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Abstract

Natural heulandite crystals were transformed into the Na-form of composition |Nag¢(H,0), |[Als 6Si»7 407, ]-HEU
(NaHEU). The precursor phase was subsequently treated (1) with 0.36 M Cu**-acetate solution (pH = 6) for three
months at 343 K (CuacHEU) and (2) with 1 M NH; solution (pH = 11) containing 0.025 M Cu?" (cuprammine so-
lution) for 24 days at 393 K (CuammHEU). Chemical analyses with an energy dispersive system of a SEM indicated for
both Cu?* exchanged batches complete removal of Na. However, for CuacHEU (light blue hue) 3.3 Cu per formula
unit (pfu) and for CuammHEU (dark blue) only 2.2 Cu pfu were detected. Charge balance in CuacHEU was assumed
to occur by additional extra-framework oxonium (H;O0") and by NH; in CuammHEU, respectively. The presence of
NH; in CuammHEU was also shown by IR spectroscopy. Duplicate crystal structure refinements were performed for
both samples in space group C2/m converging at R1 = 0.048 (CuacHEU) and R1 = 0.038 (CuammHEU). The major
Cu sites in both structures have no bonds to framework oxygen. In CuacHEU 45% of Cu is found in the center of the
ten-membered A channel forming a disordered [Cu(H,0),]*" complex. In the eight-membered B channel 43% of the
total Cu forms an approximately square planar H,O complex. In CuammHEU 49% of Cu is in the center of the A
channel forming a disordered square planar Cu’*-tetraammine complex [Cu(NH;),]”" with two additional H,O
molecules (Cu-O: 2.5 A) completing the Cu coordination to a strongly elongated octahedron. The Cu arrangement in
the B channel of CuammHEU is very similar to CuacHEU.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction mulas |(Na, K)Ca4(H,0),,| [AlySi»;O7,]-HEU and
|(Na, K)(H,0),,| [Al¢SizO:,]-HEU [1]. Distinc-

Heulandite-type zeolites (HEU) comprise heu- tion between heulandite and clinoptilolite is done
landite and clinoptilolite with the simplified for- on the basis of the Si/Al ratio, silica-rich crystals

(Si/Al > 4.0) are clinoptilolites and the more alu-
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crystal structure (space group C2/m, a=17.7,
b~179,c=x~74 A, =~ 116°) exhibits three types
of structural channels confined by tetrahedral ring
systems leading to two-dimensional pathways
parallel to (0 10) for zeolite-like diffusion. Strongly
oblate ten-membered A-rings and more circular
eight-membered B-rings confine the A and B
channels running parallel to the c-axis (Fig. 1).
Eight-membered C-rings border C channels run-
ning parallel to [100] and [102].

Clinoptilolite occurs as authigenic silicate min-
eral in large deposits, mainly of volcanoclastic
origin, to be excavated at low cost by simple
mining techniques [4]. The applications [5,6]
range from wastewater treatment, aquacultural
and agricultural applications, to catalytic cracking
(mainly in the former Soviet Union). However,
natural clinoptilolite rocks are (1) rather inhomo-
geneous and often composed of additional ad-
mixed phases (e.g., other zeolites, SiO,, feldspars,
clays, Fe-oxides/hydroxides) and (2) clinoptilolite
is mostly fine crystalline in the 1 um range. For
a better understanding of HEU applications, the
pure material is required and for single-crystal

Fig. 1. Tetrahedral model of the heulandite framework pro-
jected along the c-axis, showing the ten-membered A and the
eight-membered B channels. Eight-membered C channels, in-
dicated by arrows, connect A and B channels.

X-ray experiments large crystals are demanded.
On such terms heulandite is more favorable be-
cause of its occurrence as individual large crystals
in fissures of volcanic and metamorphic rocks.

The influence of monovalent cations (Na, K,
Rb, Cs, NH,4, Ag) exchanged into the structure of
heulandite was systematically investigated [7-9].
Furthermore, exchange of divalent cations (Mg,
Mn, Cd, Sr, and Cu) using acidic salt solutions led
to partial dealumination of heulandite, and only
low concentrations of extra-framework cations
could be incorporated and analyzed [10]. To avoid
partial framework dealumination the exchange
must be carried out in neutral or alkaline solutions
as shown for Cd** and Pb** exchange [11,12]. Cu
incorporation in HEU type zeolites has gained
interest (1) from an environmental point of view
for cleaning wastewaters from heavy metals (e.g.,
[13-18]) and (2) for a better understanding of how
small divalent transition metals bond into the
structural voids of zeolites [19,20]. In addition, Cu-
exchanged zeolites display high activities for the
decomposition of NO.

First experiments using a cuprammine solution
for cation exchange of clinoptilolite were per-
formed by Barrer and Townsend [21] applying
NHy-exchanged clinoptilolite as precursor phase.
Upon cuprammine treatment (54 days at room
temperature) fine crystalline clinoptilolite adopted
the composition |Cu3%(NHs), ((NH]),,Cags-
(H2O)16| [A16,0Fe0_3Si29,7072]7HEU. Cu”-acetate
exchange on heulandite-Na precursor crystals was
attempted by Godelitsas et al. [19] at room tem-
perature (seven days), but complete Cu-exchange
was not achieved and the crystals still contained
about 50% of the original Na. Based on EXAFS
experiments it was concluded that Cu®* is in six-
fold coordination with Cu-O distances of 1.88(2)
A. This qualitatively confirms heulandite Cu’*-
exchange experiments for which single-crystal X-
ray experiments located a Cu(HZO)é+ complex in
the center of the A channel [10] as also found for
Mg and Mn?* in heulandite. Cu>*-doped synthetic
clinoptilolite with a variety of extra-framework co-
cations was studied by electron spin resonance and
electron spin echo modulation spectroscopy [20]. It
was found that the coordination of trace Cu?*
strongly depends on the type of co-cation.
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The aim of the present study is (1) to produce
a Cu?* rich heulandite via cation exchange and
(2) to study location and coordination of extra-
framework Cu®* by single-crystal X-ray methods.
Structural studies of this type have the advan-
tage over spectroscopic studies (e.g., ESR and
EXAFS) that multiple Cu sites can directly be
distinguished.

2. Experimental
2.1. Sample treatment

Natural, Ca-rich heulandite single crystals from
Nasik, India [22] were crushed and sieved to 150-
400 um grains, which were placed in a 4 M NaCl
solution in a Teflon autoclave at 423 K for four
months, renewing the solution nine times to obtain
Na-exchanged heulandite. Complete Na-exchange
was verified by energy-dispersive analyses using
a scanning electron microscope (SEM). The pre-
cursor phase had the composition |Nage(H,0),|
[Als 65127407,]-HEU.

Sample CuacHEU was obtained by subse-
quent treatment in a 0.36 M Cu’*-acetate solution
(pH = 6) for 10 days at 393 K. However, under
these conditions a light blue precipitate formed,
which was dissolved by treating the sample with
CuSOy solution of pH = 3. Subsequently the solu-
tion was replaced by 0.36 M Cu’*-acetate solution
(pH = 6) and the exchange was continued at 343
K for three months, renewing the solution once a
month. Afterwards, the crystals were stored at
room temperature in dilute Cu®*-acetate solution
for another three months. Complete Cu-exchange
was verified by the absence of the Na specific line
in the energy-dispersive spectrum of a SEM. The
same type of analysis indicated 3.3 Cu per for-
mula unit (pfu). The exchanged crystals had a faint
turquoise—light blue hue. In addition, a turquoise
colored precipitate (probably Cu’*-acetate) deco-
rated cracks within the crystals.

For preparation of a [Cu(NH3)x]2+ form of
heulandite (samples CuammHEU1 and Cuamm-
HEU?2) the Na-exchanged crystals were treated
with cuprammine solution [21]. The exchange
solution was prepared by dissolving 1.2 g of

Cu?*(NO3),3H,0 (Merck) in 200 ml of 1 M NH;
solution (Hanseler) leading to a 0.025 M Cu?* so-
lution. The pH of this deep blue cuprammine
solution was about 11. About 0.5 g of the Na-
exchanged heulandites were placed in 50 ml of the
cuprammine solution in a glass vessel that was
closed to prevent evaporation. The crystals were
exchanged during 50 days at room temperature,
renewing the solution every 10 days. The samples
were washed with diluted NH; solution and dried
for 24 h. Quantitative energy dispersive analyses of
individual crystals with the SEM showed only little
incorporated copper (2.51 wt.% CuO) and still up
to 2.10 wt.% Na,O. For X-ray experiments, com-
plete exchange of sodium was required and there-
fore the ion-exchange was continued at higher
temperature.

The crystals (CuammHEU1), which were al-
ready partly exchanged at room temperature, were
placed with 50 ml of the cuprammine solution in
teflon-coated autoclaves at 393 K for 24 days,
renewing the solution twice. Crystals without
previous treatment at room temperature (Cu-
ammHEU?2) were also exchanged with cupram-
mine solution at the same conditions as crystals of
sample CuammHEU]1. After 24 days the crystals,
which changed from colorless to dark “ink” blue,
were also analyzed with the SEM. Crystals from
both samples had up to 6.9 wt.% CuO. Sodium
was completely removed in both samples. In
both samples heulandite was accompanied by a
dark blue precipitate which was analyzed to be
Cu(OH),. Because of the almost identical ap-
pearance and chemical composition samples Cu-
ammHEU] and CuammHEU?2 were not further
distinguished and labeled CuammHEU.

2.2. Sample analyses

Two crystals from each synthesis (CuacHEU
and CuammHEU) were selected for single-crystal
X-ray structural investigation. The double experi-
ments were performed to test whether crystals
from the same batch also revealed identical (within
statistical limits) arrangements of extra-framework
cations and H,O molecules. X-ray data collection
was performed at room temperature with an Enraf
Nonius CAD4 single-crystal X-ray diffractometer
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using graphite monochromatized MoKa X-radia-
tion. Because results of the double experiments led
to almost identical results only details for one
crystal each are presented (Table 1). Data reduc-
tion including Lorenz and polarization correc-
tions were performed with the program package
SDP [23]. All data were corrected for anisotropic
absorption by empirical {-scans. Structure refine-
ment was performed with the program SHELXL97
[24] using neutral-atoms scattering factors (Si for
all tetrahedral sites—Ilabeled T sites). Test refine-
ments were preformed in space groups C2/m, Cm,
and C2. Final data are presented for space group
C2/m and the acentric space groups (C2 and Cm)
were disregarded because of strong correlations
among atomic sites related by the inversion oper-
ation. Refinements were carried out with aniso-
tropic displacement parameters for all framework
sites and highly populated extra-framework posi-
tions. Distinction between partially occupied Cu
sites and light extra-framework atoms (O, N) was
guided by interatomic distances and characteristic
low displacement parameters for Cu. Direct dis-

Table 1

tinction between NH;, NH;, H,O, and H;O" is
not possible because these cations or molecules
have almost identical numbers of electrons. Fur-
thermore, H,O and NH; show similar interatomic
distances to Cu>* and H;0*, NH;, and H,0 oc-
cupy similar extra-framework sites [§].

%Transmittance
w
o

w00 3000 ‘ 2000 1000
Wavenumber (cm’)
Fig. 2. IR powder spectrum (KBr pellet method) of sample
CuammHEU. The absorptions at 1402 and 1454 cm™' are
characteristic of NH, whereas the shoulder at 1276 cm™! has
previously been assigned to an asymmetric deformation of NHj3
coordinated to Cu** [28,29].

X-ray data collection and refinement parameters for Cu®* treated heulandite

Sample CuacHEU

CuammHEU

Crystal size (mm) 0.27 x 0.27 x 0.07
Diffractometer

X-ray radiation

Enraf Nonius CAD4
fine focus sealed tube, MoKa

0.40 x 0.32 x 0.10
Enraf Nonius CAD4
fine focus sealed tube, MoKa

X-ray power 50 kV, 40 mA 50 kV, 40 mA

Temperature 293 K 293 K

Space group C2/m C2/m

Cell dimensions a, b, ¢ (A) 17.639(6), 18.011(6), 7.426(3) 17.714(3), 18.074(2), 7.420(1)
p(© 115.88(1) 115.99(1)

Absorption correction Empirical \ scans Empirical  scans
Maximum 20 54.05° 49.96°

Measured reflections 3051 4689

Index range —22<h<2l; —1<hk<22; —1<I<8 =21 <h<19; =21 <k<21; —-1<I<8
Unique reflections 2333 1944

Reflections > 24/ 1828 1795

Rint 0.026 0.037

R, 0.042 0.032

Number of Ls. parameters 216 218

GooF 1.091 1.135

Ry, F, > 40(F,) 0.0477 0.0384

Ry, all data 0.0669 0.0425

WR, (on F?2) 0.1489 0.1004

Cu pfu located 3.5 2.5

Rir = Z|F} — F2(mean)|/SF}, R, = Z(F2)/ZF}, Ry = Z|Fy| — |F| /Z|F,|, wRy = {(Zw[F} — F2]*/ZwlF2")}', Goof = {(Z[wF} -

F)/In = p)}'?, w=1/(*[F2] + [0.04P]"), P = (max(F2,0) + 2F2)/3.
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An IR powder spectrum of sample CuammHeu
was measured with a Perkin Elmer spectrometer
using the KBr-pellet method (Fig. 2).

3. Results
3.1. Structure refinements

Atomic coordinates, populations, and equiva-
lent isotropic displacement parameters are given in
Tables 2 and 3. Both structures show within two
standard deviations the same mean T-O bond
lengths where Al is predominantly concentrated on

T2 leading to mean T2-O of 1.649(3) A. All other
mean T-O distances vary between 1.618(3) for T4
and 1.631(3) for T3. The strong similarity of the
T-O distances in both structures corroborates
that CuacHEU crystals were not significantly
dealuminated during the short-time acidic CuSO,
treatment. Notice that partial dealumination in
heulandite crystals is not reflected in the bulk Al
concentration but leads to a rearrangement of
framework Al to extra-framework Al [25].

In the structure of CuacHEU 3.5 Cu pfu were
located of which 45% are concentrated in the
center of the A channel on two sites, Cul (popu-
lation 0.71) and Cul’ (population 0.05) separated

Table 2
Atomic positional parameters, occupancies, and Beq (Az) values for CuacHEU

Atom? Occupancy x/a /b z/c Bey (A2)
T1 0.17888(6) 0.17058(5) 0.0973(1) 1.16(2)
T2 0.28320(6) 0.08897(5) 0.4918(1) 1.19(2)
T3 0.29474(6) 0.30891(5) 0.2875(1) 1.19(2)
T4 0.43357(6) 0.20016(6) 0.5829(1) 1.23(2)
T5 0 0.22107(8) 0 1.33(2)
o1 0.2998(3) 0 0.5367(7) 2.54(8)
02 0.2704(2) 0.3794(2) 0.3896(5) 2.96(6)
03 0.3164(3) 0.3445(2) 0.1133(5) 3.32(7)
04 0.2294(2) 0.1029(2) 0.2473(4) 2.68(5)
05 12 0.1717(3) 12 2.82(9)
06 0.0807(2) 0.1665(2) 0.0567(5) 2.47(6)
o7 0.3802(2) 0.2697(2) 0.4547(5) 3.51(6)
08 0.0110(2) 0.2747(2) 0.1851(4) 2.91(6)
09 0.2164(2) 0.2510(2) 0.1919(5) 2.84(6)
010 0.3761(2) 0.1295(2) 0.5771(5) 3.07(6)
CUI A 0.71(1) 0 0 12 4.69(8)
CUl' A 0.05(1) 0.000(1) 0 0.641(5) 3.2(6)°
CU2 A 0.052(5) 0 0.077(2) 0 5.4(8)°
CU3 A 0.056(4) 0.2031(9) 0 0.054(2) 2.7(4)°
CU4 B 0.392(4) 0.4055(1) 0 0.0549(4) 3.80(6)
OW2 A 1.00 0.1281(7) 0 0.667(2) 11.9(4)
OW4 A 0.355(4) 0.033(3) 0.063(3) 0.318(6) 26.53(7)
OowW4' A 0.355(4) —-0.0031(9) 0.1043(7) 0.403(3) 6.2(4)
OWS8 A 0.42(3) 0.064(2) 0 0.135(5) 9.1(5)°
OWg A 0.35(2) —-0.074(2) 0 0.019(5) 9.1(5)°
OWIl' C 0.98(2) 0.2864(8) 0 0.031(2) 9.9(4)
OW3 B 0.83(2) 0.3999(5) 0.1017(5) 0.026(1) 9.9(2)
OW6 B 0.22(2) 0.475(2) 0 0.425(4) 4.2(7)°
OW9 B 0.35(5) 0.541(1) 0 0.220(4) 4.1(8)°
OWI10 B 0.26(3) 0.508(2) 0 0.334(5) 9.1(5)°
OWIIl B 0.24(5) 0.515(4) 0 0.071(9) 9.1(5)°
OWI3 B 0.28(3) 0.537(2) 0.038(3) 0.158(6) 9.1(5)°

#Note, capital letters (A, B, C) after the atom symbol of extra-framework sites represent channel positions.
® Atoms with esd’s in parentheses were refined isotropically. Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as Beq = 8/3m°Z(Z/(Uja; * a; * a;.a;)).
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Table 3
Atomic positional parameters, occupancies, and Beq (AZ) values for CuammHEU

Atom? Occupancy x/a y/b z/c By (A?)
T1 0.17847(5) 0.17018(5) 0.0962(1) 1.20(1)
T2 0.28494(5) 0.08898(5) 0.4921(1) 1.31(2)
T3 0.29173(5) 0.30911(5) 0.2850(1) 1.22(1)
T4 0.43247(5) 0.20160(5) 0.5817(1) 1.29(1)
TS 0 0.21923(7) 0 1.41(2)
o1 0.3009(3) 0 0.5360(6) 2.61(7)
02 0.2670(2) 0.3792(2) 0.3848(4) 2.83(5)
03 0.3143(2) 0.3441(2) 0.1121(4) 2.86(5)
04 0.2290(2) 0.1035(2) 0.2474(4) 2.76(5)
05 12 0.1764(2) 12 2.97(7)
06 0.0799(2) 0.1649(2) 0.0496(4) 2.51(5)
07 0.3754(2) 0.2696(2) 0.4511(4) 3.39(5)
08 0.0147(2) 0.2723(2) 0.1874(4) 3.09(5)
09 0.2141(2) 0.2513(2) 0.1892(4) 2.55(5)
010 0.3782(2) 0.1291(2) 0.5738(5) 2.86(5)
CUl A 0.599(6) 0 0 12 5.91(8)
CU3 B 0.152(5) 0.4019(4) 0 0.0660(9) 3.9(1)
CU4 B 0.079(3) 0.5341(5) 0.0331(6) 0.209(2) 5.12)
N1l A 0.24(4) —0.130(1) 0 0.353(5) 3.2(8)°
NI2 A 0.44(5) —-0.130(1) 0 0.257(6) 6.8(8)°
N2 A 0.35(4) 0.000(1) 0.1057(8) 0.444(3) 4.9(5)°
N/O22 A 0.24(4) 0.009(2) 0.097(2) 0.372(7) 5.8(9)°
OW2 A 0.38(3) 0.061(1) 0 0.108(4) 8.2(9)°
OW3 A 0.67(5) 0.069(2) 0 0.268(6) 18.1(14)°
OWs5 A 0.45(4) —-0.057(2) 0 0.244(5) 15.9(17)°
oWl C 0.49(4) 0.309(2) 0 0.089(7) 15.1(15)°
N/031 C 0.66(4) 0.261(1) 0 0.955(2) 5.2(4)
OW6 B 0.79(2) 0.4043(7) 0.0947(6) 0.051(2) 15.93)
OWéa B 0.79(2) 1/2 0.055(2) 0 12.6(19)°
OW4 B 0.19(2) 0.451(3) 0 0.058(4) 4.27(8)
N/O14 B 0.68(2) 0.491(2) 0 0.428(3) 10.7(5)
OW7 B 0.06(3) 0.523(4) 0 0.09(1) 2.6(29)°

#Note, capital letters (A, B, C) after the atom symbol of extraframework sites represent channel positions.
® Atoms with esd’s in parentheses were refined isotropically. Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as Boq = 8/37°%,(X;(Uja; * a; = a;.a;)).

by 1.0 A along the c-axis. Cul is positioned on the
inversion center (Fig. 3) and therefore Cul’ ap-
pears as a satellite position above and below Cul
indicating translational disorder along c. Cul
bonds four times to OW4 (2.03 A) and four times
to OW4' (2.00 A). This is interpreted as two ro-
tational-disordered square bases of an octahedron
where each basis is formed by (OW4, OW4', OW4,
OW4'). The apices of the octahedron are formed
by OW2 with a distance of 2.05 A to Cu. The
rotational disorder around the OW2-Cu-OW2
axis is further supported by the strongly aniso-
tropic smearing of OW4 and OW4' (Fig. 4). OW2
is fully occupied (in contrast to Cul) indicating

that OW2 is also available if Cul is vacant con-
cealing the exact Cul-OW2 bonding distance.
Furthermore, the mean-square atomic displace-
ment parameters of Cul are parallel to the c-axis
(0.12 Az) four-times larger than perpendicular to c.
This smearing associated with the Cul’ satellite
positions confirms translational disorder parallel
to ¢. Cu2 (occupancy 0.05) also situated in the A
channel, contributing only 6% to the total Cu
content, has two bonds of 2.07 A to the tetrahedral
framework. Due to the low occupancy of Cu2
coordinating H,O molecules cannot be resolved.
Cu3 is another low-occupied (occupancy 0.06)
cation site in the A channel (Fig. 3) with two dis-
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CuacHEU I I I

Fig. 3. Polyhedral model of a portion of the heulandite struc-
ture projected parallel to the c-axis with squares representing
the Cu** extraframework sites. In addition, the prominent
symmetry elements for space group C2/m are shown: small
circles = center of inversion, heavy horizontal lines = traces of
mirror planes, double-barbed arrows = twofold axes. Capital
letters label the channel types.

tances of 2.27 A to oxygen of the tetrahedral
framework. The low population does not allow
definition of a complete coordination.

Cu4 (occupancy 0.39) is in the B channel (Fig.
3) contributing 43% to the total Cu content. Cu4
has no bonds to the tetrahedral frameworks and
possesses approximately square fourfold coordi-
nation with Cu-OW bonds between 1.84 and 2.03
A. Exact Cu bonding distances are masked by
H,O disorder and higher occupancies of the H,O
ligands compared to the central Cu atom.

In the cuprammine exchanged crystal (Cu-
ammHEU) only 2.5 Cu?* pfu were located (Fig. 3)

agreeing with the measured chemical composition
although 8.6 positive extra-framework charges
were expected due to 8.6 Al pfu in the tetrahedral
framework. Notice that all Na of the precursor
phase was exchanged and we therefore assumed
that additional NH, was incorporated to obtain
charge balance. At pH = 11 the dominant hydro-
genated nitrogen species is NHj, but heulandite
has a strong selectivity for NH;, . Evidence of NH;
in cuprammine exchanged heulandite was also
found by IR spectroscopy (see below). Compari-
son with completely NHj -exchanged heulandite
[8] led to the assignment of N31 (population
0.66(3)) and N14 (population 0.68(2)) as preferred
NH; sites. If the corresponding populations are
normalized per formula unit 5.4(2) positive char-
ges are obtained. The excess above 3.6 positive
charges (8.67—2.5Cu®") is interpreted as a mixed
occupation of the potential NH{ sites with H,O or
NH;. The major Cu>* concentration is located in
the center of the A channel (Cul, occupation:
0.60(1)) without any bonds to the tetrahedral
framework (Fig. 3). The displacement ellipsoid of
Cul reveals a cigar-like extension parallel to c. In
addition, two groups of ligands 1.95-2.07 A apart
from Cul are located. N11 and N12 have almost
identical x and y coordinates but are separated by
0.7 A along c. The second group, formed by N2
and N/O22, showos a similar characteristic and is
separated by 0.6 A along c¢. Furthermore, N2 and
N/O22 are duplicated by the twofold axis leading
to four closely spaced positions, separated by 0.8
and 2 A parallel to ¢. In a projection along the c-
axis (Fig. 4) the N2 and either N11 or N12 ligands
form a square around Cul interpreted as a copper
tetraammine complex with translational disorder
parallel to the c-axis (Fig. 4). The populations of
disordered N11 and N12 sum up to 2.8(2) NH;
pfu, about twice the value for Cul (1.2 pfu) as
expected for the linear N11-Cul-N11 or N12-
Cul-N12 bonding. The population of N2 alone
yields 2.8(3) pfu as expected for the linear N2-
Cul-N2 unit (Fig. 4). Thus there is strong evi-
dence that N/O22 does not belong to the copper
tetraammine complex but is an additional NH;
and/or H,O site that is occupied if the center of the
A channel is not occupied by Cu?*. Additional
evidence comes from the separation of N11 and
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CuacHEU

Fig. 4. (a) Coordination of Cul (sample CuacHEU) in the center of the A channel, projected parallel to the c-axis, showing a dis-
ordered (Cu[H,0]s)*" complex. All Cul-OW distances are ~2.0 A long. The disorder can be described by rotating an approximate
square base 45° around Ow2-Cul-Ow?2. (b) The same Cul coordination as in (a) but rotated 90° around b. The square base of the
octahedron is formed by OW4-OW4'-OW4-OW4' of which two orientations are visible. (c) The same orientation as (b) but displaying
probability ellipsoids for all atoms. The pronounced smearing of the OW positions indicates librational disorder of the (Cu[H,OJs)**
complex mainly around the OW2-Cul-OW?2 axis. In addition, there is pronounced translational disorder parallel to ¢ as evidenced by
the elongation of the OW2 and Cul (hidden behind OW?2) ellipsoids. (d) Coordination of Cul (sample CuammHEU) in the center of
the A channel projected parallel to c. The cluster is interpreted as a disordered (Cu[NH;3]4)>* complex with two distant (2.5 A) H,O
molecules (W3) oriented approximately perpendicular to the cuprammine complex. The distance Cu—N is ~1.95-2.07 A. The disorder
of the planar (Cu[NH;],)** complex, oriented in the a—b plane is mainly characterized by a translation parallel to c. For the attached
NH; groups, translational disorder was modelled by multiple sites N11, N12 and N2, respectively. (f) projection of the disordered

(Cu[NH3]4)** complex along W3—-Cul-W3.

NI12 (0.7 /0\), which is similar to the splitting of N2
by the twofold axis causing a N2-N2 separation of
0.8 A whereas N/O22-N/O22 are more than 2 A
apart. Assumption of translational displacement
of the square complex parallel ¢ requires similar
displacements of the ligands. The copper tetra-
ammine complex is further rounded out by two
distant H,O molecules (Cul-OW3: 2.5 A) com-
pleting the planar complex to a distorted octahe-
dron (Fig. 4). The OW3 population, summing up
to 2.7(2) pfu, is in excellent agreement with this
interpretation. An independent indicator of the
presence of a cuprammine complex in heulandite is

the dark blue color of the CuammHEU crys-
tals whereas CuacHEU crystals containing the
Cu[H,O0J" complex have a light-turquoise hue. In
addition, there is a pronounced difference in the
coordination of Cul between both structures. Cu4
in the B channel (contributing 25% to the total Cu
content) has a similar environment as Cu4 in Cu-
acHEU. Thus it remains questionable whether
Cu4 is coordinated by NH; or by H,O. Cu5, also
in the B channel, is contributing 26% to the total
Cu content and possesses a position slightly shifted
from the mirror plane leading to a split position
with a Cu5-CuS5 separation of 1.2 A. Cu5 has one
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distance of 2.41 A to framework oxygen and
exhibits only a poorly defined coordination to
additional extraframework sites. Thus the true
character of Cu5 cannot be unraveled.

3.2. IR spectrum of CuammHEU

An assignment of IR absorptions for HEU-type
minerals, based on the general study by Flannigen
et al. [26], has recently been published [27].
The strong absorption at 1053 ¢cm™' is due to
asymmetric stretching of external linkages and
the shoulder at 1205 cm™! is due to asymmetric
stretching of internal tetrahedra. In the spectrum
of CuammHEU we observe an additional shoulder
at 1276 cm™' which was reported to be char-
acteristic of the symmetric deformation of NH;
coordinated to Cu?* in Y-type zeolite [28] a cor-
responding band was also found for [Cu-
(NH;)4]SO4 x H,O [29]. The weak absorption at
1402 cm™! was attributed to vy of NH; in NHy-
exchanged heulandite [8]. The stronger absorption
at 1454 cm™! is probably due to NHj on a dif-
ferent position [21]. The H,O specific absorptions
of K-exchanged heulandite appear at 3616, 3464
(broad, overlapping, poorly resolved) and at 1638
cm™! [8]. Completely NH; -exchanged heulandite
has an additional strong v; (NH}) absorption at
3134 cm™!. The gap between the H,O and NH;
absorptions found for NH; -exchanged heulandite
is in cuprammine-exchanged heulandite covered
by additional absorptions at 3358 and 3280
cm~'. Thus the area between 2800 and 3700 cm™'
is characterized by a broad and poorly re-
solved overlay of several absorptions. The v; and
v3 (NHj3) absorptions for gaseous NHj are at 3336
and 3414 cm~! [30] which is in fair agreement with
the additional absorptions found in cuprammine
exchanged heulandite. The v4 (NH;3) absorption is
expected at 1627 cm™! [29] and is thus completely
overlapping with v, (H,O) at 1635 cm™.

4. Discussion
In an attempt to produce a completely Cu’*

exchanged heulandite from a Na-exchanged pre-
cursor phase, we succeeded in replacing all extra-

framework Na. However, chemical analyses and
single-crystal structure refinement showed that
charge balance was not exclusively obtained by the
substitution Cu’" — 2Na" because significantly
less Cu>* was found in the exchanged products.
For exchange experiments using copper acetate
solution of pH = 6 we speculate that charge bal-
ance was obtained by incorporation of 3.5Cu*" +
1.6H;0" — 8.6Na™. If cuprammine solution (pH=
11) was applied the exchange reaction may be
written 2.5Cu** 4+3.6NH; —8.6Na'. The pres-
ence of NH; in addition to NH;, complexing
Cu’*, was confirmed by IR spectroscopy. Cu’*
either coordinated by NH; or by H,O strongly
prefers extra-framework sites either in the A or in
the B channel. Those positions are not bonded to
framework oxygen sites. Godelitsas et al. [19], also
using copper acetate solution for HEU exchange
experiments, did not obtain complete replacement
of Na. Using spectroscopic and bulk analytical
methods they showed that Cu?* is incorporated
into heulandite via ion exchange. Furthermore,
treatment of CuHEU with diethyldithiocarbamato
ligands (Et,dtc™) and subsequent analyses by
various spectroscopic methods disclosed the for-
mation of a Cu’*—Et,dtc complex supported on
the surface of the coarse crystalline heulandite
substrate. These results raise the question whether
the Cu?*-doped synthetic clinoptilolites by Zhao
et al. [20] were Cu’* ion exchanged only on the
surface or whether Cu?* also penetrated into
the structural voids. Zhao et al. [20] suggested on
the basis of Cu?* ESR and electron spin echo
modulation spectroscopy that different sites are
preferred by Cu?* depending on the extra-frame-
work co-cation. Furthermore, only partial hydra-
tion of Cu®* was suggested. These results are not
in agreement with the strongly Cu?* exchanged
samples investigated in this study. Based on our
results two interpretations are suggested: (1) Short
time Cu’** doping of clinoptilolite leads to Cu**
surface adsorption where Cu’>* bonds to frame-
work oxygen and to H,0. (2) In the presence of
high concentrations of extra-framework co-cations
(H, Na, K, Li) Cu?>" exhibits a different behavior
and nestles either on less favorable cavity positions
which were not already occupied by the dominant
co-cations or the co-cations and their hydration
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sphere provide suitable gaps to be occupied by
Cu?*. Zhao et al. [20] have chosen a Cu** doped
sample since at higher copper-exchange levels spin-
exchange interactions between paramagnetic ions
makes it impossible to resolve the spectra of
complexed and uncomplexed copper ions [27]. We
may learn from a comparison of these results with
our own data that the bonding behavior of trace
concentrations are not transferable to highly ex-
changed samples.

Additional interesting insight is obtained by a
comparison of the compositions of the cup-
rammine exchanged clinoptilolite by Barrer and
Townsend [21] and our corresponding heulandite
sample. Both samples exhibit very similar Cu?*
concentrations although the clinoptilolite [21] had
6 Al pfu in the framework, whereas our heulandite
had 8.6 Al pfu. This may indicate that the in-
creased Al content in heulandite is balanced by
NH; which develops hydrogen bonds to frame-
work oxygen adjacent to Al sites [8], whereas
clinoptilolite with low Al, and also with less or-
dered Al, is more selective for NH;-complexed
Cu?* without bonds to the tetrahedral framework.
Thus the selectivity depends on both the Al con-
centration and its arrangement.

X-ray structure analysis of strongly exchanged
samples has the advantage that this technique is
“blind” for surface adsorptions and only resolves
positions displaying a certain degree of transla-
tional order. Furthermore, multiple extra-frame-
work positions can be located allowing for direct
determination of their coordination, whereas in
many spectroscopic techniques individual sites can
either not be resolved or not unambiguously be
attributed to a structural position. E.g., the average
octahedral Cu-O distance of 1.88(2) A extracted
from EXAFS experiments [19] is rather short for
mainly Cu’*-H,O interactions. Our diffraction
results indicate ~2.0 A for octahedral Cu centered
in the A channel. In addition, we have also located
fourfold coordinated Cu?t in the B channel, thus
the EXAFS results must be considered an average
over various sites of different coordinations.

However, there is also a strong disadvantage of
the diffraction technique, in particular for the
study of partially occupied extra-framework ca-
tion sites, characteristic of most zeolites with

strongly disordered Si, Al distribution in the
framework. A low occupied extra-framework ca-
tion site associated with a low occupied H,O po-
sition does not necessarily mean that these sites
bond to each other. It could also be that one site is
only occupied if the other position is vacant and
vice versa. In this case the interpretation is guided
by an appropriate bonding distance and correlated
occupancies of both sites.

This study also demonstrates the importance of
investigations on zeolites with different degree of
exchange (trace amounts versus dominant substi-
tution) and emphasizes the necessity of analytical
techniques which allow distinction between ad-
sorption on the surface and incorporation into the
structural channel or cavity system.

Both structure refinements in this study were
performed in space group C2/m agreeing with the
topological symmetry of the tetrahedral HEU
framework and indicating strong Si, Al disorder.
Previous exchange studies, using the same type of
NaHEU precursor material, yielded after incor-
poration of Pb?* [11], Cd** [12], and Cs* [7] lower
diffraction symmetry, either Cm [11,12] or CI [7],
also reflected in increased Si, Al order within
the framework. Thus the symmetry resolution of
the diffraction experiments mainly depends on the
X-ray scattering power of the extra-framework
occupants and on the main extra-framework po-
sitions of the strongly scattering occupants. In
heulandite Cu®** prefers a position in the A chan-
nel of local 2/m symmetry thus this symmetric
arrangement does not allow to resolve lowering
from average C2/m symmetry. However, there is
no doubt that there is substantial short range Si,
Al order as discussed by Kato et al. [31] based on
modeling of ¥Si MSA NMR spectra. Further-
more, Akizuki et al. [32] found within one
macroscopic ‘“‘crystal” of heulandite domains of
triclinic and monoclinic symmetry differing from
growth sector to growth sector. In other words,
each macroscopic heulandite crystal is composed
of various polymorphs, distinct by different Si, Al
ordering patterns, intergrown in a twin-like rela-
tionship [5]. This means that the diffraction ex-
periment is only able to determine the space- (and
time) averaged symmetry of a heulandite “crys-
tal”.
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