Dependence of the intensity of the band at 31,500 cm−1 on
the treatment of Co–beta-II, Co/Al 0.42. Evacuation at 770 K (——),
dehydration in an oxygen stream at 720 K (- - - -), and reduction in carbon
monoxide stream at 570 K followed by evacuation (· · · ·).

after CoHNa–beta-II (Co/Al 0.42) oxidation and reduc-
tion in CO atmosphere (Fig. 4). The intensity of the band
at 31,500 cm−1 increased after zeolite oxidation with re-
spect to zeolite dehydrated by evacuation. On the other
hand, the band intensity dramatically decreased with the
zeolite reduced in carbon monoxide. This indicates some
oxygen ligands bound to the Co ions with charge transfer
character.

Quantitative analysis of the visible spectra: Distribution
of Co(II) ions among the individual Co ion types. The res-
olution of four spectral components, given above, enabled
quantitative analysis of the concentration of the individual-
type Co(II) ions in dependence on Co/Al and in the pres-
ence of Na+ co-cations to the Co(II) ions, as was de-
scribed for Co–ferrierite and Co–ZSM-5 zeolites (7, 8).
Calculated absorption coefficients are kα = 11 ± 1 × 10−3,
kβ = 7 ± 0.7 × 10−3, kγ = 5 ± 0.5 × 10−3, and kδ = 1.3 ± 0.7 ×
10−4, cm · mmol · g−1. The dependence of the relative con-
centration of the individual α-, β-, and γ -type Co(II) ions
and the δ-type Co ion species in CoHNa–beta-II on Co
loading are given in Fig. 5. At low Co content in zeolites
all three sites, α, β, and γ , were populated by Co ions in
CoHNa–beta-II zeolites, while the δ-type Co species ap-
peared only at high Co loading at Co/Al ≥ 0.35. At high Co
loading, a relative population of the γ -type Co(II) ions also
substantially decreased.

FTIR Spectra of Co–Beta Zeolites

The OH region of the IR spectra of the parent dehydrated
beta samples displayed features typical for beta zeolites,
with an intensive 3745 cm−1 band of terminal SiOH bands,
a relatively weak band at 3610 cm−1 of the bridged unper-

turbed OH groups, and a broad band ranging from 3700
to 3400 cm−1, indicating presence of perturbed bridging
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FIG. 5. The effect of the Co loading on the relative concentra-
tion of the α-, β-, and γ -type Co(II) ions, on the δ-type Co species,
and on the relative concentration of the Lewis sites (within Al-related
sites) in CoHNa–beta-II zeolite (concentration of Lewis sites taken from
Ref. (6)).

OH groups via hydrogen bonding (not shown in the figure;
for more details see Refs. (17–19)). Depending on the
conditions of template removal, concentrations of unper-
turbed and perturbed Brønsted sites varied together with
concentrations of Lewis sites (Table 1). More Brønsted sites
were present in the beta zeolite when ammonia was present
in the stream or when the zeolite contained Na+ ions in ad-
dition to protons. The Lewis sites monitored in parent zeo-
lites were represented by extraframework Al species as well
as well as by perturbed Al–O framework bonds exhibiting
electron acceptor properties (see 6). As shown previously
(6), with an increasing degree of Co(II) ion exchange, at first
Na+ ions were replaced, followed by replacement of sites
adjacent to perturbed framework Al–O bonds, and per-
turbed bridging OH groups. Only a part of the unperturbed
OH groups (band at 3610 cm−1) was exchanged by Co(II)
ions. Thus the H–beta-I (PQ origin) containing predomi-
nantly Lewis sites—extraframework and perturbed frame-
work Al–O bonds (Table 1)—was able to exchange only
to a small degree, while with the parent NH4–beta-IV ze-
olite exhibiting the highest concentration of Brønsted sites
and Lewis sites represented by perturbed Al–O bonds, a

high degree of Co exchange was achieved. Nevertheless,
ET AL.

with all the beta zeolite samples some unperturbed bridg-
ing OH groups remained unchanged, as was reflected in
the remaining intensity of the band at 3610 cm−1 after Co
ion exchange. It follows that the Co(II) ions, and also other
cations (including Na+ or NH4

+ ions), reconstruct the per-
turbation of the Al–O framework bonds originally present
in parent zeolites, and thus the local framework bonds ad-
jacent to the Co(II) ion. This is a typical feature of beta
zeolites, described also in Ref. (6).

IR spectra at the “transmission window” region, i.e.,
between 1000 and 800 cm−1, are shown in Fig. 6a, and
their normalized mode (after Fourier self-deconvolution)
on the maximum intensity of the processed bands is given
in Fig. 6b. The skeletal bands in this region were assigned
to a local perturbation of the zeolite lattice due to bonding
of a divalent cation (11–13). For all of the Co–zeolites two
bands, i.e., at 901 and 918 cm−1, were indicated. The band
at 918 cm−1 prevailed with the samples of the Co–beta-I
series. The band at 901 cm−1 predominated with the Co–
beta-II and -IV series at high Co loadings. The samples of
Co–beta-IV series exhibited both 901 and 918 cm−1 bands
of a comparable intensity. Normalized visible spectra cor-
responding to the FTIR spectra in Figs. 6a and 6b are shown
in Fig. 7.

FIG. 6. (a) FTIR spectra in the T–O–T region and (b) normalized
FTIR spectra in the T–O–T region of the dehydrated CoNH4–beta-IV

(——); CoHNa–beta-II, Co/Al 0.20 (· · · ·); and CoH–beta-I, Co/Al 0.25
(- · - · -) and 0.16 (- · · -).
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FIG. 7. Visible spectra of the zeolite samples from Fig. 6. CoNH4–
beta-IV, Co/Al 0.55 (——); CoHNa–beta-II, Co/Al 0.20 (· · · ·); and CoH–
beta-I, Co/Al 0.25 (- · - · -) and 0.16 (- · · -).

DISCUSSION

Nature of the α-, β-, and γ -Type Co(II) Ions

The Co(II) spectra in beta zeolites (Fig. 1) can be as-
cribed to three types of “bare” Co(II) ions (coordinated
only to framework oxygens) with different coordination,
i.e., at different cationic sites similar to those of the Co(II)
ions in dehydrated ferrierite, ZSM-5, and mordenite (7, 8,
10). This is supported by the NIR and by FTIR spectra of
dehydrated Co–beta, which show an absence of extraframe-
work ligands in the Co ions. Attribution of the α-, β-, and
γ -type Co(II) ions to “bare” ions coordinated at different
cationic sites is confirmed by different perturbation of T–O
bonds of Co–beta zeolites (Fig. 6, and see below).

Nature of the δ-Type Co Species

In contrast to the α-, β-, and γ -type Co(II) ions charac-
terized by d–d transitions in the visible region, the spec-
tral δ-component in the Co–beta spectrum is characterized
by a strong band at 31,500 cm−1 (see Figs. 4 and 5). The
high energy of this absorption and large width (three times
higher in comparison with the maximum band width re-
ported for Co(II) d–d transitions in zeolites (7–10)) indicate
a charge transfer (CT) type of electronic transition. This
is also supported by the calculated absorption coefficient
kδ (=1.3 ± 0.7 × 10−4), which is significantly lower (ca. 50
times) than the d–d transitions of the Co(II) ions (note that
the extinction coefficient is reciprocal to the absorption co-
efficient). The extinction coefficients of CT bands are usu-
ally 10 to 1000 times higher than extinction coefficients of
the d–d bands (20). Thus, the spectral δ-component is sug-
gested to represent oxidiclike Co species. The wavenumber
of CT transition of the spectral δ-component (31,500 cm−1)

is far from the wavenumbers reported for CT transitions be-
tween oxygen and Co(II) (39,000–42,000 cm−1) or Co(III)
F Co IONS IN BETA ZEOLITE 203

(27,000 cm−1) ions, according to optical electronegativities
given in Ref. (20). However, an absorption band between
31,000 cm−1 and 33,100 cm−1 is characteristic for bridging
µ-superoxo–dicobalt(III) complexes (21–23). Moreover,
this strong CT band is usually accompanied by weak bands
around 21,000 cm−1. Also in the spectrum of Co–beta ze-
olites with high intensity of the spectral δ-component, a
weak band positioned at 21,500 cm−1 is present. The pres-
ence of such Co–oxo species might be also supported by
the IR band at 2200 cm−1 indicated in the spectrum of Co–
beta zeolites (not shown in the figures), which is character-
istic of the peroxo-vibrations. The Co–Co distance in the
Co–O2–Co complex is 4.5 A

❛

(23). Thus, the distance be-
tween the framework oxygens accommodating this µ-oxo–
Co complex would be estimated to be ca. 6.5–7.5 A

❛

. This
distance fits well with the distance between skeletal oxygen
atoms across the beta channels, which displays values from
6.7 to 8.8 A

❛

.
Such µ-oxo–Co species in Co–beta zeolites, observed by

Raman spectroscopy, have been reported by Tabata et al.
(24–26) in Co–beta and ascribed to high and stable ac-
tivity of Co–beta zeolite in SCR-NOx in the presence of
water vapor.

Cationic Sites of Co(II) Ions in Beta Zeolite

There have not been any suggestions for cation siting
in the dehydrated beta structure. However, the similarity
in the spectra of the Co(II) ions in dehydrated beta zeolite
and in mordenite, ferrierite, and ZSM-5 offers identification
of the Co(II) ion sites in beta zeolite. The validity of this
approach has been recently confirmed by a synchrotron-
powered XRD study of Ni–ferrierite, in which cationic sites
in dehydrated ferrierite similar to those suggested from the
visible spectra of Co(II) ions have also been identified for
Ni(II) ions (27).

In contrast to the other pentasil ring zeolites, such as
mordenite, ferrierite, and ZSM-5, the beta zeolite repre-
sents a mixture of three polymorphs, A, B, and C (28). Re-
cently pure polymorph C was sythesized (29) and its struc-
ture determined (30, 31). Therefore, analysis of the local
framework structures related to the characteristic Co(II)
d–d transitions can be considered now with respect to these
polymorphs.

It was suggested that the α-type Co(II) ions in ferrierite,
ZSM-5, and mordenite (7, 8, 10) are coordinated to four
framework oxygens of the elongated six-member ring com-
posed of twofold connected five-member rings. The Co(II)
ions are supposed to be located above this six-member-
ring plane, on top of a pyramid with a base formed by four
skeletal oxygens. The location of this site in the beta frame-
work and its local arrangement are depicted in Figs. 8 and 9

(framework structure of polymorph C, according Ref. (31)).
Similar local arrangements exist in all three polymorphs of
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FIG. 8. Location of the α-, β-, and γ -type Co ions in the framework of (a) polymorph C (modeled according to Ref. (31)) and (b) polymorph B

(modeled according to Ref. (32)) of beta zeolite.
the beta zeolite. One type of arrangement corresponds to
polymorphs A and B, and the second one corresponds to
polymorph C. Both of these structures belong to the hexa-
gonal cages of the beta framework (note that local arrange-
ments of these cages is different) and cationic sites are faced
inside the cage. However, only the cage in the framework of
polymorph C enables Co(II) coordination to four oxygens
with the Co(II) ion on top of the pyramid. In polymorphs
A and B, another two oxygens are located in the vicinity
(ca. 3.3 A

❛

) of the Co(II) ion. Thus, the α-type Co(II) ions,
characterized by the single band at 14 600 cm−1, can be
attributed to the cationic site formed by an elongated six-
member ring composed of twofold five-member rings in the
polymorph C of the beta zeolite.

It was suggested the β-type Co(II) ions are coordinated
to deformed six-member rings of ferrierite and ZSM-5 or
to six oxygens in the plane of a twisted eight-member ring
in mordenite (7, 8, 10). These local arrangements result in
different distances between framework oxygens and dx2−y2

and dxy orbitals, and dxz and dyz orbitals of Co(II) ions in
all these sites. This is reflected in the quartets of bands in
the visible spectra of Co(II) ions. Two different types of
simple six-member rings can be found in the beta struc-
tures. An elongated six-member ring similar to that of fer-

rierite is present in beta polymorphs A and B (see Fig. 8b cording to XRD studies, to six framework oxygens (34) at
FIG. 9. Local arrangement of α-
and Refs. (28, 32)). The second type of six-member ring
is present in the polymorph C structure. The arrangement
of this ring is more regular than that of the rings in poly-
morphs A and B and three oxygens of this ring are arranged
with trigonal symmetry at 2.5 A

❛

away from the ring center.
After rearrangement of the ring due to the coordination
of the Co(II) ion with a Co–O distance of ca. 2 A

❛

(typical
Co–O distance in zeolites, see Ref. (13)), pseudo-trigonal
planar symmetry of the Co(II) ion can be supposed. How-
ever, trigonal planar coordination of the Co(II) ion is con-
nected with a different Co(II) spectrum, characterized by
a band (doublet) around 25,000 cm−1 (33). Thus, an elon-
gated six-member ring present in the framework of beta
polymorphs A and B is suggested as accommodating β-type
Co(II) ions characterized by a quartet of bands, at 15,500,
16,300, 17,570, and 21,700 cm−1. Co(II) ions in this site are
accessible from the beta channels. The location of this site
in the beta framework (polymorph B) and its local arrange-
ment are depicted in Figs. 8b and 9 (framework structure
of polymorph B, according Ref. (32)).

The γ -type Co ions are located in the “boat-shaped”
site of mordenite and in similar local arrangements in fer-
rierite and ZSM-5. Divalent nontransition metal ions in
these sites of mordenite and ferrierite are coordinated, ac-
, β-, and γ -sites in beta zeolites.
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approximately octahedral coordination. Thus, a character-
istic doublet (18,500 and 20,100 cm−1) of the γ -type Co(II)
ions in beta zeolites can be attributed to the closed coor-
dination sphere of the Co(II) ions with octahedral coordi-
nation. Although the structure similar to the boat-shaped
site is not present in the beta framework, the cations located
inside the cage of polymorphs A, B, or C might exhibit sym-
metry close to the octahedral one. The Co(II) ions located
in the cage of polymorphs A and B can occupy a position
with deformed bipyramidal symmetry created by six oxy-
gens with a Co(II)–O distance of 2.7–2.85 A

❛

. Inside the cage
of polymorph C, Co(II) ions are surrounded by eight frame-
work oxygens at a distance of 2.9–3.05 A

❛

, arranged with de-
formed cubic symmetry. As the typical Co(II)–O distance
in zeolites is ca. 2.0 A

❛

(13, 35), the cage in polymorphs A
and B seems to be more appropriate for accommodation of
Co(II) ions exhibiting approximately octahedral symmetry.
Moreover, α-type Co(II) ions were suggested as occupying
a position inside the cage of polymorph C. All other possible
sites in beta zeolite enabling formation of a closed coordi-
nation sphere are accessible for Co(II) ions only through
five- or four-member rings and, thus, are hardly accessible
for these ions. Therefore, we suggest that the γ -type Co(II)
ions are six coordinated Co(II) ions with approximately oc-
tahedral or bipyramidal ligand field symmetry located in-
side the beta cage of polymorphs A and B. Access to this
site from the beta channel system is limited by the size of
these six-member rings. The location of this site in the beta
framework (polymorph B) and its local arrangement are
depicted in Figs. 8b and 9.

In silicon-rich zeolites, distribution of Al atoms repre-
sents a key factor in the formation of cationic sites. Only
local arrangements of the framework containing two Al
atoms represent cationic sites for divalent cations. On the
other hand, different positions of the two Al atoms in the
same local arrangement cause different cation positions in
this local arrangement, which correspond to different cation
coordinations necessarily reflected in the different spec-
tra. This was shown for Co(II) ions in the simplest case
of a regular six-membered ring (36) or for cation siting in
the local arrangement corresponding to the α-site in fer-
rierite (37). Moreover, in the case of silicon-rich zeolites,
occupation of the individual sites at full Co(II) loadings
is controlled by the number of cationic sites (from a geo-
metric point of view) containing two Al atoms and does
not reflect the steric hindrance known for faujasite or other
aluminum-rich zeolites (details in Ref. (8)). Cages in beta
zeolite represent complex and large structures (note that
cages in polymorphs A/B and C are not identical). Thus,
differences in Al distribution in the beta cage can be easy
reflected in differences of Co(II) positions. The relation of
β- and γ -sites is similar to the relation of sites I ′/I in fau-
jasite. In the case of faujasite, both sites can be occupied
(but not simultaneously) in the same prism, in contrast to
the beta cage (Si/Al ≥ 12). Part of cages (containing only

one Al atom) do not accommodate Co(II) ions at all, an-
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other accommodates Co(II) ions in the β-site (cages with
two Al atoms in one six-membered ring), and the last one
accommodates Co(II) ions in the γ -site (one Al atom in
each opposite six-membered ring). Thus, there is no com-
petition in the space occupation or in balancing of frame-
work negative charge for siting Co(II) ions in β- or γ -sites.
The α-site was attributed to the cage in beta polymorph C.
This local arrangement is occupied by Co(II) ions when two
Al atoms are located in neighboring five-membered rings
of this structure. The local arrangement of the A/B cage
does not allow such Co(II) coordination (see above). On
the other hand, the cage in the C polymorph does not al-
low coordination of Co(II) ion at the γ -site (see above).
Thus, there is no competition for the room or in balancing
the framework negative charge between Co(II) ions in the
α-site in the beta cage of polymorph C and in the γ -site in
the beta cage of polymorphs A/B.

Quantitative Analysis of the Distribution of Co Ions

The absorption coefficients estimated for the α-, β-, and
γ -type Co(II) ions in dehydrated Co–beta are of the same
order as those found in dehydrated mordenite, ferrierite,
and ZSM-5 (7, 8, 10). The differences in the values of the
absorption coefficients of the individual Co ions with similar
local arrangements in different zeolites can be explained by
small differences in their local structure being reflected in
slight differences in the band wavelengths corresponding to
the individual α-, β-, and γ -type Co(II) ion in zeolites. In
contrast, the absorption coefficient of the δ-type Co species
in substantially lower, supporting the CT nature of the band
at 31,500 cm−1. By using this absorption coefficient, the
calculated concentrations of the δ-type Co species are low.

It is necessary to mention that, contrary to other Co–
pentasil zeolites (mordenite, ferrierite, and ZSM-5), the de-
pendence of concentration of the α- and β-type Co ions on
Co loading does not exhibit monotonic function. On the
other hand, it could be hardly attributed to the experimen-
tal error (Fig. 5). We can only speculate that this depen-
dence might be affected not only by different preferences
in occupation of the cationic sites, but also by replacement
of various Al-related sites with the Co(II) ions and by oc-
currence of polymorphs A, B, and C.

Presence of Co(II) Ions as Reflected in Perturbation
of Framework T–O Bonds at Cationic Sites

In accordance with previous results (38), the bands at
both 901 and 918 cm−1 could be assigned to different Co(II)
ions in different cationic sites of beta zeolite. Analogous
bands in this region were already found in FTIR spectra of
the Co ions bound at cation sites of ferrierite, where they
were well correlated with the UV–vis results (13). Similar
multiplicity of the bands was also found for the other di-
valent cations in ferrierite: Mg(II), Mn(II), Ni(II) (11, 33),

and Fe(II) (39).
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A sequence of spectra of M(II)-ferrierites with increasing
concentration of divalent cation revealed a regular pattern,
with the band of the highest intensity in a central position of
the frequency scale (assigned to the β-site) dominated at all
M/Al regions, accompanied by two side bands assigned to
the α-site (a band at the higher wavenumber) and γ -site (a
band at the lower wavenumber), in agreement with Co(II)
visible study (13). This is consistent with the relative posi-
tion of the T–O–T band, formed due to Co(II) ion bonding
in the α- and β-sites in ferrierite, i.e., with the Co spectral
α-component at the higher wavenumber providing lower
perturbation of the framework bonds.

It is obvious that this picture formed with the Co–
ferrierite structure could not be simply adopted to the Co–
beta system. The spectral pattern with Co–beta is more
complex, and it varies with parent beta zeolites. Obviously,
the higher frequency band (α-site) prevails in the CoH–
betaA-I, while on CoNH4–beta-IV (parent samples pre-
pared via the NH3 route) the lower frequency band (β-site)
dominates (see Fig. 6), as follows from the UV–vis assign-
ment (see Fig. 7). It implies that the framework α-site is
missing in the parent sample containing high concentra-
tions of Lewis sites, presumably both the extraframework
Al species and perturbed framework Al–O bonds. On the
other hand, the most preserved regular structure of beta ze-
olite contains high concentrations of framework β-sites, as
also occurs in other pentasil ring zeolites (cf. 7, 8, 10). Com-
paring the results of the UV–vis and IR experiments, the
positions of the spectral α- and β-component on the fre-
quency scale, as established in the Co–ferrierite samples,
should be actually reversed in the Co–beta system, i.e., the
T–O bonds of the α-cationic site are more perturbed com-
pared to that of the β-site. This is in line with the assumption
that the framework α-sites are more deformed and easily
opened with formation of Lewis sites.

By assuming the established correlation between the po-
sition of the α- and β-bands for various M(II) cations in the
M(II)–ferrierite samples and the discussion obtained from
the model calculation (35), it could be suggested that in the
beta zeolites the local perturbation of the framework in-
duced by Co(II) cation at the α-site is higher than that in the
β-site. The fact could be taken into consideration that the
perturbation as indicated from the DFT calculations (37)
consists of several components and the geometric factor
could not be necessarily a dominating one. This should be
explained by the fact that the α-site corresponds to the poly-
morph C of the beta framework and that interaction of local
structures corresponding to different polymorphs should
affect deformation of the site by metal ions coordination.

CONCLUSIONS
Siting of the Co(II) ions in dehydrated Co–beta zeolites
is suggested based on the analysis of the visible spectra,
ET AL.

the topology of the beta framework, and the parallelism in
the visible spectra of the Co(II) ions in beta and morden-
ite, ferrierite, and ZSM-5. Different Co(II) ion coordina-
tion, reflected in characteristic d–d transitions, also induces
characteristic perturbations of the T–O framework bonds,
reflected in IR skeletal vibrations. The proposed Co(II)
ion sites represent the first attempt to describe the siting
of divalent metal ions at exchangeable sites of the beta
structure, moreover, with consideration of the A, B, and C
polymorphs.

Three cationic sites of the Co(II) ions are suggested in
the beta zeolite.

• The α-site is formed by an elongated six-member ring
composed of a twofold connected five-member rings. This
cationic site is present in the framework of the polymorph
C of the beta zeolite. The Co(II) ions located at this site
are coordinated to four framework oxygens. They are lo-
cated on top of the pyramid with a base formed by the four
oxygen atoms and provide the highest perturbation of the
framework T–O bonds. The α-type Co(II) ions are accessi-
ble only through six-membered rings of the beta cage and
they exhibit a single absorption band at 14,600 cm−1 in the
vis DR spectra and a band at 901 cm−1 in the T–O–T region
in FTIR spectra.

• The β-site corresponds to the deformed six-member
ring of the hexagonal cage present in polymorphs A and B.
The Co(II) ions are located close to the plane of this ring
and induce a lower perturbation of the framework bonds
at the β cationic site. They are accessible from the beta
channel system. The β-type Co(II) ions are characterized
by four absorption bands in the visible spectra, at 15,500,
16,300, 17,570, and 21,700 cm−1, and a band at 918 cm−1

in the T–O–T region in FTIR spectra. These Co(II) ions
predominate in the whole Co loading in all polymorphs of
beta zeolites.

• The γ -site is located inside the hexagonal cage present
in polymorphs A and B of the beta structure. The Co(II)
ions at this site are coordinated to six framework oxygens.
They possess a packed coordination sphere, the local ar-
rangement of which is derived from octahedral geometry.
These Co(II) ions are accessible through the six-member
ring of the beta cage. The γ -type Co(II) ions are reflected
in a doublet, at 18,500 and 20,100 cm−1, in visible spectra.
They represent a minor concentration of the Co ions in the
beta zeolites with high Co loading.

Coordination of the Co(II) ions in cationic sites of beta
zeolites is not affected by the original perturbation of the
framework Al–O bonds in the parent zeolites, if this per-
turbation is not so high that it leads to formation of ex-
traframework Al species. Bonding of Co(II) ions at cationic
sites with perturbed Al–O bonds reconstruct the Si–O–Al

bridges, as this also occurs with the other cations, such as
Na+ or NH+

4 .
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On the other hand, the perturbation of the framework T–
O bonds in Co–beta due to Co(II) ions at an α cationic site is
higher compared to that at theβ-site. This is in contradiction
to the ZSM-5 and ferrierite zeolites.

The δ-type Co species observed in beta zeolites repre-
sent most likely bridging Co–O2–Co cobalt species. These
species are characterized by broad charge transfer (CT)
band at 31,500 cm−1. These µ-oxo–cobalt species are
formed in the beta zeolite only at the highest Co load-
ing, They represent less than 10% of all the Co ions in the
zeolite.
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