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The linear [Cu(pyr),]* ™ complex has been synthesized in situ within the internal pore architecture of siliceous
ferrierite. The structure of the product was determined by single crystal X-ray diffraction [formula

Cug.064F1 2(Si36072)-4CsH;sN, space group Pmnn, a=18.775(1), b=14.086(1), c=7.4296(6) A, V'=1964.9(4) A°,
Z=1, R(F)=3.88, Rw(F)=4.31%)]. The complex consists of a Cu®" cation located at the center of the 8-ring
window bound to one pyridine molecule residing in the cage that forms part of the 8-ring channel and another
pyridine molecule in the main 10-ring channel. Evidence for the presence of this complex is also provided by
EPR. The charge of the complex is balanced by F~ anions, which were found in the crystal structure to be
present in SiO4F ™ units, and SiO;0™ defect sites in the zeolite framework. The presence of both the SiO4F~
units and the SiO50~ defect sites was confirmed by NMR spectroscopy.

1 Introduction

The incorporation of metal complexes and organometallic
compounds into the cages and channels of zeolites is an area of
considerable interest because of the possibility of combining
the unique properties of the host with that of the encapsulated
species.! Particular attention has focused on the possibility of
forming organised micro-assemblies of metal or semiconductor
particles in the zeolite from the encapsulated precursors,>* and
the catalytic behavior of these hybrid materials, as they allow
the combination of the specific activity of the metal complex
and the shape selectivity of the microporous material into one
catalyst.!* Typically, the formation of metal complexes in the
zeolite has been achieved by post-synthesis procedures,’ but it
is also possible to incorporate the metal complex by adding the
complex directly into the synthesis mixture.> ® This process can
lend itself to the formation of new structures, for example, the
14-membered ring zeolite [(Cp*),Co*]-UTD-1,° the metallic
complex acting as a structure directing agent in the synthesis of
the zeolite.

Work on the hydrothermal synthesis of ferrierite!®!? has
shown that large single crystals may be synthesized using a
HF-pyridine solvent system in the presence of propylamine.
Such a system provides the opportunity to prepare metal
pyridine complexes in situ within the pore structure of ferrierite.
As this type of synthesis tends to form large single crystals,
diffraction techniques may be used to study the structure and
location of the metal complex within the zeolite framework.
Copper was selected for incorporation, since copper(i)—
pyridine derivatives encapsulated in faujasite have been
shown to be active catalysts in the oxidative coupling of 2,6-
dimethylphenol'® and copper has been shown to be the active
site in Cu-exchanged zeolitic deNO,, catalysts.'* The use of the
ferrierite framework may also impose shape selectivity upon
reactions catalyzed within its pores, as has been exemplified by
the isomerization of n-butenes to isobutene. '’

The structure of ferrierite was first determined by Vaughan'®
and Kerr,!” although there is still discussion as to the correct
symmetry of the material.'®2° The framework of ferrierite is
based on 5-ring building units that are stacked parallel to the
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[001] direction. The connection of these rings forms an oval 10-
ring channel (pore dimensions 4.2 by 5.4 A) running along the
[001] direction, which is intersected by an 8-ring channel (pore
dimensions 3.5 by 4.8 A) that runs along the [010] direction.
The two channels are shown in Fig. 1a and b, respectively. The
8-ring channel may also be considered as consisting of cages,
bounded by 6-rings and 8-rings, that connect the 10-ring
channels. As far as the authors are aware, there are no known
structures of metallic complexes in ferrierite. The locations of
alkali, alkaline metal and Cu®™ cations have been reported,zl’23
and the structure of deuterated ferrierite has recently been
determined.?*
In this paper we report the synthesis and characterization of
a linear [Cu(pyr),]*" complex formed in situ within siliceous
ferrierite.

2 Experimental
2.1 Synthesis

A batch of single crystals of siliceous ferrierite was synthesised
according to the method of Kuperman er al,'° but with
Cu(NOs),-2.5H,0 added to the starting solution. The reactants
used were pyridine (Fisher, pyr), propylamine (Aldrich,
PrNH,), HF-pyridine (Aldrich, 70 wt% HF), Cab-O-Sil
(Acros, M-5 grade) and deionised water. The oxide molar
ratio for this reaction was: 1.5 SiO,:2 HF—pyr:0.375 CuO:8
H,0:4 PrNH,: 16 pyr.

Appropriate amounts of propylamine, pyridine, HF-—pyr-
idine, and half of the water were added to a 23 ml Teflon liner.
Cab-0O-Sil was then added slowly to the amine solution and
stirred for 1h to dissolve the silica. The Cu(NOj), was
dissolved in the remaining water before being added to the clear
silicate solution. The resulting clear blue solution was stirred
for an additional 30 min. The reaction mixture was then sealed
in a Parr digestion bomb and heated under hydrothermal
conditions at 170°C for 6 days. The product was filtered,
washed with water, rinsed with acetone and dried under
ambient conditions. The product consisted of single crystals
and amorphous material, which were separated by sonication.

J. Mater. Chem., 2000, 10, 2109-2113 2109

This journal is © The Royal Society of Chemistry 2000



Fig. 1 The structure of ferrierite viewed (a) along the [001] direction,
showing the 10-ring channel, and (b) along the [010] direction, showing
the 8-ring channel.

The large single crystals obtained were pale blue in colour.
Microprobe analysis of the single crystals gave a composition
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of Cug.94F.36(S10,)36; the microprobe analysis was performed
on a Cameca SX50 electron probe microanalyzer, using copper
metal, albite (Nag»5Aly.2551y.7505), and durango [Cas(PO4)sF]
as standards.

2.2 Crystal structure determination

A single crystal suitable for structure determination was
mounted on a CAD4-MACH X-ray diffractometer, equipped
with a Rigaku rotating anode source, and room temperature
diffraction data were collected.

The systematic absences were consistent with those of the
orthorhombic space group Pmnn (no.58). The siliceous
ferrierite framework structure reported in this space group?®
was used as the starting model for the structure solution. The
extra-framework copper, nitrogen, carbon, fluorine and
hydrogen atoms were all located from difference Fourier
syntheses. The final cycle of least-squares refinement, against F,
included anisotropic refinement for all the non-hydrogen atoms
and free refinement of the occupancies of the extra-framework
copper and fluorine sites. The occupancies of the constituent
atoms of the pyridine molecules were not refined. The isotropic
temperature factors of the hydrogen atoms were held at
reasonable values and one of the hydrogen atoms was held in
‘riding’ mode during refinement. Crystallographic details for
the structure are given in Table 1. Final fractional atomic
coordinates, equalised temperature factors and occupancies are
provided in Table 2. Selected bond distances and angles are
given in Table 3. All least-squares, Fourier and subsidiary
calculations were performed using CRYSTALS.?

CCDC 1145/229. See http://www.rsc.org/suppdata/jm/b0/
b003005h/ for crystallographic data (in MS WORD .doc
format).

2.3 Spectroscopic analysis

The EPR spectrum was collected at 10 K on a Bruker ESP-300
spectrometer operating in the X-band at a frequency of
9.460 GHz. The sample was contained in a 4 mm o.d. sealed
quartz tube. Before sealing, the tube was evacuated at ca.
107® Torr for 15min. The calibration standard used was
DPPH, which gave a g-value of 2.008. The observed EPR
spectrum was simulated using the program POWDER .2

The °F and 2°Si MAS NMR spectra of the sample were
collected at room temperature on Chemagnetics CMX500 and
Bruker DSX500 spectrometers, respectively. The chemical
shifts were referenced relative to CFCl; and TMS, both at
0 ppm, for '°F and *°Si NMR, respectively.

Table 1 Crystallographic data for [Cu(pyr),]*"-containing siliceous
ferrierite

Formula CUO.964F1A2(Si36072)’4C5H5N
Molecular weight 2563.52
Crystal system Orthorhombic
alA 18.775(1)

bIA 14.086(1)

clA 7.4296(6)
VIA3 1964.9(4)
Temperature/K 298

Space group Pmnn (no. 58)
zZ 1
#(Cu-Ko)/em™! 70.91

No. of reflections 4780

No. of independent reflections 1993

Rine (%0) 3.16

R(F) [I>3a(1)] (%) 3.88

Ry(F) [I>3a(D)] (%) 431




Table 2 Final atomic coordinates, equalised temperature factors and
occupancy factors for [Cu(pyr),]**-containing siliceous ferrierite

Atom Xx y z U(eq)/A*  Occupancy

Si(1)  0.15393(7)  0.0000 0.0000  0.0127  1.000
Si(2)  0.27373(5) —0.00196(9)  0.2931(1) 0.0137  1.000
Si(3)  0.08396(5) —0.20054(7) —0.0095(1) 0.0145  1.000
Si(4)  0.17249(5) —0.30161(7)  0.2837(1) 0.0140  1.000
Si(5)  0.17921(5) —0.29441(8) —0.3055(1) 0.0149  1.000

Oo(l) 0.249822)  0.0000 0.5000  0.0221  1.000
0(2) 02026(2)  0.0035(3)  0.1759(4) 0.0294  1.000
0(3) 0.1038(2) —0.0909(2)  0.0074(5) 0.0278  1.000
O@) 0.1540(2) —0.2803(2)  0.4896(4) 0.0215  1.000
O(5)  0.0000 —02117(3) —0.0243(6) 0.0250  1.000
0(6) 02463(2) —0.2555(3)  0.2298(6) 0.0369  1.000
O(7) 0.1191(2) —0.2448(3) —0.1862(4) 0.0287  1.000
O(8) 0.110002) —0.2568(2)  0.1660(4) 0.0256  1.000
0(9) 0.3247(1)  0.0865(2)  0.2507(4) 0.0255  1.000
0(10) 0.3178(2) —0.0963(2)  0.2508(5) 0.0282  1.000
Cu(l) 0.5000 0.7474(4)  0.0146(9) 0.0639  0.241(6)
F(1) 0259(1) —0337(1) —0.460(2) 0.0333  0.15(1)
N()  0.5000 0.60008) —0.001(1) 0.0801  1.000
C(11) 0.5624(4)  0.5477(5)  0.001(1) 0.0636  1.000
N(@2)  0.5000 0.9032)  —0.009(8) 0.1176  1.000
C(21) 0.5000 0.957(4)  —0.164(6) 0.1382  1.000
C(22) 0.5000 0.954(3) 0.151(6) 0.1251  1.000
H(I11) 0.605(4) 0.581(4)  —0.027(8) 0.0500  1.000
H(21) 0.5000 0.925(7)  —0.32(1)  0.0500  1.000
H(22) 0.5000 0.914(3) 0.262(6) 0.0500  1.000

3 Results and discussion

The crystal structure of the copper—pyridine-containing silic-
eous ferrierite is shown in Fig. 2. The chemical composition
calculated from the structure determination is CugogF; 20-
(S810,)36-4(CsH;sN), with a Cu/Si ratio of 0.027 and a Cu/F ratio
of 0.80. Microprobe analysis on a single crystal gave a
Cu/Si=0.026 and Cu/F=1.08, in reasonable agreement with
the values obtained from the refinement. The agreement of the
Cu/F ratios is less exact than for the Cu/Si ratio due to the
limitations of microprobe analysis for detecting small amounts
of fluorine. The Si—O bond lengths are all extremely close to the
ideal value of 1.60 A, indicating that the zeolite framework has
been accurately determined. Refinement of the structure in the
space group Pmmnn prevents the imposition of chemically
unfavorable 180° Si-O-Si bond angles on the framework
structure, which is reflected in the closing of the Si(4)-O(6)—
Si(5) angle from 180 to 174.7°.

The linear [Cu(pyr),]** complex formed consists of a Cu>™
cation located at the center of the 8-ring window bound to one
pyridine molecule residing in the cage that forms part of the 8-
ring channel and another pyridine molecule in the main 10-ring
channel. The planes of the two pyridine molecules bound to
each Cu®" cation are arranged orthogonally with respect to
each other, as is shown in Fig. 3. The Cu?™ cations are
2.934(4) A from the closest framework oxygen atoms (O,),
O(4), which suggests any direct interaction with them is weak;
thus it is the interaction with the nitrogen atoms of the two
pyridine molecules in the formation of the complex that allows
incorporation of the Cu®* cations inside the siliceous structure.
This is seen in the shorter Cu—N bond lengths of 2.08(1) and
2.20(2) A, which are in agreement with values for Cu®* cations
found in other Cu(i)—pyridine coordination complexes, such as
polymeric [Cu(CN)(pyr):]*’ (Cu—N bond lengths range from
1.953 to 2.201 A) and Cu(ClOy)»(pyr)s*® (Cu-N bond lengths
range from 2.006 to 2.042 A).

The same locations for both of the pyridine molecules in this
study have been reported in other studies of uncalcined
siliceous ferrierite.! !> Of the two crystallographically different
pyridine molecules, the one located in the cage of the 8-ring
channel is more tightly bound within the zeolite, as is indicated
by the smaller thermal parameters of its atoms. Both pyridine

Table 3 Selected bond lengths, non-bonding distances (A) and bond
angles (°) for [Cu(pyr),]** -containing siliceous ferrierite

Average Si(1)-O bond length 1.592(3)
Average Si(2)-O bond length 1.600(3)
Average Si(3)-O bond length 1.595(3)
Average Si(4)-O bond length 1.593(3)

Si(5)-0(4) 1.606(3) Si(5)-0(6) 1.587(4)
Si(5)-0O(7) 1.597(3) Si(5)-0(10) 1.597(3)
Si(5)-F(1) 1.99(2)

Weighted average Si-O bond length 1.596

Cu(1)-N(1) 2.08(1) Cu(1)-N(2) 2.20(2)
Cu(1)-0(4) x 2 2.934(4)

F(1)---O4) 2.17(2) F(1)---O(6) 1.92(2)
F(1):--O(10) 2.33(2)

Average O-Si(1)-O bond angle 109.5(2)

Average O-Si(2)-O bond angle 109.5(2)

Average O-Si(3)-O bond angle 109.5(2)

Average O-Si(4)-O bond angle 109.1(2)

O(4)-Si(5)-0(6) 111.2(2) O(4)-Si(5)-0(7) 105.3(2)
0O(6)-Si(5)-O(7) 109.7(2) O(4)-Si(5)-0(10) 112.2(2)
0O(6)-Si(5)-0(10) 110.6(2) O(7)-Si(5)-0(10) 107.6(2)
O(4)-Si(5)-F(1) 73.3(5) O(6)-Si(5)-F(1) 64.0(6)
O(7)-Si(5)-F(1) 171.6(6) 0(10)-Si(5)-F(1) 80.4(5)
N(1)-Cu(1)-N(2) 172.3(16)  O(4)-Cu(1)-O(4) 160.4(2)
N(I)-Cu(1)-0(4)x2  98.9(1) N(2)-Cu(1)-O(4)x2  80.6(1)

Fig.2 The crystal structure of [Cu(pyr),]*"-containing siliceous
ferrierite viewed along the [001] direction. Thermal ellipsoids are
drawn at 30% probability.

sites are fully occupied, so the number of pyridine molecules
required to bind to the Cu®™ cations is in 2-fold excess. This
indicates that the pyridine molecules are held in place by their

Fig. 3 The structure of the linear [Cu(pyr),]* " complex in the 8-ring of
ferrierite. Only the shortest Cu-O, bonds are included.
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van der Waals interactions with the O, atoms when the Cu®™
cations are not present.

The charge of the Cu®* cations is partly compensated for by
the negative charge of the fluoride anions. These are located
between 5-rings within a [5%] cage, as shown in Fig. 4. They
interact with the Si(5) atom at a distance of 1.99(2) A and have
an apparent close contact of 1.92(2) A to O(6). The O(6) atoms
close to F(1) are presumably displaced in the tetrahedra where
the F~ anions are present, but this is not observed in the
structure as the occupancy of the F(1) site is only 15%. The
location of the F~ anions is unusual, in that fluorine bound to
silicon in a zeolite has only been found by diffraction techniques
in siliceous nonasil® and SSZ-23,%° and has never been observed
in a small cage that does not contain a 4-membered ring.
Typically, F~ anions have been found to occupy fairly central
positions in small cages at distances greater than 2.20 A from the
nearest silicon atom.**? The presence of five-coordinate silicon
was reported in the nonasil structure,’® where the Si-F bond
length was 1.836(6) A and the oxygen environment of the Si
atom is distorted from the usual tetrahedral arrangement to that
of a trigonal bipyramid, the F~ anion occupying the fifth vertex.
In our ferrierite structure, the oxygen coordination of the Si(5)
atom is still apparently tetrahedral, presumably because the low
occupancy of F~ sites means that few Si(5)O, tetrahedra are
distorted and the F~ anion is further from the Si(5) atom
[1.99(2) A] which will result in a lower distorting influence. A
similar situation was observed in the structure of as-synthesised
SSZ-23,%° where the occupancy of the F~ sites was too low for
the distortion of the associated SiO, tetrahedra to be detected in
the structure and the Si-F bond lengths are in the range 1.94 to
1.96 A. The F~ anions are found to be a long way away
[5.03(2) A] from the Cu?™ cations. A similar phenomenon has
been observed in the structures of some as-prepared clathrasils.
A large separation of the F~ anion and the positive charge center
have been reported in [Co " (n*-CsHs),FJ-nonasil,” where the
shortest Co—F bond distance is 6.43 A, and in octadecasil.*® The
large distance between the charges must be due to the dielectric
shielding properties of the silica framework.

The observed and simulated EPR spectra of the sample are
shown in Fig. 5 and contain a broad signal indicative of one
Cu®™  species with EPR parameters of g)=2.281,
A=189x10"*cm™", g,(,,)=2.058 and g,(.,)=2.055. These
parameters are similar to those obtained for the [Cu(pyr)]* ™
complex formed when Cu-ZSM-5 was exposed to pyridine
vapour (g|=2.25, 4 =187 x 107*em ™! and g, =2.05). The
EPR data support the findings of the X-ray structure
determination, that such a complex is present in this sample
of ferrierite.

The ’F MAS NMR spectrum of the sample is shown in
Fig. 6 and shows a single peak with many spinning sidebands.

Fig. 4 Illustration of the 5-coordinate Si(5) atom in the ferrierite
framework. Only the atoms directly bound to Si(5) are shown.
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Fig. 5 Experimental (dashed) and simulated (solid) EPR spectra of
[Cu(pyr),]* T -containing siliceous ferrierite.

The isotropic resonance was determined by collecting spectra at
different spinning frequencies. The appearance of one signal
indicates there is only one type of fluorine environment in the
structure, as suggested by the crystallographic findings. The
asymmetry of the spectrum indicates that the fluorine
environment is not symmetrical, which is in agreement with
the location of the fluorine in the crystal structure, as shown in
Fig. 4. The chemical shift of the signal (—59.5 ppm) lies in the
range previously found for fluorine in other siliceous zeolites
(—56.4 to —78.1 ppm).***

The °Si MAS NMR spectrum of the sample is shown in
Fig. 7 and is dominated by the Q* Si resonances of the ferrierite
framework between —107.7 and —116.9 ppm, as seen for other
siliceous ferrierite samples.'! In addition to the Q* resonances,
smaller peaks at approximately —100.7 ppm (5.6% relative
intensity) and —147.6 ppm (3.6% relative intensity) are visible
in the spectrum and are assigned to a Q> Si resonance and a
pentacoordinated Si atom in a SiO4F ™ site, respectively. The
chemical shift for the pentacoordinated silicon is in the region
expected for SiO4F ™ units in which the F~ anions are localised
to one particular silicon site, as is seen in the room temperature
2Si{'H} CPMAS NMR spectra for [Co*(n®-CsHs),F -
nonasil®® and as-synthesised ITE, BEA and MTW.,*® where
the silicons of the SiO4F " units resonate in the range —140 to
—150 ppm.*® The F/Si ratio predicted from the structure
determination is 0.033 which is in excellent agreement with the
fraction of pentacoordinated silicon (0.036) determined from
the NMR spectrum, implying all the fluorine in the structure is
contained within the SiO4F ™ units. The Q silicon indicates the
presence of =Si-O~ or =Si-OH groups in the ferrierite
framework. Such groups are found at defect sites in the zeolite
framework and are formed from cleavage of a Si—-O-Si bond.

I T T ds

Fig. 6 The "’F MAS NMR spectrum of [Cu(pyr),]* "-containing
siliceous ferrierite. The spinning sidebands are marked with asterisks

*).
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Fig.7 The ?Si MAS NMR spectrum of [Cu(pyr),]* " -containing
siliceous ferrierite.

The =Si-O~ groups present at the framework defect sites help
to balance the positive charge of the Cu®>* cations. The extra
negative charge introduced into the system by the =Si-O~
groups is necessary because the total negative charge of F~
anions in the formula unit is not enough to balance the total
positive charge of the Cu®* cations in the same unit. Inclusion
of the framework defect sites in the molecular formula would
give a charge balanced formula of CuggesFo-
Si36072(0OH)g.73]'4CsHsN. However, we report the formula
Cug964F12(Si36072)-4CsHsN, derived from the crystallo-
graphic results, as it is difficult to quantify the number of
framework defects and there might be more defect sites than is
necessary to compensate for the charge of the Cu>* cations not
balanced by the F~ anions.

4 Conclusions

A linear [Cu(pyr),]*" complex has been formed in situ inside
the pore system of siliceous ferrierite and its structure
determined by X-ray diffraction and spectroscopic techniques.
The coordination of the metal complex is controlled by the
architecture of the zeolite, as illustrated by the formation of the
binary pyridine complex and not the more common tetrahedral
complex. Only the binary complex can fit easily within the
channels of ferrierite, whereas the larger cavity of faujasite can
contain the bulkier tetrahedral complex. This exemplifies the
potential use of zeolites to isolate specific metal complexes. The
formation of the [Cu(pyr),]>" complex in the manner we have
described highlights the possibility of forming other similar
complexes by the inclusion of molecules like pyrazine into the
synthesis mixture. Such a method would provide the oppor-
tunity of forming chains of [Cu(pyrazine),] throughout the
structure. These single chains could well exhibit interesting
optical and electronic properties.
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