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Crystal structure of Ag” exchanged ETS-4 at room temperature and 150 K
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Single crystals of microporous titanosilicate Na-K-ETS-4 are synthesized and exchanged to Ag" form. Crystal
structures of the as-synthesized and ion exchanged samples are analyzed by single crystal X-ray diffraction at room
temperature and 150K. The material characterization is supplemented by SEM, DTA/TG-DTA, and powder XRD.
Our studies show that Na* and K* ions are completely removed from the ETS-4 structure during the ion exchange pro-
cedure and the framework charge is almost entirely compensated by Ag" ions. The occurring structural deformations
upon the applied ion exchange have been thoroughly analyzed. The low temperature measurements ensure precise
determination of atomic positions and minimize the effects of atomic thermal vibration and positional disorder.
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INTRODUCTION

ETS-4 (Engelhard titanium silicate-4) is a mixed
tetrahedral-octahedral molecular sieve synthesized
for the first time in 1990 [1]. Based on ¥Si MAS
NMR analyses and powder XRD data it was as-
sumed that ETS-4 structure is related to that of the
mineral zorite [1-4]. Later on, many authors per-
formed studies on ETS-4 structure in order to clarify
the tetrahedral-octahedral arrangement of its “high-
ly faulted framework™ [5—7]. The conventional ex-
planation of the ETS-4 structure was proposed by
Braunbarth et al. in 2000 who described the frame-
work as a superposition of four hypothetical poly-
morphs differing in the arrangement of the bridging
units [6]. The first single crystal structure solvation
was reported by Nair et al. in 2001 [7]. The com-
mon understanding for the ETS-4 structure is that it
exhibits three-dimensional microporous framework
built of silicon tetrahedra and titanium octahedra and
semioctahedra. Within the framework there are three
types of channels: 6- and 8-membered ones running
parallel to b axis and 7-membered one along ¢ axis.
It is interesting to note that each of the suggested
theoretical polymorphs allows the existence of ad-
ditional unbroken channels running along ¢ axis
built up of 12-membered rings. Unfortunately, the
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superposition of the polymorphs within the structure
precludes the formation of these potentially very in-
teresting channels. The search of appropriate syn-
thetic conditions for obtaining singular polymorphs
still goes on. Anyway, the ETS-4 materials suppose
good ion exchange properties, which have been ex-
tensively studied by many authors [8—17]. While
the exchange capacity of monovalent Li", Na*, K*,
Cs* and Ag" has been reported there is still lack of
information concerning the positions of these ions
within the ETS-4 channels [12—15]. Recently, we
published results on the structural characterization
of Cs*exchanged ETS-4 and the elastic behavior of
the structure under ion exchange and low tempera-
ture conditions [16, 17].

Here we present results on the structure solution
of Ag" exchanged ETS-4 and compare the flex-
ibility of the framework before and after the ion
exchange. Crystal structures of the as-synthesized
and ion exchanged samples were analyzed by single
crystal X-ray diffraction at room temperature (RT)
and low temperature (LT) conditions. The material
characterization has been performed by SEM, DTA/
TG-DTA, and powder XRD.

EXPERIMENTAL

Sample preparation: The Na-K-ETS-4 samples
were synthesized using the procedure described
by Nikolova et all. [16]. In our synthesis, 5 g SiO,
(Aldrich) were added to a solution of 6.3 g NaOH
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and 1 g KOH (Aldrich) in 150 ml distilled water.
Subsequently, 0.5 ml TiCl, (Fluka) hydrolyzed in
40 ml distilled water was added to the above solu-
tion. The mixture was homogenized and transferred
into Teflon-lined stainless autoclave. The crystal-
lization was performed under static conditions at
200 °C for 24 h. The ion exchange was performed
by immersing the as-synthesized ETS-4 in 1 M solu-
tions of AgCl, (Aldrich) for 3 days at 80 °C. Finally,
the samples were washed with distilled water and
dried at room temperature.

SEM analysis of the single crystal samples
was performed using a JEOL JSM 6390 scanning
electron microscope. The technique was equipped
with Oxford INCA Energy 350 — EDS. The device
was connected to INCA Energy software for data
processing. The data were collected at accelerating
voltage 20kV and been current of 65 nA. 30 s of
integration time were used to perform EDS analysis
on single crystals of as-synthesized NaK ETS-4 and
the Ag exchanged ETS-4 samples.

DTA/TG experiments were conducted by Setsys
Evolution apparatus (SETERAM, France) in
the temperature range from room temperature to
550 °C, in air environment. The rate of heating was
10 °C min™!, and the weight of the measured sam-
ples was 10 mg.

Powder XRD experiments were carried on a dif-
fractometer D2 PHASER AXS - Bruker, equipped
with Bragg-Brentano horizontal goniometer (20)
and scintillation counter using Ni-filtred CuKa ra-
diation (A = 1.5406 A). The data were recorded at
room temperature in the interval of 4-55° 20 with a
step at of 0.05 26 and scanning time Is.

Single-crystal X-ray diffraction data were col-
lected for the as-synthesized Na-K-ETS-4 and
Ag" exchanged samples. The same crystals were
used for the RT and LT experiments. Data collec-
tions were performed by w-scan technique on an
Agilent Diffraction SuperNova Dual four-circle
diffractometer equipped with Atlas CCD detector
using mirror-monochromatized MoKa radiation
from micro-focus source (A =0.7107 A). During the
LT data collection the samples were kept at 150K
with an Oxford Instruments Cobra controller device
and in nitrogen atmosphere. The determination of
unit cell parameters, data integration, scaling and
absorption corrections were carried out using the
CrysAlis Pro program package [18]. The structures
were solved by direct methods (SHELXS-97/2013)
[19] and refined by full-matrix least-square proce-
dures on F? (SHELXL-97/2013) [19]. The struc-
ture visualization was performed by Crystal Maker
(version 2.6.2, SN2080) [20]. Further details of
the crystal structure investigation may be ob-
tained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax:
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(+49)7247 808 666; e-mail: crysdata@fiz-karlsruhe.
de, http://www.fizkarlsruhe.de/request for deposit-
ed data.html on quoting the CSD-429019, 429026,
429027 and 429028. The structural data obtained at
room and low temperature measurements and the
structure refinement indicators for the studied com-
pounds are presented in Table 1.

STRUCTURE SOLUTION

The crystal structures have been solved in an or-
thorhombic space group Cmmm and refined using
similar procedure for all studied samples. Each of
the Si and Ti atoms occupies two crystallographic
positions marked as Sil, Si2 and Til and Ti2, re-
spectively. The superposition Cmmm model sug-
gests that the framework atoms positions are of two
types. First one belongs to the non-bridging units
and should be refined as a fully occupied (in our
structures Sil, Til and the adjacent O atoms). The
second type is of the bridging unit and should be
refined with %2 occupancy (Si2, Ti2 and the adjacent
O atoms). In addition, the Ti2 atom could lie on the
(001) mirror plane and in that case will have exactly
Y occupancy. If Ti2 is slightly outside of the (001)
mirror plane, as it has been reported by Nair et al.
[7], its position and that of the corresponding oxygen
atoms should be refined as % occupied. Following
the described conditions, first the atomic positions
of the framework atoms with isotropic displacement
parameters have been refined. Concerning the Ti2
position, both of the possible arrangements have
been observed. In the as synthesized Na-K ETS-4
sample Ti2 lies at a distance of 0.06A apart from the
mirror plane, while in the Ag exchanged sample Ti2
is exactly on the mirror plane. That is why the Ti2
occupancy has been fixed as % in the Na-K ETS-4
sample and 2 in the Ag ETS-4 one. After the refine-
ment of the framework atoms the positions of com-
pensating ions and water oxygens have been found
from difference Fourier maps. Their occupancies
have been refined simultaneously with the atomic
coordinates and isotropic displacement parameters.
Subsequently, a refinement of the anisotropic dis-
placement parameters has been performed. The ex-
perimental data do not allow anisotropic refinement
for all of the atoms. This is because of the disparity
between the number of measurable intensities and
the number of refinement parameters, which is due
to the size and quality of the single crystal samples.
For the as-synthesized Na-K-ETS-4 sample the wa-
ter oxygens (021, 022, 023) and O4 oxygen (part
of the framework bridging unit) have been refined
only isotropically at RT while the LT measurement
allows refinement of the anisotropic displacement
parameters for all of the atoms. In the case of Ag”
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Table. 1. Crystal data and structure refinement parameters for Na-K- ETS-4and Ag-ETS-4 samples
measured at different temperature conditions — 290 K (RT) and 150 K (LT)

Samples Na-K-ETS-4 Ag-ETS-4
Temperature (K) 290 | 150 290 | 150
Space group Cmmm Cmmm Cmmm Cmmm
a(A) 23.226(2) 23.2140(18) 23.252(2) 23.235(4)
b (A) 7.2103(9) 7.1932(6) 7.2477(10) 7.2034(9)
c(A) 6.9610(8) 6.9584(6) 6.9169(9) 6.9153(9)
V (A% 1165.7(2) 1161.93(17) 1165.6(2) 1157.4(3)
Z 1 1 1 1

Dx [Mg m~] 2.201 2.208 2.832 2.821
p[mm] 1.381 1.404 3.634 3.587
Tmin-Tmax 0.1928/1 0.8942/1 0.716/1 0.5499/1
measured reflections 2614 2673 1639 1979
independent reflections 847 844 599 635
parameters 78 88 83 85
reflections with /> 2o(/) 554 634 429 447
Omin—Omax 2.926/29.216 2.927/29.521 3.419/26.434 3.421/24.964
F000 759 759 943 933.4

T (K) 290 150 290 150

R [F*> 20(F?)] 0.0772 0.0584 0.0746 0.0876
wR (F?) 0.2019 0.1575 0.216 0.254
Rint 0.104 0.0539 0.0755 0.0805

S 1.085 1.113 1.073 1.298

exchanged sample water oxygens has been refined
isotropically only for both the RT and LT experi-
ments. The two very close to each other positions of
water oxygens (023 and O24) at RT conditions turn
into one position at LT conditions. The chemical
composition of the studied samples obtained after
the structure refinement are presented in Table 2.
The bond distances within the framework and the
compensating cation coordination environment are
summarized in Table 3 and Table 4, respectively.

RESULT AND DISCUSSION

The EDS analysis shows lower Si/Ti ratio than
the expected one for the model framework (12/5).
The Si deficiency differs from crystal to crystal and
is found to be up to 10% for some of the exchanged

samples. This is most likely due to the highly disor-
dered framework of ETS-4. It should be noted that
our analyses show chemical composition of isolated
single crystals, while the published till now chemi-
cal compositions are based on ICP analyses of pow-
der samples. For simplification of the structure re-
finement we use the ideal Si/Ti ratio of 12/5.

DTA /TG analysis were used for determination
of the type and quantity of the water molecules. The
results show three types of water molecules for the
studied samples — one physisorption and two crys-
tallization ones. The Ag™ exchanged ETS-4 sample
contains one water molecule less than the as-syn-
thesized one.

Powder XRD analyses of the samples after
DTA-TG analyses confirm that the ETS-4 struc-
ture has completely been destroyed upon heating
it to 350 °C.

Table. 2. Chemical composition of Na-K- ETS-4 and Ag-ETS-4 samples calculated after the structure

refinement
Sample Data from structure refinement Data from structure refinement
P at 290 K (RT) at 150 K (LT)
Na-K-ETS-4 —as Naj K 7,H, 3651, TisO5 (OH) Nay (K96 Hy 3351, Tis O3 (OH)
synthesized x11.28 H,O x 11.04 H,O
Ag-ETS-4 —ion AgsH; 1581,Ti04, (OH) Ag 5o Hy 3,81, Ti;05(OH)
exchanged x9.92 H,0 x 9.55 H,0
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Table 3. Framework interatomic distances (A) for Na-K- ETS-4 and Ag- ETS-4 samples

Bond length Na-K-ETS-4 Na-K-ETS-4 Ag-ETS-4 Ag-ETS-4
290 K (RT) 150 K(LT) 290 K (RT) 150 K(LT)
Si1-01 1.615(2) 1.615(19) 1.612(3) 1.6110(3)
Si1-02(x2) 1.607(4) 1.610(3) 1.596(6) 1.603(7)
Si1-03 1.644(6) 1.643(4) 1.620(8) 1.613(10)
Si2-03(x2) 1.656(6) 1.656(4) 1.649(9) 1.654(10)
Si2-04 1.635(4) 1.636(3) 1.627(5) 1.608(7)
Si2-05 1.621(13) 1.611(10) 1.57(3) 1.62(3)
Mean Si-O 1.63(6) 1.63(7) 1.61(6) 1.62(7)
Ti1-02(x4) 1.965(4) 1.963(3) 1.964(6) 1.9587(7)
Til-06(x2) 1.935(3) 1.931(2) 1.943(4) 1.925(5)
Ti2-05(x4) 1.964(11) 1.958(9) 1.93(2) 1.87(3)
Ti2-07 1.69(4) 1.703) 2.01(4)(x4) 2.05(5)(x4)
2.47(4) 2.46(3)
Mean Ti-O 2.00(5) 2.00(4) 1.96(4) 1.95(5)
Table 4. Selected bond lengths (A) for Na-K-ETS-4 and Ag-ETS-4 samples
Distance Distance Distance Distance
Na-K-ETS-4 290 K (RT) 150 K (LT) Ag-ETS-4 290 K (RT) 150 K (LT)
Nal — 021(x2) 2.429(13) 2.423(11) Agl — 022 2.59(9) 2.38(3)
Nal — O1(x2) 2.859(6) 2.862(5) Agl — 024 2.13(5) -
Nal — 02(x4) 2.495(4) 2.490(3) Agl — 02(x2) 2.669(6)(x1) 2.661(7)
Agl — 05(x2) 2.68(2)(x1) 2.62(19)
Na2/K — 021(x2) 2.539(14) 2.576(12) Agl — 06 2.40(10) 2.380(13)
Na2/K — 022(x2) 2.46(2) 2.447(17) Agl —07 2.61(4) 2.55(5)
Na2/K — 02(x2) 2.626(6) 2.619(5)
Na2/K — 05(x2) 2.693(14) 2.682(11) Ag2 - 022 2.60(9) 2.89(5)
Na2/K — 06 2.479(11) 2.472(8) Ag2 -024 2.24(14) -
Ag2-01 2.872(9) 2.857(10)
Ag2 — 02(x4) 2.419(7)(x2) 2.393(7)
2.656(6)(x2) 2.635(7)
Ag3 — 02(x2) 2.526(12) 2.520(9)
Ag3 — 06 2.523(25) 2.569(16)

IMPACT OF THE ION EXCHANGE
AND LOW TEMPERATURE CONDITIONS
ON FRAMEWORK

The elastic properties of ETS-4 structure are
manifested by the variations of the unit cell parame-
ters upon ion exchange and upon applying low tem-
perature conditions. The structural parameters of
the studied compounds are compared with the pre-
viously reported results for Cs" exchanged ETS-4
in order to check how the ionic radii and amount of
the compensating ions influence the elasticity [17]
(Table 5). The results show that in contrast to Cs*
the Ag" exchange does not cause increase of the
unit cell volume of ETS-4, most probably because
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of the smaller size of Ag* cations ( ionic radius of
Cs" — 1.85A and Ag* — 1.22A). The LT conditions
cause structure contraction being more pronounced
for the ion exchanged forms than for the as-synthe-
sized one. The framework topology remains stable
and only some of the atomic positions are slightly
shifted in order to adapt the topology to the temper-
ature conditions (Table 3.) It should be noted that
the position of the Ti2 atom remains the same at RT
and LT conditions for both of the studied samples.
Such a behavior was reported for Mg?" and Cs* ex-
changed forms, but not for the Ba>* exchanged one,
where LT conditions shift the Ti2 atom from outside
the mirror plane to exactly the plane itself [16, 17].
It will be interesting to provide more detailed study
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Table 5. Unit cell parameters (A) and volume (A?) of Na-K-ETS-4, Ag-ETS-4 and Cs-ETS-4 [ ] samples

Sampl Ionic radii of charge Unit cell parameters Unit cell parameters Volume Volume
ple compensating ion [A] 290 K (RT) 150 K (LT) 290 K (RT) 150 K (LT)

NaK- a=23.226(2) a=23.214(9)

ETS-4 1.12/1.38 b=7.210(9) b=7.193(6) 1165.7(2) 1161.9(8)
c=6.961(8) ¢ =6.958(6)
a=23.252(2) a=23.235(4)

Ag-ETS-4 1.22 b=7.247(9) b=7.203(9) 1165.6(2) 1157.4(3)
c=6.9169(9) ¢c=06.91509)
a=23.214(10) a=23.123(2)

Cs-ETS-4 1.85 b=7.258(2) b=7.213(4) 1169.6(7) 1156.9(2)
c=6.9416(19) ¢=6.930(3)

on how the ion exchange and different temperature
or pressure conditions influence the Ti2 position in
the structure, because exactly the Ti2 position was
one of the reasons for Nair et al. to propose five co-
ordinated environment of this atom [7]. According
to our results the Ti2 position is more appropriate to
expect both five and six coordinated titanium in the

bridging part. Moreover, the refinement of the O7
position (oxygen connected only to Ti2 atom) oc-
cupancy indicates that almost half of the Ti2 atoms
should be six coordinated.

The framework structure of ETS-4 is presented
on Figure 1. The channel systems are built by 6-, 7-
and 8-membered rings and are marked as A1 (mixed

Fig. 1. Model of ETS-4 framework showing the channel systems: a) in direction [010] and b) in direction [001]. The
six, seven and eight-membered ring channels are marked as A1, A2, and A3, respectively. The TilO, and SilO, poly-
hedrons are dark grey colored. The Ti2O, and Si20, bridging units are light grey colored.
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terahedra-octahedra 6-membered rings), A2 (mixed
tetrahedra-octahedra-semioctahedra 7-membered
rings) and A3 (8-membered rings only tetrahedra),
respectively. The structure refinement of the Ag*
exchanged form shows that all of the Na™ and K*
ions are released from the structure during the ion
exchange procedure. This is also confirmed by the
chemical composition based on EDS analysis. The
framework charge is entirely compensated by Ag*
ions, which occupy three crystallographically non-
equivalent positions — one within Al channel and
two within the A2 one. Refinement of the occupan-
cy of the exchangeable cations positions shows that
the Ag” ions in Al channel are less than the released
Na* ions, while Ag* ions in A2 channel have almost
the same quantity as the sum of K™ and Na* ions
released during the ion exchange procedure. The A3
channel is occupied only by water molecules simi-
larly to the as-synthesized sample. The coordination
spheres of the charge compensating ions are built of
framework oxygens and water molecules (Table 3).
The polyhedra within the ion exchanged sample are
more irregular and distorted comparing to those in
the as-synthesized sample.

CONCLUSIONS

The crystal structure of Ag* exchanged ETS-4
was solved using RT and LT single crystal diffrac-
tion data. The structure refinement showed that all
of'the Na" and K" ions are released from the ETS-4
structure during the Ag" ion exchange procedure
and the framework charge is almost entirely com-
pensated by Ag" ions. The Ag" exchange does
not cause changes of the unit cell parameters of
ETS-4. The LT conditions on the other side causes
structure contraction of higher degree compared to
that of the as- synthesized ETS-4 and the structure
deformation affects mainly the bridging units of
the framework.
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KPUCTAJIHA CTPYKTYPA HA Ag" IOHOOBMEHEHU
MOHOKPUCTAJIM HA ETS-4 [IPU CTAIHA (290 K)
1 HUCKA (150 K) TEMITEPATYPA

JI. I{etanoBa'*, H. Iletposa', C. ®epnos?, B. Koctos-Kutun', P. Hukonosa

! Unemumym no munepanoaus u kpucmanozpagus, bvaeapcka akademusi Ha Haykume,
Cogus, 1113, Pvreapus
2 Department of Physics, University of Minho, 4800-058 Guimardes, Portugal

[Moctenuna nexkempu, 2014 r.; npuera stuyapu, 2015 r.
(Pestome)

Cunresupan e mukporopect TuraHocuiankar Na-K-ETS-4 BbB Bua Ha MOHOKPHUCTAJIN, KOUTO ca OOMEHEHH ChC
Ag' ionn. KpucrajaHuTe CTpyKTypH Ha U3XOJHATa U HOHHO-OOMeHeHa OpMH ca U3CIIeIBaHH Ype3 MOHOKPHUCTAIHA
penrtrenoBa audpakius npu craitia 290 K u vucka 150 K temneparypa. 3a JOMbJIHUTEIHA XapaKTCPUCTHKA HA U3-
cieaBaHUTE KpUcTanu ca usnonsanu Meroaute: SEM, DTA/TG u npaxosa XRD. U3cnensanero nokassa, ue Na“u
K* ifoHY ca HaIbJIHO 0OMeHeHH 0T Ag” fioHH. MOHOOGMEHBT M HUCKOTEMIIEPATyPHUTE YCIIOBHS BOJAT 10 Ae(hOpMAITHH
B CTPYKTypaTa Ha CKeJieTa, IPOSIBEHO B IPOMSHA Ha MapaMeTpHUTE Ha eJeMEeHTapHaTa KieTka. HuckoremmneparypHute
W3CIIe/IBaHMs MTO3BOJISIBAT MO-TIPEIIM3HO YTOYHSIBAaHE HA aTOMHHTE ITapaMeTpH, MUHUMH3UpaHe Ha epekTa Ha TeMIie-
paTypHUTE TPENTEHUS U MO3UI[OHHATA HETIOIPEICHOCT Ha aTOMHUTE.
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