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In an effort to introduce alternative methods of post-synthetic func-
tionalization of zeolites, mechanochemistry was utilized for ion
exchange and synthesis of transition metal halide and pseudohalide
complexes within FAU-type zeolite cages. Structural characterization
of the guest molecules shows a variety of synthesized compounds
inside the zeolite cavities.

Zeolites are defined as microporous crystalline materials built
of TO, (T =Si, Al, P, Ge, Ga, ...) tetrahedra, forming well-defined
3D networks with channels and cavities up to 2 nm in diam-
eter." Their porous structure, tunable chemical composition,
and chemical and (hydro)thermal stability enable enclosing
molecules and usage as adsorbents, ion exchangers and cata-
lysts.> Altering the properties of zeolite materials by post-
synthesis modification procedures (e.g. ion exchange,® calcina-
tion,* delamination,” and grafting®) represents an additional
advantage that can result in enhanced catalytic performance
and higher separation (adsorption) capacity, as well as
improved (hydro)thermal stability under certain conditions.”

Halogenides and pseudohalogenides (e.g. cyanides, CN")
form complexes with transition metals (TMs) that have a wide
range of applications owing to their stability in air and simple
synthesis procedures.*** CN~ complexes confined within
zeolite cavities were prepared using a lengthy solution-based
approach.'**® Such materials have been shown to bind gases,
e.g. 0,.'° Conversely, TM iodide complex synthesis in general,
aside from triiodide compounds, has not been reported in
detail so far, probably due to their dynamic equilibrium (I"/I,/
137)'19
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Encapsulation of (pseudo)halogen metal
complexes in zeolite Y cages by mechanochemistry

*C

Mechanochemistry represents an efficient way to mitigate
the solubility and solvation issues in reactions in solution that
often require high consumption of resources (e.g. solvents and
energy). It was employed in post-synthesis modification of
zeolites to further adjust their properties.”*** However, the
synthesis of complexes within zeolite cavities has only been
done in solution.'**#?*2% Herein, the preparation of (pseudo)
halogen and transition metal complexes in the zeolite Y (ZY)
void space was performed by mechanochemistry as a qualitative
proof of concept. Furthermore, their mutual interactions were
evaluated on the grounds of the phase composition of the
materials exposed to atmospheres of corrosive gases.

TM complexes were mechanochemically synthesized in
zeolite pores in two steps. First, the TM salts were milled with
the Na form of ZY to exchange the Na" cations with TM cations
(Ni**, Co**, Fe**, and Cu*") yielding the ion exchanged zeolite
(zY-M). KCN was added to ZY-M in the next step and milled
once again to obtain the TM cyanide complexes (ZY-M-CN).
Iodide complexes were produced analogously to the cyanide
ones, using solid elemental iodine (I,; ZY-M-I,) and potassium
iodide (KI; ZY-M-KI). The labels of the studied samples are listed
in Table 1. In general, the zeolite framework is preserved after
the second milling step, as shown by PXRD data (Fig. 1 and S1).
In some cases, new peaks appear, suggesting the formation of
a new phase detectable by PXRD, and in some, there are varia-
tions in the peak intensities, indicating disparity in the long-

Table 1 Samples prepared within the scope of this study. The ZY-M-
CN and ZY-M-KI samples were washed with water, while ZY-M-I,
samples were washed with ethanol

L KI KCN
FeSO,-7H,0 ZY-Fe-I, ZY-Fe-KI ZY-Fe-CN
Co(NO,),-3H,0 ZY-Co-I, ZY-Co-KI ZY-Co-CN
NiCl,-6H,0 ZY-Ni-I, ZY-Ni-KI ZY-Ni-CN
Cu(NO3),-3H,0 ZY-Cu-I, ZY-Cu-KI Zy-Cu-CN®

¢ No cyanide compound obtained.
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Fig. 1 PXRD patterns of the ZY-Ni samples milled with KCN/KI/I,.

range ordering, potentially due to framework distortion, partial
amorphization, local heterogeneity, etc. Furthermore, the
energy dispersive X-ray spectra (EDS, Fig. S2) of selected Ni-
containing samples suggest that there is a certain amount of
Ni introduced into the zeolite crystals. The Na signals indicate
that the ion exchange process was incomplete, consistent with
the short duration of milling. Likewise, K signals in ZY-Ni-KI
point to partial ion exchange with K occurring simultaneously
with the formation of an I-containing complex compound.

Cyanide complexes were identified by comparing character-
istic C=N vibrations present in the mid-IR spectrum of the
samples with the reference samples prepared via solution
synthesis and the literature values (Fig. 2, S3, S4 and Table 2).>¢
The Fe(n) system yielded hexacyanoferrate(i); [Fe(CN)e]* ™.
Reactions with Co(u) produced hexacyanocobaltate(ur);
[Co(CN)]’”. Ni(m) containing reactions yielded tetra-
cyanonickelate(n); [Ni(CN),]*>~, while reactions with Cu(u) did
not yield a species containing a cyanide compound and will not
be discussed further (Fig. S2). Considering that the poly-
cyanometallate complexes are anions, it is assumed they are
very likely accompanied by potassium cations (from the KCN) to
balance out the charge since the zeolite Y framework is inher-
ently negatively charged. Unlike cyanide complexes, iodine-
containing compounds do not have discernible vibrations in
the mid-IR range. They were identified via comparison of
experimental far-IR spectra of the samples with calculated
spectra obtained by DFT computational (Fig. 3) methods
(functional: wb97xd, basis set: 3-21G*), since no literature
mentioning the identified compounds exists, to the best of our
knowledge. The system containing Ni(u) milled with KI yielded
a new compound: potassium triiodonickelate(u); K[Nil;]. When
elemental jodine was used instead, dinickel(n) tridiodide
cation, Ni[Nil;]", another previously unknown moiety, was ob-
tained. Far-IR spectra of the rest of the samples prepared from
the systems containing I, or KI are shown in Fig. S4.

UV-Vis spectra of the solid samples with identified
complexes were used as a reference in an attempt to identify the
remaining compounds, which were not successfully simulated
by DFT. Samples ZY-Cu-I, and ZY-Co-I, exhibit absorption
maxima at 336 nm and 408 nm as seen in the spectrum of ZY-Ni-
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Fig. 2 Infrared spectra of the obtained samples compared to refer-
ence samples to identify formed polycyanometallate species inside
zeolite cavities. (a) System containing iron(i). (b) System containing
cobalt(i). (c) System containing nickel(i).

Table 2 Measured IR C=N vibration values of the obtained samples
compared to reference and literature values

Vexp (cm ™) Vree (cm ™) viie (em™1)?°
[Fe(CN)e]*~ 2035 2038 2037
[Co(CN)eJ*~ 2129 2129 2131
[Ni(CN), >~ 2125 2122 2121

I, (Fig. 4a), pointing to species similar to Ni[Nil;]" being present
in the zeolite cages, possibly Cu[Cul;]" and Co[Col;]", respec-
tively. ZY-Fe-I, did not exhibit any band at 409 nm as ZY-Ni-I,,
and it lacks the absorption maximum at 336 nm, giving an
inconclusive result. ZY-Fe-KI, ZY-Co-KI and ZY-Ni-KI share
almost no similarities with ZY-Cu-KI (Fig. 4b) which seems to
exhibit absorption maxima at an analogous position to that in
ZY-Ni-I,, indicating that the product is analogous to the one in
ZY-Cu-l, (possibly Cu[Culs]"). ZY-Fe-KI, ZY-Co-KI and ZY-Ni-KI
have no discernible absorption maxima comparable to the
identified moieties, so the identification of the species formed
in these samples will be a subject of further study.

The stability of materials under given conditions affects their
performance, so herein was evaluated the behaviour of the
studied composite materials (zeolite-TM complex) upon being
exposed to the atmosphere of acidic gases, since gas adsorption
is one of the major application fields of zeolites, often the

streams comprise acidic gases.”’”*® Exposure to corrosive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Identification of iodide products via comparison of experi-
mental far-IR spectra with calculated values. (a) Identification of Ni
[Nilz]*. (b) Identification of K[Nilz]. The vertical lines denote vibrations
present in the simulated spectra.

atmospheres of hydrogen chloride (HCI) and nitrogen dioxide
(NO,) lasted for an hour, after which the samples were imme-
diately analysed by IR and solid-state UV-Vis spectroscopy to
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Fig. 4 Solid-state UV-Vis spectra of (a) ZY-M-I, and (b) ZY-M-KI
samples (M = Fe, Co, Ni, Cu).
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confirm the presence of adsorbed gases/species. PXRD and
scanning electron microscopy (SEM) were used to assess the
impact on the zeolite structure and the surface of the particles.
The IR spectra display vibrations corresponding to the vibra-
tions of HCI (Fig. 5a, S6, S7 and Table S2) and NO, (Fig. 5c, S8,
S9 and Table S2), even a month upon exposure in all cases,
which strongly suggests that the gases form strong interactions
with the studied zeolites. The appearance of multiple absor-
bance maxima at 225 nm and 292 nm in the UV-Vis spectra of
the samples exposed to NO, (Fig. $10) in most samples (ZY-Fe-
NO,, ZY-Fe-KI-NO,, ZY-Fe-CN-NO,, ZY-Co-NO,, ZY-Co0-1,-NO,,
ZY-Co-KI-NO,, ZY-Co-CN-NO,, ZY-Ni-I,-NO,, ZY-Cu-NO,, ZY-Cu-
I,-NO, and ZY-Cu-KI-NO,) implies multiple binding modes of
NO, molecules either to the zeolite (possibly intra- and/or extra-
framework Al) and/or to the encapsulated transition metal
complex. It is worthwhile to note that while the absorbance
maximum at 225 nm is in all cases very well defined, the
maximum at 292 nm varies between samples from barely
noticeable (ZY-Co-NO,, ZY-Co-CN-NO, and ZY-Ni-I,-NO,) to well
expressed (ZY-Fe-NO,, ZY-Fe-KI-NO,, ZY-Fe-CN-NO,, and ZY-Co-
KI-NO,). ZY-NO,, ZY-Ni-NO,, ZY-Ni-KI-NO, and ZY-Ni-CN-NO,
have a single absorbance maximum at 225 nm, while ZY-Fe-I,-
NO, is the only sample with a single absorbance maximum at
295 nm. These results point to the possibility of different NO,
bonding modes, dependent on the metal and/or moieties
present within the zeolite cavities.

PXRD analysis after the exposure to the corrosive atmo-
spheres shows a decrease in the peak intensities of the parent
ZY (Fig. 5) indicating reduced ordering degree, most probably
due to framework distortion and or/partial dealumination. A
similar effect is observed in the ZY reflections of the T™M
complex samples (Fig. 5 and S11-S14), but to a smaller degree in
NO, treated materials. On the other hand, after exposure to the
atmospheres, individual crystals and their
morphology can still be clearly discerned in SEM images
(Fig. 5e). Furthermore, following the exposure to HCI, an addi-
tional phase begins to emerge from the parent ZY in PXRD (new
peaks at 14.82°, 17.01°, 24.04°, 26.93°, 38.96° and 45.34°),
whereas in the Ni-modified samples only peaks at 28.18° and
40.46° are observed. After one month, peaks of the unmodified
zeolite Y are almost non-existent, while the Ni modified sample
remains virtually unchanged with respect to the sample
measured immediately upon the exposure to HCI. After expo-
sure to NO,, a new phase, besides FAU, is observed in the PXRD
pattern of the parent zeolite Y (Fig. 5; additional peaks appear at
9.44°, 17.01°, 19.53°, 26.11°, 29.27° and 38.91°). After one
month, a new set of peaks arises (at 13.34°, 14.08°, 19.66°,
21.66°, 22.10° and 38.82°), pointing to the formation of another
secondary phase. Initially, the samples with complexes remain
unchanged after the exposure to NO,, but the very secondary
phase as in the pure ZY is present one month after the exposure,
pointing to the delayed phase transformation in the samples
modified with TM complexes.

Samples containing (pseudo)halide compounds inside the
cavities also show damage to the zeolite structure but to a lesser
extent than the pure ZY. Therefore, it can be concluded that
when exposed to acidic atmospheres, zeolites are stabilized by

corrosive
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Fig. 5 Adsorption of corrosive gases by the modified zeolites. (a) IR spectra of samples exposed to HCL (g) for 1 hour, (b) PXRD difractograms of
the same samples. (c) IR spectra of samples exposed to NO, (g) for 1 hour. (d) PXRD difractograms of the same samples. (e) SEM images of zeolite
Y and samples modified with KCN and I, before and after exposure to HCL (g) for 1 hour. (mth = month).

transition metal (pseudo)halide complexes. This points to
a stabilization effect of the FAU zeolite and the encapsulated
complexes, where the zeolite stabilizes the compound inside
the cavity and the compound stabilizes the zeolite against the
effects of the corrosive atmospheres. The latter effect may be
due to the compounds restricting access of gas molecules to the
zeolite superstructure or other interactions being preferable,
limiting potential framework changes caused by the corrosive
gas. Finally, the particle size distribution (PSD) curves by
number and volume (Fig. S15 and S16) suggest that the milling
process dominates the particle size characteristics, while the
chemical modifications introduce minor variations within the
respective size distributions.

To sum up, zeolite Y was successfully mechanochemically
modified with transition metals which were used to build halide
(potassium triiodonickelate(u); K[Nil;], dinickel(u) triiodide
cation; Ni[Nil;]") and pseudohalide complexes (hexa-
cyanoferrate(u); [Fe(CN)g]*™, hexacyanocobaltate(i);
[Co(CN)6]’~ and tetracyanonickelate(m); [Ni(CN),]>”) inside the
zeolite Y cavities. This approach yielded new and previously
unknown iodide complexes that are stabilized by the zeolite
superstructure. In turn, the zeolite itself was more resistant to
the corrosive effects of HCl and NO, due to the stabilization
provided by the guest molecules. In the future, process
parameters to increase the metal loading (i.e. the quantity of the
formed TM complex species) will be optimized. This work opens
a new avenue of research into mechanochemical transition
metal complex synthesis inside zeolite cavities, especially
synthesis of compounds that are unstable in air.
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