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Highlights

o Degradation of two polymeric phthalatocuprate(ll) dihydrates was studied using TG/DSC/MS
measurements, XRPD analysis and FT-IR spectroscopy.

e The reversibility of dehydration processes was identified using XRPD and TG/DSC analysis.

o Detail analysis of dehydration kinetics was studied using isoconversional and non-isoconversional
methods.

e Thermodynamic and Kinetic parameters for dehydration process have been determined.

e The dehydrated complexes were investigated as possible candidates for H, adsorption, using

molecular simulations.

Abstract

Thermal dehydration of two heterometallic complexes containing dianion of phthalic acid, pht,
Naz[Cu(pht).]-2H,0, 1, and K2[Cu(pht);]-2H-0, 2, was investigated under non-isothermal conditions.
Mechanism and Kinetics of dehydration were analyzed in detail using TG/DSC/MS measurements, XRPD
analysis and FT-IR spectroscopy. The reversibility of dehydration processes was identified. According to
XRPD, dehydrated product of 1 maintains original structure, but dehydration of 2 undergoes structural
transformation giving a dehydrated product of different crystal structure. In both cases dehydration process
involves more than one elementary step, which was confirmed using isoconversional methods. Deconvolution of
this process using Fraiser-Suzuki function yielded two single step processes for 1 and 2. Subsequent kinetic
analysis was performed using Malek algorithm, resulting in the determination of kinetic triplets (Ea, A and f{a))
for each individual step. In addition, the dehydrated complexes were investigated as possible candidates for H;

adsorption, using molecular simulations.
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1. Introduction

For the last decade, design and preparation of transition metal (TM) complexes [1-18] resulted in an
extremely wide range of discrete zero-dimensional (OD) compounds, and coordination polymers (CPs) with
infinite one- (1D), two- (2D) or three-dimensional (3D) frameworks and very diverse structural features.
Besides their remarkable architecture, constantly growing interest for these materials is related to their potential
application in the fields of separation, heterogeneous catalysis, gas storage, and drug delivery [1, 2]. Due to their
ability to interact with biological systems, antibacterial [4], antifungal [5] and anticancer activity [6, 7],
copper(Il) complexes are of special interest.

Design and synthesis of CPs principally include application of polycarboxylate ligands, which exhibits high
affinity toward metal ions and wide variety of coordination modes [8, 9]. Introduction of a new metal center
may contribute to the diversity of structure and topology, influencing the functional properties of the materials,
particularly their catalytic, photoluminescent and magnetic properties [15-17].

A special class of CPs are metal—organic frameworks (MOFs), which can be defined as crystalline materials
containing a metal atom or metal cluster bonded to organic linkers [19, 20]. Although not directly stated in this
definition, the existence open pores are assumed, because MOFs are often considered as materials for gas
storage and separations [21]. In many CPs and MOFs water or some other solvent acts as a ligand or exist as
uncoordinated solvent of crystallization. Since it is necessary to eliminate solvents for adsorption application
[2], it is desirable to avoid pores collapse upon solvent removal. Therefore, the manner in which the structure
changes during desolvation is of high importance.

During our research on TM complexes with anions of phthalic, isophtalic and terephthalic acid [11, 18],
reversibility of dehydration—rehydration process has been observed at least two times [14, 22]. Bearing in mind
the fact that copper(l1)-sodium complex Naz[Cu(pht)2]-2H-0 (pht = dianion of phthalic acid), 1, exhibits
complete reversibility during dehydration—rehydration process [22], we also prepared an analogous copper(l1)-
potassium complex Kz[Cu(pht).]-2H-0, 2. Contrary to 1, which structure remains intact upon dehydration,
dehydration of 2 undergoes structural transformation. Although 1 and 2 cannot be classified as MOFs, but as
CPs with 2D and 1D structure, respectively, reversibility of their dehydration—rehydration processes lead us to
investigate them in more details as a possible candidates for H, adsorption.

So far, there are only a few detailed studies dealing with thermal behavior of TM complexes [23] during
dehydration from the view point of structural changes, while the research related to dehydration of
heterometallic complexes is mainly restricted to the structural features [12-17]. The studies concerning thermal
stability of heterometallic complexes which incorporate, at the same time, transition and alkali metals, with
water molecules bonded to alkaline cations, are even less common. In order to provide deeper insight into
dehydration mechanism and kinetics, both compounds were analyzed under non-isothermal conditions in a
nitrogen atmosphere.

In addition, considering the influence of water on adsorption properties of CPs along with their

attractiveness as gas storage systems [2, 3], the sorption properties of anhydrous complexes were examined.



Detailed characterization of their structures in conjunction with MD calculations has been performed, and the

predicted differences in gas adsorption capability are discussed.
2. Methods and Materials

Crystal structures of 1 and 2 were already reported [12], but without experimental details related to the
synthesis. For that reason, the complete procedure for their synthesis is presented in the Experimental section.

All the reagents were commercially available and used as received without further purification.

2.1. Synthesis of 1 and 2
1: To a solution prepared by vigorous mixing of NaOH (0.100 mol) and Hpht (0.0500 mol) in 33 cm?® of

water, 50 cm? of Cu(NO3), (0.0100 mol) was added drop-wise at room temperature. The instantly formed
microcrystalline precipitate was filtered off after being left overnight, washed several times with small portions
of Et,0 and dried at room temperature (yield 88.2 %). The prepared compound is soluble in water.

2: Hopht (0.0250 mol) and K,COs (0.0250 mol) were dissolved in 100 cm?® of water and reaction is, as
expected, accompanied with CO; evolution. Later, 5 cm® of 1 mol dm=3 Cu(NO3) solution (0.005 mol) was
added drop-wise. After the addition of Cu(NOs3), solution, the mixture was boiled and filtered, giving clear blue
solution. This solution was allowed to evaporate slowly at room temperature. After 24 hours, the formation of

blue rod-like crystals was observed (yield 48.4 %). The prepared compound is soluble in water.

2.2. Experimental equipment and conditions

Fourier-transform infrared (FT-IR) spectra were recorded in the transmission mode between 600 and 4000
cm! using a BOMEM (Hartmann & Braun) spectrophotometer with the resolution of 4 cm™' using KBr pellets.
The X-ray powder diffraction (XRPD) data were obtained on Philips PW-1710 automated diffractometer, using
Cu Ka radiation, at 40 kV and 30 mA, in Bragg—Brentano geometry. Diffraction data were collected in the range
4°<26<50° (step scan: 10 s, step width: 0.02 °2 ) at room temperature. The comparison of experimental and
calculated XRPD patterns [12] confirmed the phase purity of the prepared samples.

Thermal data were recorded from room temperature to 1200 K using TA Instrument Q600 SDT Thermal
Analyzer. For non-isothermal degradation kinetics data were collected at 5, 10, 15 and 20 K min™! heating rates.
Measuring parameters: sample mass ~8 mg, open alumina crucible (sample/reference), nitrogen atmosphere
(flow rate 100 cm® min™). The calibration of the instrument was conducted for each heating rate. All
measurements were repeated at selected heating rates, assuring their reproducibility. Linear baseline was used in
the simulation of the thermo-kinetic background.

For TG/MS measurements the thermobalance was coupled online with Hiden HAL RC 301 quadrupole mass
spectrometer. Here the sample mass was ~3 mg and the heating rate of 20 K min-. The experiments were
carried out in flowing argon gas carrier (flow rate 50 cm® min™). Selected ions with m/z = 1-143 were

monitored in multiple ion detection mode (MID).

2.3. Dehydration — hydration experiments




Dehydrated complexes were obtained by heating at 443 K for 90 minutes (1a) and at 423 K for 60 minutes
(2a), followed by cooling in a desiccator and weighting. After standing at ambient conditions for 48 h,
dehydrated complex 1a absorbs back atmospheric moisture and reverts to 1. For a complete rehydration of 2a it
was necessary to keep it under saturated water vapor in a sealed vessel for 4 hours. Mass loss during
dehydration for 1 was 7.6 % (calc. 7.60 %), while for 2 it was 7.2 % (calc. 7.12 %). Mass gains after rehydration
were 7.8 % for 1 and 6.9 % for 2.

2.4. Computational details

Possible gas adsorption capacity was calculated using molecular dynamics (MD) and Grand Canonical
Monte Carlo (GCMC) simulations. MD calculations were used to simulate crystal lattice expansion with
introduction of gas molecules and performed using simulated annealing, followed by cell geometry
optimization, in a 4x4x4 supercell with GULP software package [24]. GCMC calculations, performed using
Music software [25], were used to calculate gas adsorption isotherms and corresponding binding energies on a
fixed crystal lattice in a 4x4x4 supercell for calculations at 77 K and 8x8x8 supercell for calculations at 298 K.
All calculations were conducted using Universal Force Field (UFF) [26] with 5-10° iterations and 0.4 probability
for insertion and deletion and 0.1 probability for rotation and translation of the adsorbate molecule, respectively
(See Supplement, Figs. S1-S4). Solvent accessible surface area (SASA) was obtained by calculating the
Connolly surface for water molecules as a recommended solvent (radius of 1.4 A) [27] and then repeating the

same process on the resulting surface for a hydrogen molecule (radius of 1.485 A) (See Supplement, Fig. S5).

3. Results and discussion

3.1. Thermal behavior of 1 and 2

Detailed thermal analysis in order to compare the dehydration-rehydration process of 1 and 2 has been done

having in mind previous results concerning 1 [22].

Thermal stability and degradation of both complexes were studied by TG/DSC/MS measurements. DSC
curves of 1 and 2 (Fig. 1) up to 1200 K, show that their decompositions occur in multistep processes involving
series of endo- and exothermal-steps including dehydration, decarboxylation, oxidation, further fragmentation
and probably evaporation of some formed products. The onset temperature for thermal degradation of 1 is higher
for about 30 K compared to that of 2, emphasizing the difference in their thermal stability.

According to analysis of TG/MS curves, the first mass loss in temperature range, 400-460 K for 1 and 370-
450 K for 2, is associated with the release of two water molecules per formula units. This statement is supported
by very good agreement between calculated and experimental values (found 7.6 %; calc. 7.60 % for 1 and found
7.2 %; calc. 7.12 % for 2). The continuous mass loss in 2 shows that the water evaporation practically starts at
room temperature (inset in Fig. 1 b), while in 1 it begins at higher temperature (TG onset 400 K). In both
complexes there is only one crystallographically independent H,O molecule. In 1, H,O is very close to the Na*
ion (2.29 A), while in 2, H,0 is shared between two K* ions with the corresponding distances of 2.62 and 3.19

A. This can explain their different behavior during dehydration.



The dehydrated compounds are stable in about 440-500 K temperature range (Fig. 1). The decomposition
starts above 500 K with CO; release in both compounds as a consequence of decarboxylation. The signal
intensity of m/z = 44 peak in 2 is about six times higher than in 1. On the contrary, the peak height of m/z = 28
signal for CO evolution is about ten times higher in 1 than in 2 (Fig. 2), suggesting that decarboxylation process
in 2 mostly consists of CO; release. In both complexes, CO; release proceeds practically in the whole
temperature range along with H.O and CO evolution due to high hydrogen and oxygen content. Other fragments
with a higher m/z ratio (m/z = 50, 77, 78) are also observed around 600 K but with a significantly lower relative
intensity. Fragment with m/z = 50 most probably belongs to C4H2* ion from the benzene ring, while the relative
intensity of the fragments with m/z = 77, 78 corresponding to the benzene ring departure, is even lower. In inert
atmospheres (N2, Ar) the decomposition is completed around 1200 K. According to the shape of TG curves
(Fig. 1), mass loss is continuous above about 930 K for 1, while it is abrupt above about 1070 K for 2. This can
be correlated to the stability of alkali metal carbonates as very possible intermediates during degradation. In
addition to the metallic Cu in 2, CuO and Cu,O are also found in 1. No phases indicating the presence of alkali
metals were present (See Supplement, Fig. S6). This can be attributed to the appearance of alkali oxides in
amorphous phase or to their evaporation in final stages of degradation. Similar results were already obtained for

the final decomposition products in inert atmosphere [28].

Fig 1. Simultaneous TG-DSC-DTG plots at # =20 K min! in an nitrogen atmosphere of: a) 1 b) 2.
Fig. 2. TG/MS data for dehydration and decarboxylation in argon atmosphere of: a) 1 b) 2.

Thermal analysis showed that the water content loss during dehydration was completely recovered during
rehydration (Fig. 3). DSC curves (See Supplement, Fig. S7) of rehydrated complexes have the same shapes as
starting materials, indicating process reversibility. Small shift toward lower temperatures (for about 15 K) of
thermal curves, during dehydration of rehydrated complexes, is a consequence of applied heterogenic
rehydration reactions.

Fig. 3. TG curves of dehydration process of: a) 1 b) 2. (Corresponding DSC curves are presented in Supplement
in Fig. S7)

3.2. Structural characterization of 1 and 2

The difference in thermal behavior of 1 and 2 upon dehydration—rehydration process can be correlated to
their structure. Since crystal structures of 1 and 2 are known [12], in this section only the main structural
features will be presented.

In both complexes, pht ions acts as an overall bridge, with one COO group coordinated as a chelate and
other as a monodentate ligand. Thus, in 2, zigzag polymeric chains are formed by linking through pht bridges.
These polymeric chains are oriented along the [101] direction. Unlike 2, which exhibits a chain structure with
potassium cations located between the chains, 1 further exhibits a layered structure, where pht also bridges two
adjacent Cu atoms, but due to different orientation of the aromatic rings and conformation of COO groups, the

resulting structure consists of layers parallel to the (100) plane [12]. The only non-molecular interactions among



chains in 1 are van der Waals forces. In 2, however, there are additional n-r stacking interactions between the
aromatic rings of pht ions.

The difference in size of sodium and potassium cations has a great impact on crystal structures, and, thus, on
their thermal properties. Sodium cations are small enough to intercalate in between the polymeric layers, while
potassium cations interpose between chains. Sodium cation in 1 is surrounded by six O atoms, where five of
them belong to pht anions and one is from water molecule, while potassium cation in 2 is enclosed with seven O
atoms, five from pht anions and two from water molecules.

FT-IR spectra of 1 and 2, are shown in Fig. 4. Two strong, well defined bands at 3510 and 3465 cm™ in 1,
3540 and 3393 cm™ in 2 are ascribed to the stretching OH vibrations (Fig. 4). The position of the OH stretching
vibrations in 1 indicates similar O—H bond lengths and O—H---O distances in hydrogen bonds. The larger
separation between positions of the OH vibrations in 2 comparing to 1, is a consequence of their dissimilarity in
bond lengths, and thus the strength. As expected, C=0 and C-O stretching vibrations in the spectrum of Hzpht
at 1687 cm and 1280 cm™, respectively [29], appeared as asymmetric (vas) and symmetric (vs) COO bands, in
FT-IR spectra of complexes 1 and 2. The obtained Av [= 14(COO) — 15(C0O0)] value (218 cm™) for 1, and (183
cm?) for 2 are higher than Av (= 146 cm™) for the pure ionic Kzpht salt [30] indicating monodentate
coordination [31], because one of Cu—O bonds in each chelately coordinated COO group is very long (2.755 for
1, and 2.533 A for 2).

Due to their high affinity towards water molecules during the sample preparation, it was not possible to
obtain FT-IR spectra of completely dehydrated complexes. However, in the FT-IR spectra of partially

dehydrated samples, the changes in COO coordination modes were not observed.

Fig. 4. FT-IR spectra of 1 and 2.

The complete reversibility of dehydration—rehydration process was also confirmed by XRPD (Fig. 5). For 1,
reversibility of dehydration—rehydration process was reported previously [22], where the dehydration—hydration
cycles were repeated up to 5 times on the same sample. After standing in air at room temperature for 48 h
dehydrated samples easily absorb the atmospheric moisture. At the same time, no significant changes of unit cell
parameters were observed for dehydrated and rehydrated samples (Table 1). However, several new and weak
XRPD peaks were detected for anhydrous complex, 2a (Fig. 5 b). These could be ascribed to the appearance of
a new minor phase or to a decrease in crystallographic symmetry. 2a does not regain its original structure (2) by
standing in air at room temperature during 48 h, or even after 10 days. Therefore, 2a was exposed to saturated
water vapor for 4 hours. Under these conditions, 2a quickly regenerated by adsorption of water vapor and
regained its original structure (Fig. 5 b). Similar behavior was previously observed for some Cu(ll) compounds
[32, 33], where dehydrated complexes reverted to their initial structures by exposing to the saturated water
vapor pressure for 12 or 20 h. In some cases it was necessary to put dehydrated sample into water for 6 days to
recover its original structure [34].

After removal of water molecules from both complexes, a broadening of the diffraction peaks was observed
(Fig. 5), as a consequence of a significant reduction in crystallite size (Table 1). As already stated, the transition

from 2 to 2a involves a structural change, yielding a slightly different structure (Fig. 5 b). The XRPD pattern of



2a suggests that the dehydrated compound is crystalline in nature and similar to the starting material.

Dehydrated products are less crystalline in both cases, whereas the unit cell of 2a shrinks around 2.2 %.

Fig. 5. XRPD patterns of: a) 1 b) 2.

Table 1. Unit cell parameters and crystallite size of hydrated and dehydrated complexes.

3.4. Mechanism and kinetics of dehydration

Dehydration of 1 is manifested by the appearance of one compounded asymmetric peak in DTG curves
between 400 and 460 K, while for 2 it is followed with two highly overlapped peaks in the range of 370-450 K.
The kinetics of dehydration was studied based on the shift of well shaped DTG maxima with the heating rate
(See Supplement, Fig. S8).

The shift of DTG maxima, indicates the thermally activated process, therefore the overall kinetic parameters
for dehydration of 1 and 2 have been determined using Kissinger and Ozawa equations [35, 36] (Table 2), with

results that are in close agreement.

Table 2. Thermodynamic (for =20 K min) and overall kinetic parameters (E. and A) for dehydration process
of 1 and 2.

High correlation factors from Kissinger and Ozawa methods confirmed that the mechanism of dehydration
for both complexes is independent on the heating rate in investigated heating ranges. Therefore, in order to
provide deeper insight into the mechanism of dehydration for 1 and 2, isoconversional methods, the integral
Kissinger-Akahira-Sunose (KAS) [35, 37] and the differential Ortega [38], were used. These methods are a
valuable indicator of process complexity and present a basis for further discussion of the reaction mechanism
[39]. The results (Fig. 6) clearly suggest that dehydration for both compounds is a multistep process, involving
more than one elementary step [40]. The differences in curves are expected because Ortega method is free of the
approximations used in KAS method.

Fig. 6. Plot of the effective values of the apparent activation energy E. . as a dependence on the conversion
degree o for thermal degradation obtained using KAS and Ortega method of: a) 1 b) 2.

For dehydration of 1, the Ea, 0n a dependences (Fig. 6 a) exhibit decreasing, convex/concave character in
the whole range of o. This can be ascribed to the transition of the limiting step from the breaking of chemical
and hydrogen bonds to the diffusion step of released molecules. Initially decreasing convex character of curves
is related to the presence of a reversible step during dehydration of 1 [41]. Process complexity for dehydration
of 2 is particularly obvious from the existence of three maxima in the corresponding curve for Ortega method
(Fig. 6 b). At the beginning, the increasing nature of both curves indicates a process that involves parallel
reactions, while for « > 0.6 diffusion becomes predominant, reflecting a transition to a diffusion-controlled step
[41].



Taking into consideration the complex nature of dehydration processes, to gain more information, the peak
deconvolution was applied using several mathematical functions recommended for this type of processes [42].

The best results were obtained using asymmetric Fraser—Suzuki function (Fig. 7).
Fig. 7. Deconvolution of complex dehydration process at 8 = 20 K min*: a) for 1 b) for 2.

Table 3. The kinetic parameters of deconvoluted peaks for dehydration of 1 and 2 determined by Kissinger and
Ozawa methods.

The peaks 1 and 2 for 1 and peaks 2 and 3 for 2 are ascribed to stepwise release of two water molecules from
the structure of complexes (Table 3). The presence of continuous mass loss starting at room temperature in 2
(Fig. 1 b) could be related to the adsorbed moisture showed as a long left peak tale in DTG curve, corresponding
to peak 1 of 2 (Fig. 7 b). It additionally emphasizes its asymmetric shape and was not subjected to kinetic
analysis.

The ratio of the areas of separated peaks for 1 is close to 1:1, pointing that equal masses of components leave
the system. Deconvoluted peaks of both complexes were analyzed using KAS and Ortega isoconversional

methods in order to determine the mechanism of dehydration (Fig. 8).

Fig. 8. Values of activation energies at different conversion degree determined using KAS and Ortega

isoconversional methods for deconvoluted dehydration peaks of: a) 1 b) 2.

According to the results of isoconversional methods can be concluded that all deconvoluted peaks
correspond to single-step processes (Fig. 8). The closeness of the values of activation energies for the water
molecules release, especially in the case of 1 is the reason for the existence of one wide endo peak in DSC
curves.

Conversion functions for single step processes were determined from the experimental data, according to

Malek algorithm based on the application of characteristic kinetic functions y(a) and z(a) expressed as [43]:

y<a>=[d—“jexp(5]=m(a> ()

=[S @

The concave shape of obtained y(a) and z(a) functions suggests the same mechanism of degradation for all

applied heating rates, Fig. 9.

Fig. 9. Malek curves y(a) and z(a,) at different heating rates, determined for dehydration: a) 1 b) 2.
Table 4. The average position of the maxima of y(a) and z(a) functions and the average values of M and N in

Sestak-Berrgren model, given for single step processes.

Considering the shapes and the positions of maxima of these functions (Table 4), all single steps correspond

to the empirically derived Sestak—Berggren model [44] which is expressed as:



f(a)=aM@-a) ®)
where M and N (Table 4) are kinetic parameters (See Supplement, Fig. S9).

The validity of the proposed kinetic triplets (Ea, A and f(«)) for all single step processes of dehydration was
confirmed using Master—plot [45] and Pérez—Maqueda [46] criteria. The full accordance between experimental
and theoretical master curves (See Supplement, Fig. S10) was observed. The same is true for Pérez—Maqueda
criterion as shown by high linearity with correlation coefficients, R? higher than 0.995, for all individual steps

(See Supplement, Fig. S11).

3.5. Theoretical investigation of adsorption properties of dehydrated complexes

The design of MOF-based materials with high gas storage capacity needs to have a molecular-level
understanding of the interactions. Therefore, several investigations dealing with ab inito quantum mechanical
studies on the finite structure of MOFs have been performed [47]. The most comprehensive calculation analysis
of gas sorption properties for selected coordination compounds from CSD [48] was performed by Goldshmith et
al. [19]. These calculations are very useful for predictions of adsorption capacity and subsequently for further
tune the chemistry of the framework [49].

In this contribution, gas adsorption for H, and N in both dehydrated complexes was calculated using
molecular simulations, and the obtained results are presented in a comparative manner. Various amounts of
hydrogen molecules were inserted into both structures using simulated annealing to investigate lattice expansion
due to the presence of hydrogen in the lattice. Successive structures were then created by gradually increasing
the amount of hydrogen using previously optimized crystal structure as the initial guess. The cut-off value of

hydrogen binding energy, beyond which further adsorption was not considered, was 6 kJ mol=.

Table 5. Simulated lattice expansion data for introducing of H; into the crystal structures of dehydrated

complexes.

The results for simulated lattice expansion of both complexes are summarized in Table 5. There is no
Solvent Accessible Surface Area (SASA) observed in 2a at any point, suggesting that this complex would only
adsorb gas on the surface of crystalline grains. 1a shows different behavior, where SASA is observed after
lattice expansion of around 10 % and it increases with increase in relative lattice volume. This suggests that 1a
could adsorb gas if gas molecules could intercalate between the layers in the crystal structure. In addition, the
average binding energies for hydrogen are generally higher in 1a than in 2a, further reinforcing superiority of 1a
for hydrogen adsorption.

Layered structure of 1a allows the introduction of up to 4 wt. % of H, into the lattice, resulting in lattice
expansion of over 40 %. This amount of H; inserted into 1a is higher than for MOF UiO66 [50] that have
similar SASA value. However, 2a has shown that it was possible to introduce only 2 wt. % of Ha, which results
in lattice expansion of less than 3 %. The addition of more amount of H could not be physically accommodated
by the lattice, indicating that the limit of lattice flexibility in 2a has been reached. This shows that there is a
huge difference in lattice flexibility between two investigated complexes, allowing 1a to accommodate
significantly higher amounts of adsorbed gas. In addition, the average binding energies for hydrogen are

generally higher in 1a than in 2a.



The calculated gas adsorption isotherms for 1a and 2a for H, and N; at 77 K are given in Fig. 10. These
results show that 2a could adsorb only around 1.7 wt. %, while 1a system would adsorb 3.5 wt. % of H; at 77 K
and pressures up to 5000 kPa.

The difference between 1a and 2a systems is much more pronounced for N, adsorption, where 1a exhibits
up to 15 times higher adsorption. The superiority of 1a above 2a is additionally confirmed for adsorption of
CO,, NO and CHg, at 298 K (See Supplement, Fig. S3), while calculations of 2a system showed negligible
adsorption of these gasses (See Supplement, Fig. S4).

In summary, these calculations are performed on dehydrated complexes 1a and 2a. As shown in Table 1, no
significant structural changes were observed during dehydration-rehydration of 1. Thus adsorption of H, and
other gases in layered structure of 1a is quite possible. On the other hand, there is a significant shrinkage of the
unit cell along b-axis of 2a (Table 1) that additionally promotes the influence of n-n (see above) stacking
interactions between the aromatic rings bringing chains mutually closer. Therefore, adsorption of gases is
possible only on the material surface.

Fig. 10. Calculated adsorption isotherms at 77 K for: a) H2 (100-5000 kPa) and b) N (10-100 kPa).

4. Conclusions

The investigated complexes, due to different crystal structures, show certain differences in their thermal
behaviour. The change of co-cation has a great impact on the crystal structure and thus on the thermal
properties. The size of co-cation causes the dimensionality of polymeric phthalatocuprates(l1). In layered
structure of 1, the sodium cations are small enough to insert in the hollows of the polymeric layers, while in
chained structure of 2 the potassium cations interpose between adjacent chains. Both complexes show complete
reversibility of dehydration-rehydration process, in spite of structural transformation of 2, during dehydration.
The lower rate of rehydration of 2 could be related to its structural transformation occurring during dehydration.

Thermal degradation process of complexes follows similar pattern involving steps of dehydration,
decarboxylation, oxidation, further fragmentation and evaporation of formed products. The dehydration
processes for both complexes follow the same mechanism, close kinetics but different thermodynamics
implying better stability of 1. Kinetics similarity is especially evident in their conversion functions presented by
Sestak—Berggren model. Higher values of kinetic parameters (Ea, M and N) as well as higher enthalpy for 1 are
related to its better thermal stability.

The calculation of gas adsorption for H in both dehydrated complexes, 1a and 2a, showed that 1a is a better
candidate with the ability to accommodate up to 4 wt. % of H; into the lattice, resulting in lattice expansion of
over 40 %. This showed that layered structures, although not as rigid as MOFs, could also be good candidates
for H, adsorption. It seems that in our case key for a possible application is the absence of structural changes

during dehydration.
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Figure captions

Fig 1. Simultaneous TG-DSC-DTG plots at # = 20 K min™* in an nitrogen atmosphere of: a) 1 b) 2.
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Fig. 2. TG/MS data for dehydration and decarboxylation in argon atmosphere of: a) 1 b) 2.
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Fig. 3. TG curves of dehydration process of: a) 1 b) 2 (Corresponding DSC curves are presented in Supplement

in Fig. S7).
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Fig. 4. FT-IR spectra of 1 and 2.
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Fig. 5. XRPD patterns of: a) 1 b) 2.
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Fig. 6. Plot of the effective values of the apparent activation energy Ea . as a dependence on the conversion
degree o for thermal degradation obtained using KAS and Ortega method of: a) 1 b) 2.
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Fig. 7. Deconvolution of complex dehydration process at 4 = 20 K min*: a) for 1 b) for 2.
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Fig. 8. Values of activation energies at different conversion degree determined using KAS and Ortega
isoconversional methods for deconvoluted dehydration peaks of: a) 1 b) 2.
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Fig. 9. Malek curves y(a) and z(a) at different heating rates, determined for dehydration: a) 1 b) 2.
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Fig. 10. Calculated adsorption isotherms at 77 K for: a) H, (100-5000 kPa) and b) N, (10-100 kPa).
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Tables

Table 1. Unit cell parameters and crystallite size of hydrated and dehydrated complexes.
Sample a(A) b (A) c(A) £ V(A%  <D>(nm)?
Single crystal data, 1 11.070(10) 6.650(8)  12.143(11) 101.6(1) 875(2) -

Powder diffraction data, 1 11.079(1)  6.657(6)  12.218(2) 101.7(8) 882(1) 92(9)
Dehydrated, 1a 11.142(3)  6.669(1)  12.162(4) 101.6(1) 885(2) 45(2)
Rehydrated, 1 11.0901(2)  6.697(1) 12.167(2) 102.1(1) 884(2) 80(9)

Single crystal data, 2~ 12.065(15) 21.327(16)  7.825(9) 113.9(1) 1841(3) -
Powder diffraction data, 2 12.063(1)  21.298(2)  7.823(1) 113.6(2) 1842(4) 64(8)

Dehydrated, 2a 12.083(3) 21.017(3) 7.773(1) 114.1(4) 1802(4) 32(3)
Rehydrated, 2 12.072(1) 21.278(2)  7.824(5) 113.5(2) 1843(2) 59(9)

2 Calculated by Scherrer’s formula.

Table 2. Thermodynamic (for 8 =20 K min) and overall kinetic parameters (E, and A) for dehydration process

of 1 and 2.
Complex 1 2
DSC peak temperature (K) 452.1 439.1
Formula weight (g mol!)  473.82 506.01
Fragment loss 2 H,O 2 H,O
AH (kJ mol%) 153.9 98.2

Ea(kJmol?) Kissinger 95.93+9.4 82.26+5.1
Ozawa 98.4+9.2 84.8+5.0

InA (min) Kissinger 26.26+12.5 22.96+10.2
Ozawa 2712+ 114 2394+94

AS* (J mol* K-) -64.1 -91.3
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Table 3. The kinetic parameters of deconvoluted peaks for dehydration of 1 and 2 determined by Kissinger and

Ozawa methods.

Complex Kissinger Ozawa

Ea(kimol®) InA(min?l) Ea(kJmol?) InA(min?)

1 Peakl 76.2+28 21.2+111 79.1+£22 22.4+10.8
Peak2  88.2%6.3 240+ 10.5 90.7+5.8 249+99

2 Peak2 642+21 18.3+9.6 67.4+19 19.7+6.6

Peak3 79.2+3.7 220+102 81.9%35 23.1+8.8

Table 4. The average position of the maxima of y(a) and z(a) functions and the average values of M and N in

Sestak-Berrgren model, given for single step processes.

Complex 1 2

Dehydration Peak1l Peak2 Peak2 Peak3

oy ™ 0.27 0.50 0.27 0.48
07 ™ 0.52 0.68 0.60 0.66
M 0.41 0.63 0.36 0.65
N 11 0.63 0.97 0.71
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Table 5. Simulated lattice expansion data for introducing of H into the crystal structures of dehydrated

complexes.
la 2a
Amount of Relative Solvent Average Relative Solvent Average
Ha, (Wt. %) | volume, (%) Accessible binding volume, Accessible binding
Surface Area, energy for H (%) Surface Area, energy for H
(m2g™) (kJ mol™) (m2g™) (kJ mol2)
0 100.00 0.00 - 100.00 0.00 -
0.4 103.93 0.00 -10.99 101.83 0.00 -8.91
0.8 110.97 1.08 -9.76 99.85 0.00 -8.47
1.2 108.51 2.08 —1.74 101.39 0.00 -8.82
2.0 114.53 26.67 -8.04 102.74 0.00 —-6.09
2.5 121.87 79.37 —-7.98
3.2 129.62 197.73 -7.29
4.0 142.55 868.60 —-6.69
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