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Abstract: The extensive complementary experimental studies of the double metal catalysts (DMC) with two
kinds of the organic ligands were performed. The chemical justification of the observed TG/DSC (thermogravi-
metric analysis/differential scanning calorimetry) steps was proposed. Several organic ligand complexing states
were found in both types of catalysts. X-ray absorption spectroscopy (XAS) analysis established that only Zn
atoms are the active metallic centers in DMC catalyst regardless the used ligand. Cl atoms were detected near
some of Zn atoms. Contrary to the common suppositions no significant amount of oxygen atoms was detected
in the closest coordination spheres of Zn.
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rential scanning calorimetry (DSC), evolved gas analysis (EGA), X-ray absorption spectroscopy (XAS), X-ray
absorption near edge structure (XANES), extended X-ray absorption fine structure (EXAFS).

Komplementarne badania strukturalne dimetalocyjankowych katalizatorow
polimeryzacji z otwarciem pierscienia oksiranowego

Streszczenie: Przeprowadzono badania strukturalne katalizatoréw dimetalocyjankowych (DMC) z dwoma
rodzajami ligandow organicznych. Zaproponowano wyjasnienie etapow przebiegu krzywych otrzymanych
metoda analizy termograwimetrycznej i roznicowej kalorymetrii skaningowej (TG/DSC) badanych katalizato-
réw. Wykazano obecno$¢ kilku stopni zwigzania ligandéw w kompleksach DMC. Na podstawie wynikow ba-
dan z wykorzystaniem absorpcji rentgenowskiej (XAS) stwierdzono, Ze centrum aktywne katalizatora stanowi
atom cynku. W bezposrednim sasiedztwie atoméw Zn wykryto obecnos¢ atoméw Cl, natomiast w najblizszych
sferach koordynacyjnych atomu Zn nie wykryto atomow tlenu.

Stowa kluczowe: katalizatory dimetalocyjankowe (DMC), analiza termiczna, analiza termograwimetryczna
(TG), réznicowa kalorymetria skaningowa (DSC), analiza wydzielanych gazéw (EGA), rentgenowska absorp-
cyjna spektroskopia struktury przykrawedziowej (XANES), synchrotronowa absorpcyjna spektroskopia rent-

genowska (EXAFS).

Polymerization of the oxirane molecules, preceded by
the oxirane ring catalytic opening step, is usually car-
ried out with oxirane (1,2-epoxyethane, ethylene oxide)
or methyloxirane (1,2-epoxypropane, propylene oxide).
A general reaction equation, based on the example of the
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addition of methyloxirane to the hydroxyl group incor-
porated into the molecule called “starter”, is shown in
Scheme A.

o
R-OH + A —- R{ \)\}OH

where: R = hydrogen or alkyl
Scheme A

Conventional catalysts for epoxy ring opening have
been known for a long time; typically alkaline com-
pounds, they are usually introduced into a reaction me-
dium as hydroxides (NaOH, KOH). The main commonly
observed disadvantage of the alkaline catalyst is the sig-
nificant number of unfavorable side processes occurring
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in their presence, leading both to a product with a broad
distribution of homologues as well as the occurrence of
competitive rearrangement reactions.

The implementation of double metal cyanide type
(DMC) catalysts [1-3] to the industrial praxis in 1960’s
was a milestone step in the development of the epoxide
ring opening polymerization technology.

The DMC catalysts show exceptionally high activity,
which is their unique feature.

An active matter in a typical state-of-the-art DMC cata-
lyst is usually a multiphase, nonstoichiometric compound,
the chemical composition of which may be defined by the
general formula Me! [Me*(CN), | Y Llﬂl ---L, where Me' de-
notes a first metal ion from the group of bivalent transition
metals, Me” denotes a second metal ion from the group of
multivalent transition metals (above +2), the symbol L' ---L"
denotes potential complexing ligands such as halides, hy-
droxides, sulfates, and/or numerous organic heteroatom-
containing compounds, which determine the catalytic
properties of DMC catalysts, whilst the x, y, a,...a, are non-
stoichiometric ones.

The active matter of the frequently used industrial
DMC catalysts consists of a complex bonding of zinc as
a Me' metal, cobalt as Me? and tert-butanol or 1,2-dime-
toxyethane (glyme) as organic ligands.

Although the DMC catalysts have been effectively
used for decades, knowledge of the molecular factors
determining their remarkably high activity and selectiv-
ity remains poor. Attempts at a structural explanation of
the properties of DMC catalysts are based on the experi-
mental verification of the hypothesis that the activity of
DMCs is dictated by the properties of Me' metal (most
frequently Zn) through the formation of a coordination
bond with an organic co-ligand oxygen atom which is
weaker than the strong Zn-N bond [2-9]. This seems to be
justified both in the light of the coordination properties
of Zn [10] and, on the other hand, the commonly known
stability of the hexacyanometallate ion [11].

Unfortunately, no sufficiently unambiguous experi-
mental data on the structural nature of active centers, the
nature of so-called organic ligands and their role in DMC
catalysts have been communicated as yet. What is more,
no satisfactory experimental evidence for the presence
of Zn-organic ligand coordination bonds has been estab-
lished. In other words, no specific for the catalyst phase
analytical signal were identified until now.

Observable features of the molecular structure of DMC
catalysts and their catalytic properties are limited only to
the application of X-ray powder diffraction (XRD), infrared
spectrophotometry, and X-ray photoelectron spectroscopy
(XPS). However, the above mentioned techniques are main-
ly used to confirm the identity of the obtained DMC mate-
rial. Results of the application of XRD have been reported
by a number of authors [4-9, 12-15] but XRD provides infor-
mation related only to crystalline fraction of material. The
method enabled the discovery of a relationship between
the quantity of the amorphous phase and their activity.

No unambiguous spectral effects, characteristic for
catalytically active Zn atoms centers, have been differ-
entiated using IR spectrophotometric studies of DMC
catalysts. Although some obvious characteristic absorp-
tion ranges were found which correspond to the specific
valence vibrations, no explicit interpretation for the pres-
ence of catalytic centers (Zn weakly bonded) has been
found [4, 8, 14, 15].

An equally important issue for DMC development
is the role of the organic component in the formation of
active matter and the ring-opening mechanism. A com-
monly claimed point of view regarding the role of the
organic component is based on the supposition of its ac-
tive action during the catalytic process through its simple
substitution as the supposed ligand bonded coordina-
tively directly with the Zn atom by oxirane and/or the
starter molecule [4, 5, 8, 9].

However, the question remains open, in the light of
the observation made by the present authors recently
with the use of extended X-ray absorption fine structure
(EXAFS) analysis of DMC catalysts, showing that oxygen
atoms in organic ligands remain at a relatively far dis-
tance from Zn atoms beyond the range which is typical
of the coordination bonds [16, 17].

Valuable sources of information supporting investiga-
tion on the structure and mechanism of the activity of
catalysts are those connected with their thermal behav-
ior. The relatively high volatility of organic ligands seems
to be useful for thermal analysis, making possible both
the detection of several forms of the ligand bonding and
their quantitative evaluation.

The number of papers reporting the application of
thermal analysis techniques in the examination of DMC
catalysts is rather moderate. Generally, they are not fo-
cused on DMC thermal behavior and the thermograms
(mainly TG) are used as fingerprint patterns, specific to
any kind of catalyst [18-21].

An interesting direction of the attempts on the struc-
tural justification of the catalytic properties of the DMC
catalysts is the application of molecular modeling with the
use of density functional theory (DFT) computations [22, 23].
However, the reports on this subject are still few in num-
ber, the results of theoretical investigations could be an
important complement to the conclusions of experimental
research.

The paper presents an extensive complementary ex-
perimental studies of DMC catalysts. The general goal of
these investigations performed with the use of numer-
ous physical methods to examine the structure of matter,
as the X-ray absorption spectroscopy (XAS) and thermal
analysis was to shed new light on the problem of the un-
known structural factors determining the catalytic prop-
erties of the subject materials. Particularly, the studies
were focused on the detection of the analytical signals
connected with the catalytic phase of the DMC material,
the thermal behavior of the ligand in catalyst complex
and the constitution of the catalytic center.
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EXPERIMENTAL PART
Materials

tert-Butyl alcohol (+-BuOH, > 99 % pure) was obtained
from Brenntag, Kedzierzyn-Kozle, Poland.

K,[Co(CN),] was a commercial product prepared in
MEXEOQ, Kedzierzyn-Kozle, Poland.

Acrylic acid polyamide — Rokrysol WF2 (content of
5.6 % m/m) — used as a flocculant, was purchased from
Brenntag, Kedzierzyn-Kozle, Poland.

Preparation of DMC materials

The samples of DMC-1-DMC-5 catalysts containing
tert-butanol as an organic ligand were prepared accord-
ing to the method described elsewhere [3].

Sample DMC-0, being the “pure” trizinc bis-
-[hexacyanocobaltate(III)] Zn,[Co(CN),],nH,O, was pre-
pared as mentioned above, without adding the ligand.

Methods of testing
Catalysts performance tests

The confirmation of the catalytic performance of both cat-
alysts was done according to the procedure described in [3].

Analysis of Co and Zn

The Solar M6 Thermo flame atomic absorption
spectrometer equipped with the Co (240.7 nm) and Zn
(213.9 nm) hollow cathode lamps was used to analyze
quantitatively Co and Zn in the DMC catalyst samples.

A deuterium lamp was applied for the background
correction. The air/C,H, gas was used.

The SPS-SW2 Batch 123 material was used for calibra-
tion.

The weighed amount of ca. 0.1 g of the catalyst was
dissolved in 6M HCI, then diluted to 100 cm® with 1: 1
HCL

0.5 cm® of the solution was then diluted to 50 cm® with
distilled water and analyzed.

A calibration curve method was employed to estimate
concentrations for both metals.

Analysis of N and C

The Vario EL III CHNOS Elemental Analyzer was
used to determine the total carbon and nitrogen in the
DMC catalyst samples.

X-ray absorption spectrometry (EXAFS/XANES
analysis)

The local atomic structure around Zn and Co atoms
was determined by EXAFS.

Experiments were performed at beam line SAMBA
of the Soleil (Paris/France) synchrotron. Appropriate
amounts of the samples were mixed with cellulose and
pressed into a pellet. The samples were measured in air,
in transmission geometry at room temperature. The anal-
ysis was performed using IFEFFIT package.

TGA/EGA-FTIR, MS, and DSC analysis

Mettler Toledo TGA/DSC1 thermoanalytical system
coupled with mass spectrometer was used for TGA and
EGA analysis.

Independent DSC thermograms were measured with
using a Mettler Toledo DSC1 differential scanning calo-
rimeter.

TGA/EGA measurement parameters: carrier gas — N,,
20 cm’/min; open ALO, crucible.

DSC measurement: carrier gas — N,, 30 cm’/min; open
Al crucible.

Mettler Toledo STAR® 12.00 software was used for data
processing.

RESULTS AND DISCUSSION
Elemental analysis of the examined DMC materials

Table 1 and Table 2 show the results of elementary
analysis for carbon, nitrogen, cobalt and zinc in the test
materials: DMC-0 showing no catalytic properties, and
DMC-1 to DMC-10 containing t+-BuOH or glyme as the
organic ligand — showing confirmed, comparable cata-
lytic properties in methyloxirane polymerization reaction
(see the previous text), and assessment of nitrogen/cobalt
molar ratios. The values of variability coefficients for the
quantitative parameters determined as a ratio between
standard deviation concentration for the respective ele-
ments and their arithmetic average indicate a relatively
good repeatability of their elemental composition for
each catalyst group.

The remarkable feature of the established values of
elemental composition characteristics is an approxi-
mately constant nitrogen/cobalt molar ratio, correspond-
ing to the stoichiometric ratio of the two elements in the
hexacyanocobaltate(IIl) ion (6 : 1). The values of that ratio
are characterized by a rather high stability, which results
from the constancy of composition of a particularly stable
[Co(CN),]” ion and is a measure of repeatability of syn-
thesis of the catalyst.

Because there is an intentional excess of zinc in relation to
cobalt in the DMC catalysts, as compared with stoichiomet-
ric relationships observed in zinc hexacyanocobaltate(I1I), the
molar ratio Zn : Co in DMC-1-10 samples exceeds the value
3:2and is about 2 : 1, regardless of the type organic ligand.

Also the carbon/nitrogen ratio is higher than 1: 1 due
to the presence of the organic component. Obviously, that
ratio is conserved for sample DMC-0, the “pure” zinc
hexacyanocobaltate(IlI), and is 1 : 1.
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Table 1. Results of elemental analysis for samples of reference Zn,[Co(CN),], (DMC-0) and DMC catalysts containing {-BuOH
ligand (DMC-1-DMC-5)

Sample [C], wt % [N], wt % [Co], wt % [Zn], wt % /M, ([ ne/ny
DMC-0 14.55 16.95 11.79 18.87 6.05 1.45 1.00
DMC-1 24.92 17.83 11.67 26.35 6.43 2.04 1.63
DMC-2 24.99 17.04 12.43 28.42 5.77 2.07 1.71
DMC-3 23.80 17.46 12.10 27.80 6.07 2.08 1.59
DMC-4 22.44 16.44 11.52 29.77 6.01 2.34 1.59
DMC-5 22.13 17.71 12.55 24.21 5.94 1.74 1.46
Average 23.66 17.30 12.05 27.31 6.04 1.95 1.50
Standard de- 1.34 057 045 2.12 0.24 031 0.26
viations
CV, % 5.67 3.27 3.76 7.78 4.02 15.9 17.1

CV - variability coefficients;

[C] - total carbon concentration in DMC material, wt %;

[N] - total nitrogen concentration in DMC material, wt %;

[Co] - total cobalt concentration in DMC material, wt %;

[Zn] - total zinc concentration in DMC material, wt %;

1y /N, — molar ratio of nitrogen and cobalt in DMC material, mol/mol.
1,,/nc, — molar ratio of zinc and cobalt in DMC material, mol/mol;
nq/ny —molar ratio of carbon and nitrogen in DMC material, mol/mol.

Table 2. Results of elemental analysis for samples DMC-6-DMC-10 containing glyme ligand

Sample [C], wt % [N], wt % [Co], wt % [Zn], wt % /M, Ny /ne, NN
DMC-6 25.39 17.63 12.31 23.73 6.03 175 1.68
DMC-7 22.12 15.61 10.95 24.59 6.00 2.03 1.65
DMC-8 26.37 17.53 11.82 23.07 6.24 1,77 1.76
DMC-9 23.25 16.40 11.24 24.78 6.14 2.00 1.65
DMC-10 23.38 16.35 11.39 23.96 6.04 191 1.67
Average 24.10 16.70 11.54 24.03 6.09 1.89 1.68
St.dev. 1.73 0.86 0.53 0.69 0.10 0.13 0.05

CV, % 718 5.14 4.61 2.86 1.63 6.79 2.70

Table 3. The local atomic order around Zn atoms in the hydrated reference material, and both catalysts

Shell” Elem. Reference material DMC-+-BuOH DMC-glyme
100 % 84 (3) % 79 (5) %

No R, A Sigma® No R, A Sigma® No R, A Sigma®
6 N N N

1 2090 A 6 2.09 (4) 0.013 (1) 336 1.974 (3) 0.003 (1) 316 1.98 (1) 0.005 (1)

2 6C. 6 323 (1) 0.006 (2) c 2.98 (2) 0.013 (4) c 3.00 (1) 0.009 (3)

323 A ’ ’ 3.36 ’ ’ 3.16 ’ ’

240 Co Co

3 423 A 3(1) 4.50 (6) 0.008 (6) 1.68 5.006 (4) 0.004 (1) 1.58 5.00 (1) 0.007 (1)
6 Co Co Co

4 512 A 6 515(8) | 0.018(8) 1.68 5.038 (4) | 0.004 (1) 158 504 (1) | 0.007(1)

Zn-Cl
1 Cl 0 0.40 (2) 2.24 (1) 0.003 (1) 0.56 (5) | 2.24 (1) 0.005 (1)
R, 0.013 0.003 0.018

*) In first column the number of considered sphere around Zn is given, in second column the kind and number of atoms and distance as
resulted from crystallographic data is provided for comparison, in the subsequent columns number of atoms (No) in the given coordination
sphere, distance (R) from Zn atom in A, and Debye — Waller factors (Sigma®) as resulted from performed analysis is listed. In the parentheses
the confidence interval indicated by IFEFFIT code is given. R factor indicate the quality of the fitting.
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Fig. 1. Zn K-absorption edges: a) Fourier transform at module of the EXAFS spectra of the considered catalysts, b) fit to the EXAFS data

of the model for DMC-glyme
X-ray absorption

EXAFS analysis provide information about local atomic
structure around given atoms. All given atoms are exam-
ined as well these located in amorphous as in crystalline
structure. The atomic orders around Zn and Co atoms were
investigated by measuring the spectra of K-edges of Zn and
Co. The spectra of Zn atoms differ for the analyzed materi-
als (Fig. 1a). To analyze the measured spectra the appropri-
ate models of atomic order should be constructed. Next the
theoretical spectra for this model were simulated and com-
pared with experiment. During the analysis several models
of atomic order around Zn were considered, taking into
account the models proposed in the literature discussing
the role of O and Cl atoms in DMC catalysts [6, 8, 22, 23].

The best fit to the EXAFS data was obtained for the
model assuming that considerable fraction of Zn atoms
in catalyst have the local atomic order as should be in the
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reference anhydrous material with rhombohedral struc-
ture (Zn bond to 4 cyanide groups) and some of them
have Cl in the first coordination sphere. The example of
such fit is shown in Fig. 1b for DMC glyme and numerical
value of fits are listed in Table 3. In hydrated reference
material [zinc hexacyanocobaltate(IIl)] the Zn atoms are
bonded to 6 cyanide groups.

EXAFS analysis confirmed the intentional access of
Zn atoms as compare to crystalline anhydrous material.
It was found that only 84 (3) % and 79 (5) % of Zn atoms
have 4 near neighbour CN" groups for DMC #-BuOH and
DMC glyme, respectively. Moreover, in the first coordi-
nation sphere 0.4 and 0.56 Cl atom per one Zn atom in
the distance 2.24 A, respectively, was identified for in-
vestigated catalysts. This Zn-Cl bond length is close to
that in ZnCl, (2.30 A), therefore can be considered as
characteristic for Zn-Cl bond. Nevertheless, the model
with the atomic order characteristic for ZnCl, (in first

14
b)

12 DMC glyme
] Fit

Fig. 2. Co K-absorption edges: a) Fourier transform at module of the EXAFS spectra of the considered catalysts, b) fit to the EXAFS data

of the model for DMC-glyme
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coordination shell 2 Cl in distance 2.3 A and 2 Cl in dis-
tance 3.2 A and next 4 Zn atoms at distance 3.75 A and
2 Clin distance 3.8 A) could not be fitted. Consequently,
the existence of ZnCl,compound was not confirmed. The
example of the best fit of model to experimental spectra
is shown in Fig. 1b for DMC glyme. To be sure that only
Cl atoms can be located close to Zn atoms the model with
oxygen was considered. Such model cannot be fitted to
experimental data. Therefore, the attempt was performed
to substitute some of Cl atoms with oxygen. This model
gave an increase of the errors of estimated parameters
and an increase of the R, parameter which estimates the
quality of the fit. Nevertheless, one cannot exclude that
oxygen atoms can be bonded to Zn but in the very limited
amount. In many reports it is emphasized that the type
(coming from water or ligands) and amount of oxygen
atoms coordinated to Zn should play an important role
in the ring opening polymerization of propylene oxide
since oxygen atoms coordinated to a zinc ion are believed
to be a real active center of DMC catalyst [15, 23]. From
the performed EXAFS studies we cannot confirm this
role. Instead we do confirm the location of Cl close to Zn
atoms. The role of Cl is also discussed in the literature
on the base of XPS experiment [8] and molecular calcula-
tion [22]. In the paper by Zhang et al. [8] based on overall
chemical premises the role of Cl atoms in the catalytic
properties of DMC was postulated and reported that the
ligand influences on catalytic activity only by helping to
form the amorphous structure.

The local atomic structure around Co atom was prac-
tically not changing for all investigated materials as can
be seen in Fig. 2a.

In performed fits for given catalyst the increase in the
number of oxygen atoms in distance 3.10 A and 4.62 A
were only noticed. The oxygen atoms can originate from
water molecule or ligand. The error indicated by IFEF-
FIT code for the number of these atoms is quite large
indicating that oxygen can be distributed non-homo-
geneously. This confirms that Co metallic center is not
active during the catalyst preparation. Interestingly, the
atomic order around Co remains like in hydrated form of
Zn,[Co(CN),],nH,O with cubic (Fm-3m group) structure.
Therefore, in catalyst both metals have different atomic
order. Zn atoms like in anhydrous structure (rhombohe-
dral R3c group) bonded with four CN" groups and Co
atoms like in hydrated structure bonded with six CN
groups. In Fig. 2b as an example of fitting for Co atoms,
the fit for DMC glyme is shown.

Qualitative thermal analysis of DMC materials

Zinc hexacyanocobaltate(III)

Figure 3 shows typical TG/DTG and DSC curves for
a sample of trizinc bis-[hexacyanocobaltate(III)].

The curves show the presence of a noticeable mass
loss step which is typical of the liberation of water ap-
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Fig. 3. TG/DTG and DSC curves of trizinc bis-[hexacyano-
cobaltate(III)]

pearing in the range 25-90 °C. That step is accompanied
by a mass loss of 21.6 %. Although that step may occur
due to the liberation of crystallization water, the quantity
of water that is liberated in that temperature range does
not correspond to the expected crystallographic value,
which is typical of dodecahydrate (26 %) [24], but var-
ies over a relatively wide range 5-21 %. This is in agree-
ment with EXAFS analysis of reference hydrated material
(Table 3) where only three oxygen atoms were detected
instead of 24 resulted from perfectly hydrated trizinc
bis-[hexacyanocobaltate(IIL)].

A strong endothermal effect occurs in the DSC curve
profile in that temperature range. The value of enthalpy
of evaporation for the component, as found from the DSC
peak integration and value of mass loss, previously estab-
lished by the present authors for 5 different samples of
that compound, was -2440 + 190 J/g of liberated mass and
is statistically indistinguishable from the average litera-
ture value of water evaporation enthalpy in the tempera-
ture range 25-110 °C (-2330 J/g).

At temperatures above 90 °C, its further increase to ca.
400 °C leads only to a minor linear mass loss by 1.93 %,
running at an approximately constant rate.

After the value of about 350 °C is reached, an intense,
multi-step process of mass loss commences, which is de-
scribed quantitatively in Table 4. The thermal decomposi-
tion residue is 36.55 %.

The EGA-FTIR spectra for gaseous decomposition prod-
ucts has enabled interpretation of the mass loss steps in
the aspect of the physical-chemical processes taking place.

Figure 4 shows a 3D thermogram of the test sample of
zinc hexacyanocobaltate(Ill) in the space delineated by
absorbance-wave number-temperature.

In the range of 25-150 °C, the two intensive oscillat-
ing-shaped maxima are observed: in the range of 4000—
-3500 cm™ and 2000-1300 cm™, respectively. Both were
identified as characteristic for water molecule vibration.
According to the earlier observed profile of the TG/DTG
curves, absorbance in those wave number regions de-
creases after reaching its maximum at temperatures in
the range 50-60 °C, which is connected with the nearly
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Fig. 4. EGA-FTIR thermogram of trizinc bis-[hexacyano-
cobaltate(II)]

complete evaporation of water.

The effect of decomposition of zinc hexacyano-
cobaltate(IlI), which was observed earlier for the less sen-
sitive TG measurement only in the region 320-350 °C, oc-
curred in the 3D thermogram still before reaching 300 °C
as an increase in absorbance with temperature in the wave
number ranges 3450-3250 cm™ and 800—-600 cm™, in which
absorption bands appear, identified as the hydrogen cya-
nide absorption bands.

Hydrogen cyanide emission is observed at tempera-
tures from ca. 300 °C up to the end of the thermogram
at ca. 800 °C, and may be the result of the gradual con-
secutive detachment of the respective cyanide ions in the
hexacyanocobaltate(III) ion structure.

Detection of the presence of hydrogen cyanide
in gaseous products of decomposition of the zinc
hexacyanocobaltate(IlI) sample, which should contain no
moisture due to its evaporation in the temperature range
25-110 °C, indicates the possibly incomplete evaporation
of the crystallization water which potentially carried
the hydrogen atoms present in the hydrogen cyanide, as
well as the possibility that a reaction took place between
water and the hexacyanocobaltate ion. Taking into con-
sideration the charge conservation law, the hypothetical
reaction between water and the hexacyanocobaltate(1II)
ion leading to the formation of hydrogen cyanide can be
described by Scheme B:

[CO(CN)é]af +H,O0—> [CO(CN)SOH]& + HCN
Scheme B

Another possible zinc hexacyanocobaltate(Ill) de-
composition process involves oxidation of cyanides to
form carbon dioxide leading, in effect, to CO, emission
which is observed at ca. 350 °C and higher temperatures
as the appearance of CO, — specific absorption maximum
groups in the wave number ranges 2400-2250 cm™, and
a narrow absorption band, corresponding to the wave
number of about 680 cm™.

DMC-t-BuOH catalysts (samples DMC-1-DMC-5)

Figures 5 and 6 show the thermograms of the DMC
catalysts prepared with the use of tert-butanol as ligand.

The TG/DTG curves (Fig. 5a) show a mass loss step at
the range 25-90 °C, connected with the possible evapora-
tion of water, similar to that observed in the thermogram
of zinc hexacyanocobaltate(III) (TG/DTG curves in Fig. 3).

Contrary to expectations, resulting from the use
of a single pure compound (tert-butanol), the TG/DTG
curves in the range 110-400 °C manifest the features of
a three-step mass loss. The distinguishing feature of this
phenomenon is that the respective steps of evaporation
take place over a wide range of temperatures, signifi-
cantly exceeding the boiling point of tert-butanol (80 °C),
which indicates several forms of bonding of this ligand.

In temperatures above 400 °C, hexacyanocobaltate is
observed to decompose as described above. Interpreta-
tion of the observed phenomenon is made possible by
FTIR analysis of the gaseous products of decomposition
of the test material. Figure 6 shows the EGA-FTIR ther-
mogram, prepared as for the item above.

The EGA-FTIR thermogram has the unexpected fea-
ture of having absorption bands in the wave number
ranges 3120-2600 cm™, 1700-1200 cm™ and 920-820 cm™
with a strong maximum at 890 cm™, which are recognized
as the 2-methylpropene spectrum and are located with
respect to the temperature axis in a manner that corre-
sponds to the respective mass loss effects in the TG/DTG
curve (the steps denoted by the numbers 1, 2, 3).

A simultaneous occurrence in the above temperature
ranges of the absorption maxima which are characteris-
tic for water (steps 1, 2, 3) convergent in shape and loca-
tion as those for the maxima of 2-methylbutene, suggests
that the effect has been caused by thermal decomposi-
tion with dehydration of tert-butanol, in accordance with
Scheme C:

(CH),C — OH ~5CH, = C(CH,) — CH, + H,0
Scheme C

Although the above reaction is known, it runs at
temperatures above 400 °C in non-catalytic conditions
[25]. Considering the DMC catalyst active site could act
as a strong Lewis acid (Zn atoms) the promotion of the
dehydration of -BuOH would be justifiable. Particularly
noteworthy is the occurrence of signals specific to the lib-
eration of 2-methylpropene already during the first step of
mass loss, which occurs at low temperatures (step 1 in the
range 80-150 °C). This suggests that a possible decompo-
sition of the catalyst-ligand complex may take place dur-
ing or before the commencement of alcoxylation, which
occurs typically at temperatures in the range 130-180 °C.

The above observation seriously suggests the neces-
sity to revise the belief in the postulated mechanism of
catalytic activity of DMC, according to which the ligand
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Fig. 5. Thermograms of DMC-t-BuOH catalyst: a) TG/DTG and
DSC, b) EGA-MS

is substituted with a propylene oxide molecule [4, 8, 9].

The process of liberation/decomposition of tert-buta-
nol ends with the last, minor step (3) in the range 260-
-350 °C, and is followed by decomposition of the inor-
ganic phase of the catalyst, which is accompanied by the
evolution of identified components, described in the pre-
vious paragraph.

The course of the DSC curves for Fig. 5a conforms the
adopted interpretation. In the temperature regions corre-
sponding to the observed mass losses, the corresponding
endothermal effects, connected with the decomposition
processes, as suggested above, take place. The locations
of the respective endothermic peaks correspond to the
respective steps of mass loss visible in TG curves.

An additional EGA-MS analysis was performed in or-
der to make more specific the above-proposed interpreta-
tion of the thermogram of the DMC catalyst containing

C

2-methy1pr0peneH

2-methylpropene
H0

Fig. 6. EGA-FTIR thermogram of DMC-t-BuOH catalyst

tert-butanol as the ligand. Figure 5b shows the curves for
the ionic currents corresponding to three selected mo-
lecular ions being formed in the course of fragmentation
ionization of fert-butanol (m/z = 74), water (m/z = 18), and
2-methylpropene (m/z = 56).

In the case of curve 2, representing the ionic current
of the molecular ion C,H,’, three maxima were observed,
being located in the temperature axis corresponding to
the effects observed in the TGA and DSC curves and
discussed above. The presence of the three characteristic
maxima of the ionic current of C,H,," is accompanied by
the occurrence of the respective ionic current strength
maxima for m/z = 18 (curve 1), which confirms that water
is generated along with the liberation of 2-methylbutene.
Furthermore, the occurrence of low-strength ionic cur-
rent of the molecular ion C,H,,O" was detected (curve 3),
indicating incomplete dehydration of tert-butanol in the

Table 4. Values of quantitative characteristics of TG-curves steps (samples DMC-0—DMC-5)

TG mass loss steps, % [H,0]™ L] [L]=

Sample M, o o o
20-90, °C 90-180, °C | 180-280, °C | 280-350, °C | 350-1000, °C wt % wt % wt %

DMC-0 21.56 1.89 (90-350 °C) 39.96 36.55 21.56 0.00 0.04
DMC-1 3.31 432 9.47 2.50 39.62 40.78 3.31 16.29 14.89
DMC-2 3.53 3.78 9.65 2.38 40.61 40.05 3.53 15.81 16.04
DMC-3 1.28 3.00 11.05 1.17 42.82 39.51 1.28 15.22 13.65
DMC-4 0.43 1.05 10.24 0.00 29.50 58.78 0.43 11.29 12.89
DMC-5 8.38 7.22 2.55 1.63 47.21 33.01 8.38 11.4 10.73
Average 3.39 3.87 8.59 1.54 39.95 4243 3.39 14.00 13.64
St. dev. 3.09 224 3.43 1.02 6.53 9.66 3.09 246 2.02
v, % 91.20 57.92 39.96 66.26 16.35 22.76 91.20 17.53 14.82

m,,, — TG residual mass after thermal decomposition;

[H,0]™ - concentration of water in DMC material determined by TG, wt %;
[L]™ - concentration of ligand in DMC material determined by TG, wt %;
[L]* - concentration of ligand in DMC material, as calculated from the stoichiometric balance of total carbon, wt %.
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Fig. 7. Thermograms of DMC-glyme catalyst: a) TG/DTG and
DSC, b) EGA-MS

course of thermal decomposition of the test DMC catalyst
and its partial evaporation.

The values of mass losses for the test DMC-t-BuOH
catalysts, which occur in certain temperature ranges, are
shown in Table 4.

DMC-glyme catalysts (DMC-6-DMC-10)

Thermograms of the DMC catalysts obtained with the
use of 1,2-dimethoxyethane as an intentional ligand are
shown in Fig. 7 and Fig. 8.

Among the identified mass loss steps which are ob-
served in the TG/DTG curves in Fig. 7a, the step of water
evaporation (which is known) in the range 25-90 °C can
be distinguished along with two steps of evaporation of
the volatile ligand: the first step is in the range 90-180 °C
and the second is in the range 180-360 °C. Assuming that
1,2-dimethoxyethane is rather highly volatile (boiling point
85 °C), it should be noted that both mass loss steps that are
connected with the evaporation of 1,2-dimethoxyethane are
shifted significantly toward high temperatures, potentially
indicating that dimethoxyethane is chemically bonded.

Similarly, in the case of zinc hexacyanocobaltate(III)
and the DMC-t-BuOH catalysts discussed earlier, steps
of decomposition of the inorganic part of the catalyst are
observed at temperatures above 350 °C.

An explanation of the nature of thermal decomposi-
tion of the test materials is made possible by interpreta-
tion the EGA-FTIR thermograms shown in Fig. 8. A sin-
gle maximum, connected with the appearance of water
in gaseous products of decomposition of the weighed
amount is observed at temperatures in the range 25—
-130 °C and in the wave number ranges 4000-3500 cm™
and 2000-1300 cm™.

Moreover, above approx. 60 °C in the wave number
ranges 3100-2700 cm™ corresponding to stretching vibra-
tions v(C-H) there occur three maxima, identified as ones

Absorbanc®

Fig. 8. EGA-FTIR thermogram of DMC-glyme catalyst

derived from elements of the structure of 1,2-dimethoxy-
ethane.

The explanation is confirmed by the appearance, in the
wave number range 1200-1050 cm™, of intense absorption
maxima which are specific to the deformation vibrations
of ether bonds C-O-C. The profile of the surface of the
absorption function with respect to the temperature axis
corresponds to the location of the respective mass losses
observed in the TG/DTG thermograms.

In the temperature range above 300 °C, maxima which
are specific to the decomposition processes observed in
the cases discussed earlier occur.

The interpretation is supported by an EGA-MS analysis
(Fig. 7b). The curve of the ion current, measured for the
channel of m/z = 18 specific to the H,O" ion, shows its char-
acteristic increase in the temperature range corresponding
to the first TG mass loss step and the appropriate strongly
endothermal DSC peak (with a high value of water evapo-
ration enthalpy) in the range of 50-90 °C. This expected ef-
fect confirms the nature of the TG/DSC stage as liberation
of water existing in the DMC catalyst in the form of both a
weakly bonded moisture and crystalline water.

In the curve that describes changes in the ion current
for the molecular ion C,H,/O," corresponding to the first
step of ionization of 1,2-dimethoxyethane, the first peak
connected with the liberation of that ligand does not ap-
pear until 100 °C.

Being more volatile than water (boiling point =85 °C),
the above mentioned component, if non bonded with any
other physical or chemical forces stronger than associa-
tive liquid components, is evolved in the range of relative-
ly low temperatures. The DSC curves of the pure glyme
evaporation, published by Ponrouch et al. [26], demon-
strate that the complete evaporation of pure liquid phase
glyme occurs at temperatures in the range 50-100 °C.

The curve of glyme molecular ion current shows that
the whole amount of the compound is liberated at much
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Table 5. Values of quantitative characteristics of TG-curves steps (samples DMC-6—DMC-10)

TG mass loss steps, % [H,0]"¢ [L]*¢ [L]

Sample ., 2% o o
20-90, °C 90-180, °C 180—350, °C | 350—1000, °C wt % wt % wt %
DMC-6 3.85 10.70 8.73 30.58 46.14 3.85 19.43 19.30
DMC-7 6.03 10.23 6.09 32.99 44.66 6.03 16.32 16.40
DMC-8 4.75 11.62 10.05 32.47 41.11 4.75 21.67 21.30
DMC-9 7.07 12.21 4.70 33.68 42.34 7.07 16.91 17.27
DMC-10 6.17 13.98 3.98 32.87 43.01 6.17 17.96 17.59
Average 5.57 11.75 6.71 32.52 43.45 5.57 18.46 18.37
St. dev. 1.27 147 2.60 1.17 1.97 1.27 2.15 1.95
CV, % 22.79 12.49 38.80 3.59 4.55 22.79 11.64 10.59

higher temperatures than it occurs in the case of a purely
liquid phase: the first step in the range 100-180 °C, then
the second in the range 180-300 °C with a small third one,
overlapped near 300 °C. Since the maximum of DTG, DSC
of glyme evaporation steps are shifted in relation to the
pure liquid phase, one should expect that the most prob-
able reason for that phenomenon is the bonding of glyme
with coordination chemical forces, then the DSC effect
observable in the described range of temperature could
be the result of thermal dissociation of a DMC-glyme
complex. Due to the fact that EXAFS analysis discovered
the increase of the number of oxygen atoms around Co
in distance 3.10 A and 4.62 A in catalysts as compare to
reference hydrated material the ligand can be bounded
close to Co atoms.

Quantitative thermal analysis of DMC materials

The results of quantitative assessment of the values
of respective mass losses for the DMC test materials are
shown in Tables 4 and 5.

The temperature ranges corresponding to the respec-
tive TG mass losses were determined from the tempera-
ture coordinates of local minima of the mass loss rates.
The measures of the location and dispersion were de-
scribed by means of suitable descriptive statistics, such
as average, standard deviation for sample, and variability
coefficient.

Since particular attention was paid to the tempera-
ture range where the volatile ligands which determine
the catalyst’s properties are liberated, the step of decom-
position of the inorganic part was not described in detail;
instead, quantitative assessment was generalized to the
single step of thermal decomposition processes, which
was running in the range 350 °C-1000 °C.

The values for mass loss steps exhibit significant dis-
persion. In spite of rather uniform elemental composition,
the values of percentages of the individual mass losses
vary to a considerable extent; this is especially applicable
to water content and the mass loss percentages connected
with liberation/decomposition of ligands. A significantly
higher repeatability of results is observed for quantita-
tive characteristics connected with decomposition of the
inorganic part of the catalyst.

In order to confirm the working hypothesis that the
TG/DSC curve steps above 90 °C are connected entirely
with the liberation of ligands, the stoichiomertric mass
balance of both ligands was performed on the basis of an
independently conducted elemental analysis.

If one made the justified assumption that the total
nitrogen determined must correspond solely to the cya-
nide groups bonded with cobalt in a particularly stable
[Co(CN),]* complex ion, the difference between the cya-
nide stoichiometric carbon and the total carbon would re-
sult from the presence of the ligand. Thus, the calculation
of the ligand content in DMC could be possible, using the
following stoichiometric Eq. 1:

Mc
My
[Cl
where: [C] — total carbon concentration in DMC mate-
rial, wt %, [C], — total carbon concentration in organic
ligand, wt %, [N] — total nitrogen concentration in DMC
material, wt %, [L]* - concentration of ligand in DMC
material, as calculated from the stoichiometric balance
of total carbon, wt %, M.— molar mass of carbon, g/mol,
M,,— molar mass of nitrogen, g/mol.

The values of the TG percent mass loss corresponding
to the whole ligand liberation TG stage ([L]'®) and the
concentration of the ligand, calculated stoichiometrically
from Eq. (1), were put down in Tables 4 and 5.

The correlation between [L]™ and [L]** occurred to be
the linear and could be described with the Eq. (2):

[C]
[L]cal —

-[N]
)

[L]T¢=0.9844 -[L]® )

where: [L]'® - concentration of ligand in DMC mate-
rial, as determined by TG, wt %.

The value of the regression coefficient is close to uni-
ty (0.9844) while that of the linear correlation coefficient
is relatively high (r = 0.99), indicating that the adopted
quantitative interpretation is correct.

CONCLUSIONS

Thermoanalytical studies of the DMC test materials
indicate that their thermal decomposition is a multi-step
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process. The results of EGA-FTIR and EGA-MS analyses
enabled identification of the physical-chemical nature of
the decomposition processes observed. The studies have
shown that the course of decomposition of the DMC cata-
lysts comprises generally two steps: liberation of mois-
ture along with volatile ligands which takes place in the
range 25-400 °C and decomposition of the inorganic part
which occurs in the range 400—~ 700 °C. Above 700 °C, the
decomposition residue is constant.

Surprisingly, the volatile ligands were found to be lib-
erated at much higher temperatures than those expected
from the volatilities of such compounds, and the libera-
tion process consists of multiple steps, indicating ligand
bonding into compounds having different stabilities.
Specifically, in the case of the DMC catalyst based on fert-
butanol, it was found that dehydration of the ligand is
accompanied by formation of 2-methylbutene and water.
This is an particularly interesting phenomenon because
it begins at rather low temperatures of approx. 120 °C,
although this known reaction in non-catalytic conditions
requires temperatures of about 400 °C. Considering that
Zn is acting as a Lewis acid, coordinated to the oxygen
atom of +-BuOH, dehydration should be strongly favored
(as it takes place in a catalyzed manner) over the simple
thermal process. In the case of DMC catalysts obtained
with the use of 1,2-dimethoxyethane, also ligand libera-
tion was observed to be taking place in multiple steps.
This indicates ligand bonding into compounds having
different stabilities, although decomposition of 1,2-dime-
thoxyethane was not taking place.

The present study on the relationships between the
ligand content as found by TG and its content resulting
from the stoichiometric balance for total carbon, as found
by elemental analysis, indicate satisfactory correlations
which are sufficient for the quantitative determination
of the ligand by TG.

The course of thermal decomposition of the inorganic
part of the DMC test materials was similar and was ac-
companied mainly by hydrogen cyanide and carbon di-
oxide emissions.

The local atomic order around Zn atoms as resulted
from the EXAFS analysis support the model of active
catalytic center proposed by Zhang et al. [8] on the base
of XPS and IR spectroscopy and the model resulting
from molecular calculation performed by Wojdet et al.
[22]. These models assume the important role of Zn-Cl
bonds in the activity of DMC class of catalysts. The role
of Zn-O bond postulated in other papers is not confirmed
by EXAFS studies. No next Zn atom was detected in the
distance 4.38 A from Zn as resulted from calculation per-
formed in [23]. Therefore, we postulate that catalysts form
cluster-like complexes with the Co local atomic structure
not affected, as compared to reference cubic hydrated ma-
terial in [Co(CN),]> ion. The Zn atoms inside the clusters
have changed atomic order which becomes like in anhy-
drous structure (tetrahedral coordination). This explains
that part of Zn atoms having an atomic order similar to

that in the reference anhydrous material. Remaining Zn
atoms can be located at the surface of the clusters and
bound partially with groups of cyanide and with chlo-
rine atoms. These surface Zn atoms can be catalyst active
centers. EXAFS analysis does not confirmed the existence
of ZnCl, compounds in catalyst. Therefore, the direct ev-
idence was given that formula Zn,[Co(CN),],«ZnCl,yL
used to describe DMC catalyst is not valid. Instead the
disordered nanoclusters are formed in catalyst with dif-
ferent atomic order around Co and Zn with new, un-
known structure, which incorporates CI atoms.
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