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bstract

Synthetic zeolite ZSM5 and its copper forms containing N,N-dimethylethylenediamine (dmen) have been investigated by CHN, energy dispersive
pectroscopy (EDS) analysis, X-ray powder diffractometry, X-ray photoelectron spectroscopy and continuous waves hydrogen nuclear magnetic
esonance (CW 1H NMR) spectroscopy. Thermal properties have been studied by methods of thermal analysis—TG, DTA and DTG in the
emperature range 20–1000 ◦C in air atmosphere. Mass spectroscopy method was used for the study of the released gas products of thermal
ecomposition.

The results of thermal analyses of two zeolitic samples Cu-ZSM5 and Cu(dmen)xZSM5 (x depends on the mode of preparation) demonstrated
heir different thermal properties. The main part of the decomposition process of the samples Cu(dmen)xZSM5 occurs at considerably higher

emperatures than the boiling point of dimethylethylenediamine, proving strong bond and irreversibility of dmen–zeolite interaction. According to
he results of mass spectroscopy the decomposition process in inert atmosphere is characterized by the development of a large spectrum of products
ith atomic mass from 18 to 447 atomic mass units as a consequence of the catalytic effect of the silicate surface.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The present study of the preparation and characterization
f copper forms of the synthetic zeolite ZSM5 with N,N-
imethylethylenediamine (dmen) content is a continuation of
ur previous study of the organomodified copper forms of
SM5, particularly with a content of organic diamines [1–3].
The copper forms of synthetic zeolites are interesting for their
atalytic properties. It is known from literature that the zeo-
ites with exchangeable cations of transition metals (Fe, Co, Cu

∗ Corresponding author. Tel.: +421 55 234 2339; fax: +421 55 62 22124.
E-mail address: maria.rehakova@upjs.sk (M. Reháková).
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nd Rh) in many kinds of matrices (ZSM5, ZSM11, mordenit,
SY and ferrierit) play an active role at the decomposition of
2O and other oxides of nitrogen [4–7]. The mentioned oxides
elong among atmospheric pollutants, they are often a product
f combustion processes and chemical production too. The
rganomodified copper forms are interesting for their catalytic
roperties too.

In our previous studies [1,2] of copper forms of synthetic
eolite ZSM5 containing ethylenediamine (en) the methods of
hermal analysis—TG, DTA, DTG, X-ray photoelectron spec-

roscopy and NMR spectroscopy significantly contributed to the
haracterization of the zeolitic materials. Ethylenediamine in
opper forms of synthetic zeolite ZSM5 was connected to Cu(II)
ons by coordinative bonds. The main part of the decomposition

mailto:maria.rehakova@upjs.sk
dx.doi.org/10.1016/j.tca.2006.10.010
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rocess of the products Cu(en)xZSM5 was at the temperatures
emarkably higher than the boiling point of ethylenediamine.
he presence of ethylenediamine changed the original properties
f Cu-ZSM5 which changes were influenced by the ethylenedi-
mine content and also by the mode of preparation. The main
eaction of copper form of the synthetic zeolite ZSM5 and
thylenediamine [1,2] gives rise to a complex cation [Cu(en)x]2+,
hich is a proces similar to the processes in some other synthetic

eolites and clay minerals [8,9].
Our previous knowledge about how the mode of prepara-

ion influences the chemical composition and thermal properties
f the coordination complexes with organic ligands (mainly
thylenediamine) [10–12] was also used at the synthesis of our
ecent zeolitic products with dimethylethylenediamine.

The methods of thermal analysis significantly contributed to
he characterization of zeolitic [2,13–17] and other aluminosili-
ate materials [18,19].

The aim of our present study was the preparation of cop-
er form of synthetic zeolite ZSM5 with N,N-dimethyle-
hylenediamine and its characterization by the CHN, EDX
nalyses, X-ray photoelectron spectroscopy, CW 1H NMR spec-
roscopy and X-ray powder diffractometry. The thermochemical
roperties were studied by using the thermal analysis—TG,
TA, DTG and the released gas products of thermal decom-
osition by the mass spectroscopy.

. Experimental

.1. Chemicals and materials

In our study we have used a synthetic zeolite ZSM5 (Slov-
aft a.s. Bratislava) with the chemical composition (without
ater): xNa2O·xAl2O3·ySiO2 (x = 0.8 ± 0.15, y = 20–45). ZSM5
as thermally activated for 3–4 h by heating at continuously

ncreasing temperature in the range from 150 to 400 ◦C (1 h at
00 ◦C).

Copper sulphate, dimethylethylenediamine and other chemi-
als were of p.a. purity (MERCK).

.1.1. Material preparation

.1.1.1. Cu-ZSM5. The copper form of the synthetic zeolite
SM5 (denoted as Cu-ZSM5) was prepared by ion exchange
tarting from a thermaly activated Na-ZSM5 (10 g) with a
opper sulphate solution (30 mL) with different concentrations
mainly 0.1 M solution of CuSO4) at room temperature. After
h of intensive mixing the heterogeneous mixture was decanted
ith distilled water and centrifuged (the presence of SO4

2−
ons in water after the decanting was checked by a solu-
ion of BaCl2). The zeolitic product was dried at 60–80 ◦C
1].
.1.1.2. Cu-dmen-ZSM5. Cu-ZSM5 (3 g) was mixed with 5 mL
,N-dimethylethylenediamine. The heterogeneous mixture was

eft to stand for 1 h with occasional mixing (at room temperature)
nd then was decanted with distilled water and centrifuged. The
eolitic product was dried at 60–80 ◦C.
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.2. Methods

The CHN elemental analyses were performed on a Perkin-
lmer 2400 Elemental Analyser.

The copper and other elements were determined by the energy
ispersive spectroscopy (EDS) analysis using a TESLA BS 340
canning electron microscope (TESLA ELMI a.s. with a LINK
SIS 300 microanalyser).

The X-ray powder diffraction patterns were recorded with a
hilips PW 1710 Diffractometer using Cu K� radiation.

The X-ray photoelectron spectroscopy was carried out in two
aboratories: in Catania and in Prague.

In Catania the X-ray photoelectron spectra (XPS) were
ecorded with a VG MT 500 Instruments electron spectrome-
er equipped with CLAM II analyser and a twin anode Mg/Al,
sing a Mg K� X-ray source (1253.6 eV). The base pressure of
he instrument was 7 × 10−8 Pa and the operating pressure was
ypically 3 × 10−6 Pa. The X-ray source in the standard condi-
ions was working at 100 W, 10 kV and 10 mA. A pass energy of
00 and 50 eV was used for wide scans and narrow scans, respec-
ively. The take-off angle of electron was 45◦ with respect to
he surface of the sample. The data analysis was accomplished
sing VGX900x (version 6) software. Binding energies were
eferenced to the C 1s level at 285.0 eV.

In Prague the X-ray photoelectron spectra were obtained
ith high resolution electron spectrometer ESCA 310 (Gamma-
ata Scienta, Sweden) equipped with rotating anode of special
HV design. Photoelectrons were excited using monochro-
atized Al K� X-rays (hν = 1486.6 eV), eliminating thus the

remsstrahlung radiation which might cause reduction of Cu2+

pecies. The samples were spread on gold plates which were
ounted on a sample probe by means of tantalum clips. Detailed

pectral scans were taken over the Cu 2p, Si 2p, O 1s, C 1s and
1s spectral regions. The instrument was calibrated so that

he difference between the Au 4f7/2 photoelectron peak and the
ermi level was 84.0 eV. The spectrometer was operated in the
xed analyser transmission mode. The background pressure of

he residual gases during spectral accumulation was typically of
he order of ∼10–7 Pa. The Si 2p binding energy (103.4 eV) was
sed as internal standard in calibration to compensate for static
urface charging of the sample. The XPS measurements were
arried out on the samples in the as-received state. The peak
ositions and areas were determined by fitting the unsmoothed
xperimental data after subtraction of the Shirley [20] back-
round. Quantification of the element surface concentration
atios was accomplished by correcting the integral intensities
f the photoemission peaks for their cross-sections [21] and
ccounting for the dependence of the analyser transmission [22]
nd electron mean free paths on kinetic energy of electrons [23].
ore level binding energies were determined with an accuracy
f ±0.2 eV. The results obtained did not depend on the angle
f electron detection, indicating thus the absence of measurable
urface concentration gradients.
The thermal analyses TG, DTA and DTG were carried out
t temperature up to 1000 ◦C in air on a Derivatograph Q-
500D ASI Budapest under the conditions—sample weight
00 mg, sensitivities: 50 mg, heating rate 10 ◦C/min, reference
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Table 1
Chemical analysis of the product Cu-dmen-ZSM5 according to the results of
EDS (for copper content), CHN (for dmen and H2O content) and TG (for dmen
and H2O content)

Sample Colour Cu (wt.%) dmen (wt.%) H2O (wt.%)

Cu-dmen-ZSM5 Blue-violet 3.8 6.45 3.5–4

Table 2
Surface atomic concentrations of elements calculated from XPS data (relative
to Si) of the product Cu-dmen-ZSM5

Sample Colour Element

Cu O N C

C
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e
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s
towards lower binding energy corresponds to Cu(I). In our pre-
vious study [1] of copper forms of ZSM5 with a higher content
of ethylenediamine we found that with the increasing content
S. Čuvanová et al. / Thermo

aterial Al2O3. Before the thermal analyses the samples were
quilibrated at room temperature for 2 or 3 days at relative
umidity (RH) 53% obtained by using a saturated salt solution
f Mg(NO3)2·6H2O. For a more detailed results about the mass
oss of the samples the TG was recorded also on a thermogravi-

etric analyzer TGA 7 in air atmosphere from 50 to 800 ◦C, the
ample weight 5 mg, heating rate was 10 ◦C/min.

The released gas products during the thermal decomposition
ere investigated by the mass spectroscopy methods. The mass
etector for the measurements was a VG Instrument, typ Trio
000 linked to Perkin-Elmer automated thermal desorption sys-
em. The conditions of measurements: mass of sample, 10 mg;
eating rate, 20 ◦C/min; carrier gas, helium; temperature of MS
etector, 220 ◦C.

The continuous waves hydrogen nuclear magnetic resonance
CW 1H NMR) spectra were recorded at room temperature
y the CW 1H NMR spectrometer designed at the Depart-
ent of Physics, Technical University in Košice, with frequency

0.545 MHz. The derivative recordings were averaged out of 16
ccumulated repetitions [24].

. Results and discussion

The copper form of synthetic zeolite ZSM5 was pre-
ared by an ion exchange starting from Na-ZSM5 with a
opper sulphate solution. The reaction of Cu-ZSM5 with N,N-
imethylethylenediamine gave a blue-violet zeolitic product
enoted as Cu-(dmen)x-ZSM5. By different preparation tech-
iques different modified zeolitic compounds were obtained
1,2,25]. The content of copper and dmen as well as the ther-
al and other properties of the obtained zeolitic products were

onsiderably influenced by the conditions of their synthesis.
ur attention was focussed to the copper form of ZSM5 which
as prepared as described in Section 2.1.1. with 0.1 M CuSO4

olution.
The copper form of the synthetic zeolite ZSM5 with

imethylethylenediamine as well as the starting sample Cu-
SM5 were analyzed by the CHN, EDS, X-ray powder
iffractometry, X-ray photoelectron spectroscopy, CW 1H NMR
nd thermal analyses—TG, DTG and DTA. The released gas
roducts of the thermal decomposition were investigated by the
ass spectroscopy.
It is known from the literature [26], that zeolites with large

pen frameworks are also able to reversibly intercalate salts as
eutral ion pairs into the intracrystalline cavities. During the
reparation of Cu-ZSM5 it is necessary to wash out the CuSO4
rom the zeolitic channel thoroughly. In cases, where a part of the
uSO4 was not thoroughly washed out from the channels, the
PS analysis confirmed the presence of sulphur. But after adding
imethylethylenediamine, the CuSO4 was washed out from the
hannels very easily in the form of a dark-blue solution of the
oordinate salt (copper cations form coordination complexes
ith dmen).

The presence of copper in both products Cu-ZSM5 and Cu-

men-ZSM5 was confirmed by the EDS and XPS analyses. The
esults of the CHN analyses as well as of XPS and thermal
nalyses checked the presence of dimethylethylenediamine in

F
C

u-dmen-ZSM5 Blue-violet 0.02 1.89 0.06 0.17

he product Cu-dmen-ZSM5. The molar ratio of Cu:dmen for
u-dmen-ZSM5 was 1:1.22. According to the CHN analyses

he content of dmen in Cu-dmen-ZSM5 was 6.45 wt.% (Table 1).
he results of the CHN analyses were in a good agreement with

he results of the TG.
The surface atomic concentration of copper and other ele-

ents of Cu-dmen-ZSM5 calculated from the XPS data (relative
o Si = 1) is listed in Table 2. The measured core level binding
nergies for this product are summarized in Table 3. The bind-
ng energy of Cu 2p3/2 electrons obtained for samples Cu-ZSM5,
34.5 eV is characteristic for divalent, paramagnetic Cu2+ ions.
he intense satellite structure in the spectra of Cu 2p elec-

rons (Fig. 1) is consistent with this conclusion. For the sample
u-dmen-ZSM5 two components in the spectrum of Cu 2p3/2
lectrons were observed with binding energies equal to 934.7
nd 933.4 eV. The component with higher binding energy corre-
ponds to Cu(II) and the second one which is shifted by 1.3 eV
ig. 1. Photoelectron spectra of Cu 2p3/2 electrons of the sample Cu-ZSM5 and
u-dmen-ZSM5.
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Table 3
Binding energies of core level electrons, widths of the measured lines at half-height (in parentheses)

Sample Line

Si (2p) Cu (2p) O (1s) N (1s) C (1s)

Cu (2p3/2) Sat

C .5 (4.0) 532.7 (2.5) – 284.9 (2.8), 288.5 (2.8)
C II) 943.6 (4.0) 532.9 (2.5) 400.4 (2.7), 402.4 (2.7) 285.1 (2.7), 286.5 (2.7)
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u-ZSM5 103.4 (2.5) 934.5 (4.0) 943
u-dmen-ZSM5 103.4 (2.4) Cu(II) 934.7 (3.7), Cu(I) 933.4 (2.3) Cu(

ll values are in eV.

f ethylenediamine in the samples prepared by various prepara-
ion modes the binding energy of Cu 2p3/2 electrons was shifted
ownwards by 1.1 eV in comparison with the Cu-ZSM5. The
ntensity of the “shake-up” satellites was significantly lower
ompared to the samples Cu-en-ZSM5 with a low content of
n and to the sample Cu-ZSM5, showing thus the lower spin
ensity on Cu atoms.

The sample Cu-dmen-ZSM5 was analyzed by XPS method
lso after the thermal analysis up to 950 ◦C. The binding
nergy of Cu 2p3/2 electrons measured for the ash of the sam-
le Cu-dmen-ZSM5 is 933.5 eV (full width at half-maximum,
WHM = 2.4 eV) which is consistent with presence of Cu(I).
The X-ray powder diffraction patterns of Cu-dmen-ZSM5
nd Cu-ZSM5 are similar except for some minor amplitude
ariations (Fig. 2). The zeolitic structure is dominant. In Fig. 2
e can see some differences of the intensity of peaks in the range

ig. 2. X-ray powder diffraction patterns of the sample Cu-ZSM5 and Cu-dmen-
SM5.

Fig. 3. DTA and TG curves of Cu-dmen-ZSM5 (before thermal analysis the
sample was equilibrated at room temperature for 2 or 3 days at RH 53%).

Fig. 4. TG curves of the sample Cu-ZSM5 and Cu-dmen-ZSM5.
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rom 5◦ to 10◦ 2θ and also from 20◦ to 28◦ 2θ. The broad peak,
edium strong at 2θ = 26.5◦, corresponding to d = 3.35–3.36 Å,
ay be due to the strongest of few characteristic SiO2 signals.
imethylethylenediamine itself does not give any diffraction

haracteristics and is thus distributed in the zeolitic channels.
he results of X-ray powder diffraction patterns of Cu-dmen-
SM5 are similar to the results of X-ray powder diffraction
atterns of copper form of ZSM5 containing ethylenediamine
Cu-en-ZSM5) [1].

The results of the thermal analyses (Figs. 3 and 4) and XPS
learly show different properties of the two solids Cu-ZSM5 and
u-dmen-ZSM5. The products containing dimethylethylenedi-
mine have different DTA curve in comparison with Cu-ZSM5
which was already presented in refs. [1,2]). On the DTA curve
f the product Cu-dmen-ZSM5 (Fig. 3) we can see a strong
ouble exothermic peak (unlike the DTA curve of Cu-ZSM5
hich is without it [1,2]) with the maximum at 500 ◦C and
ith a clear loss of mass on the TG curve. Fig. 4 presents a
ore detailed comparison of the mass loss of Cu-ZSM5 and
u-dmen-ZSM5. Both the products contain water, the water

ontent depends on the relative humidity of the surrounding.
he mass loss on the TG curve of Cu-ZSM5 corresponds to
bout 6–10 wt.% of water. At the RH 53% the water content was
0% (Fig. 3). In the sample Cu-dmen-ZSM5 the water content is

ig. 5. Total ion current during dynamic heating of the sample Cu-dmen-ZSM5
repared with 0.1 M solution of CuSO4 (a) and with 1 M solution of CuSO4 (b)
arried out by combination of thermal analysis and mass spectroscopy in inert
tmosphere in temperature range from 25 to 600 ◦C.
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ower (3–4%). The main part of the decomposition process of the
roduct Cu-dmen-ZSM5 is at remarkably higher temperatures
han the boiling point of dimethylethylenediamine (116 ◦C). It
rovides evidence in favour of “strong” bond and irreversibility
f the dmen–zeolite interaction.

To obtain more information about the thermal decomposition
f the “dmen–zeolite complex” the pyrolysis gas products of the
ample Cu-dmen-ZSM5 were studied by the mass spectroscopy
n inert atmosphere (in helium). The study of the decompo-
ition gas products in the inert atmosphere corresponds with
he DTA and TG results in air. The decomposition process can
e documented by the curve of the total ion current on the
ass detector versus sample temperature (Fig. 5) and by the

otal mass spectrum of the substances released during the whole
ecomposition process (Fig. 6). In Fig. 5 there are two curves
f two products Cu-dmen-ZSM5 prepared with different mode
f preparation. The first product is prepared with 0.1 M CuSO4
olution (Fig. 5a) and the second one (Fig. 5b) with 1 M CuSO4
olution. In the temperature range from 25 up to 200 ◦C (Fig. 6a)
he results of the mass spectroscopy confirmed released water,
ut also a beginning of the decomposition of the organic ligand.

he spectrum of the released products (Fig. 6a and b) is large
nd includes substances developed by the decomposition of the
imethylethylenediamine as well as by their following conden-

ig. 6. The mass spectrum of ions releasing during dynamic heating of the
ample Cu-dmen-ZSM5 (prepared with 0.1 M solution of CuSO4) in inert atmo-
phere in temperature range from 25 to 200 ◦C (a) and from 200 ◦C (b).
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Fig. 7. The derivative CW 1H NMR spectra of the products Cu-Z

ation and polymerization. The releasing of the components
ith the molar masses higher than the mass of the primarily
resent components (molar mass of H2O is 18.015 g/mol and of
imethylethylenediamine is 88.15) documents a complex mech-
nism of the decomposition process, which process involves
he condensation and polymerization of the primarily releasing
roducts. It is assumed to be a consequence of the catalytic effect
f the silicate surface.

The 1H NMR spectra of the products Cu-ZSM5 and Cu-
men-ZSM5 prepared by using 0.1 M solution of CuSO4 are in
ig. 7. In Cu-ZSM5 the NMR signal arises from the resonating
rotons of the water molecules that occupy various sites in the
SM5 channels while in the sample Cu-dmen-ZSM5 it arises

rom resonating protons of both the water molecules and the
men molecules. Their separation is not possible within the CW
H NMR experiment. However, by using the method of second
oment some conclusions about the state of the dmen molecules

an be made.The parameter second moment M2 can be calcu-
ated from an experimentally obtained 1H NMR line by using

formula [27]. The calculation gives the values M2 = 4.60 G2

or Cu-ZSM5 and M2 = 3.54 G2 for Cu-dmen-ZSM5. The sec-
nd moment represents the contribution of the nearest magnetic
oments in the matter to the local magnetic field in the place of

he resonating nuclei and is generally composed of a diamagnetic
nd a paramagnetic part:

2 = M2d + M2p,

ecause the elementary magnetic dipoles in the matter are either
nduced by the applied magnetic field or they are permanently
resent there. The induced dipoles orient antiparalelly to the
eld, while the permanent dipoles show tendency to turn para-

elly to the field which means that the diamagnetic part may
artly compensate the paramagnetic part.

When the matter contains both diamagnetic and paramag-
etic atoms or molecules and when the diamagnetic molecules
re coordinated in close vicinity of the paramagnetic ones, their
iamagnetic effect partly reduces the local magnetic field in the
lace of the resonating nuclei in the measured sample. So that
he lower value of the second moment in the Cu-dmen-ZSM5

ompared with the Cu-ZSM5 may be explained by the presence
f diamagnetic component in the former in the following way: if
part of the formerly paramagnetic Cu(II) present in the product
u-ZSM5 changed in the process of preparation of the product

t
p
d
f

(a) and Cu-dmen-ZSM5 (b), both measured at room temperature.

u-dmen-ZSM5 to the univalent state Cu(I) that is not param-
gnetic, then the second moment decreases. The similar effect
n the decrease of the second moment may have also the dia-
agnetic dmen molecules in the sample Cu-dmen-ZSM5. This

an explain why the value of M2 of the sample Cu-dmen-ZSM5
ith more resonating hydrogen nuclei is smaller than that of
u-ZSM5.

As far as the NMR linewidths are concerned, their values
etermined as the distance between the peaks of the deriva-
ive recordings of the experimentally observed 1H NMR lines
re: �H = 1.70 G for Cu-ZSM5 and �H = 1.39 G for Cu-dmen-
SM5. It follows from the NMR theory that the linewidths
f the NMR resonance lines are in inverse proportion to the
ydrogen nuclei mobility which fact in our case indicates an
ntensification of the hydrogen nuclei motion in the sample
u-dmen-ZSM5 compared to the sample Cu-ZSM5. The inten-

ification can be caused by the rotation of CH2 and CH3 groups
hat are present in the dmen contained in the Cu-dmen-ZSM5
eolite.

The results of the NMR measurements confirmed the
ifferent properties of two studied products Cu-ZSM5 and Cu-
men-ZSM5.

Further study is now in progress to find out if there is some
ossibility of redox reaction between copper and dmen and if
here occur some changes of the organic ligands.

. Conclusion

The thermal analyses and XPS significantly contributed to the
haracterization of the organomodified copper form of the syn-
hetic zeolite ZSM5 containing dimethylethylenediamine. The

ethods of thermal analysis as well as the study of the released
as products by the mass spectroscopy contributed also to the
xplanation of the interaction of dimethylethylenediamine and
opper forms of synthetic zeolite ZSM5.

The main part of the decomposition process of the product
u-dmen-ZSM5 occurs at the remarkably higher temperatures

han the boiling point of dimethylethylenediamine. It provides
vidence in favour of “strong” bond and irreversible interac-

ion of dmen–zeolite. The decomposition process of the zeolitic
roducts with dimethylethylenediamine is characterized by the
evelopment of a wide spectrum of substances with atomic mass
rom 18 to higher atomic mass units.
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Further study would be required for more detailed character-
zation of the organic ligand as well as about the released gas
roducts.
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Fajnor, J. Therm. Anal. Calorim. 76 (2004) 139.
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