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Abstract

Metal-organic frameworks (MOFs) have promising practical applications in gas storage, separation and purification and
catalysis. The standard process for MOF production begins with the synthesis of the inclusion compound. The molecules of
the organic solvent used are caught in the channels and caves of the MOF structure. These primary inclusion guest
molecules are excluded further by the weak heating or by the evacuation. The thermal stability of the primary inclusion
compounds (i.e., the ease of removal of the guest molecules) must be connected both with the structure of the empty (guest
free) frameworks and with the size of the guest molecules. We investigate a series of inclusion compounds: [Li,Zn,
(bpdc);(dabco)]-9ODMF-4H,0, [{LiZn},(bpdc);(dma),]-3DMA-H,O and [{LiZn},(bpdc)s;(nmp),]-4NMP (bpdcz_ =
C]4H80421_ anion, dma = C4HgNO, nmp = CsHoNO, dmf = C;H;NO and dabco = C¢H|,N,) for the study of the corre-
lation between their kinetic stability and the framework and guest molecule properties. Thermodynamic properties were
studied using differential scanning calorimeter Netzsch DSC 204 F1 Phoenix. Thermogravimetric measurements were
carried out on a Netzsch thermal analyzer TG 209 F1. Thermogravimetric curves are used for the kinetic studies. Kinetic
parameters of decomposition are estimated within the approaches of non-isothermal kinetics (“model-free” kinetics and
nonlinear regression methods), with the computer program Netzsch Thermokinetics 2. All guest-free frameworks turned
out to be the unstable phases; the peculiarities of the thermal decomposition of the inclusion compounds under these
circumstances are considered.
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Introduction

The coordination chemistry is well-known up-to-date field
of fundamental scientific knowledge. With respect to the
solution chemistry,—thousands reactions were investi-
gated: both complex formation, and substitution reactions
in coordination spheres. Respective equilibrium constants
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(both enthalpy, and entropy contributions) were calculated.
Respective rate constants (both activation energies and pre-
exponent factors) were calculated too.

With respect to the solid state chemistry,—thousands
coordination compounds, cluster compounds and inclusion
compounds were synthesized, their single crystals were
grown, and thousands structures were solved. Real reliable
constructions of coordination spheres (with ligands loca-
tion) and metal-organic frames were getting just from the
solid state.

Many new coordination compounds and inclusion
compounds are continuously synthesized; the crystal
structure identification is the mandatory requirement. The
thermal decomposition processes are usually studied, but
the thermodynamic and (or) the kinetic stability investi-
gation is rather rare [1-16].

Metal-organic coordination polymers are compounds
with infinite structures built from organic and inorganic
units. Porous metal-organic frameworks (MOF) are now of
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significant interest because of the wide opportunities of
combining metals and ligands in their synthesis that allow
for the production of coordination polymers with extended
surface areas and the tuning of the size and shape of the
pores [17, 18]. Depending on the structure, such materials
can serve as matrices for the inclusion of specific guest
molecules, which highlights their unique properties and
various potential applications. Porous coordination poly-
mers are widely studied as materials for gas storage, sep-
aration, catalysts and sensors [19-28]. The ability of
metal-organic frameworks to include ions and molecules
of different sizes leads to their application in ion exchange,
drug delivery, proton conductivity [29-32] and other areas.
All these potential applications are determined not only by
the attributes of the framework itself, but also by the
interaction of the coordination polymer and guest mole-
cules. The presence of the guest molecules can have a
significant influence on the coordination polymer structure
[33] and greatly contribute to the properties of the resulting
inclusion compound [34]. Thus, for the investigation of the
properties of a host—guest system, the metal-organic
framework and the guest composition should be studied in
complex. Versatile research on this topic is important for
the understanding the principles of host—guest interactions,
discovering new properties and extending the scope of
hybrid porous materials.

The interaction between the guest molecules and the
framework in such supramolecular compounds is generally
due to van der Waals forces. The thermal stability of the
primary inclusion compounds (i.e., the ease of removal of
the guest molecules) can be connected both with the
structure of the empty (guest free) frameworks and with the
size of the guest molecules. Therefore, we studied the
correlation between the kinetic stability (usually called
thermal stability) of the inclusion compounds and the
properties of both the frameworks and guest molecules.

The standard process for metal-organic frames produc-
tion begins from the synthesis of the inclusion compound.
The molecules of the organic solvent used are caught in the
channels and cavities of the as-synthesized coordination
polymer structure. These primary entrapped guest mole-
cules are excluded further by the evacuation or by weak
heating in a process known as framework activation. It
appears that certain obtained guest-free frameworks of the
inclusion compounds (empty structures) are thermody-
namically and kinetically unstable, do not exist and
decomposed into the simple coordination compounds.

The series of such inclusion compounds were studied
earlier [33-37] and are studied in this paper.
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Experimental
Thermal analysis

The study of the kinetic stability of compounds includes
the obtaining of the thermal kinetic curves and their
mathematical treatment.

Thermogravimetric measurements were carried out on a
Netzsch thermal analyzer, TG 209 F1. The sample mass
was m=5.0 =% 0.1 mg; the open standard corundum
sample holder was used. The experiments were performed
under a helium flow (60 cm® min™') at heating rates of 5,
10 and 20 K min~".

Such small sample mass reduces the self-cooling for the
endothermic reactions; the self-cooling decreased the
heating linearity. The selection of heating rates 5, 10 and
20 K min~" is important: The lesser rates will not guar-
antee the satisfactory shift from the equilibrium, the greater
rates will notably impair the heat transfer properties within
the sample holder. The sample holder must be open,
without a lid; the gas flow rates must be high (for the
satisfactory shift from the equilibrium for the reversible
reactions).

Thermodynamic properties were studied using differ-
ential scanning calorimeter NETZSCH DSC 204 Fl1
Phoenix. DSC measurements of the samples were per-
formed by heat flow measurement method; heating/cooling
rate was 9 K min~!, argon flow 25 sm> min~' and stan-
dard aluminum crucible. Netzsch Proteus Analysis soft-
ware was used to determine DSC peak area for further
averaging the results of two experiments. Molar enthalpy
of the decomposition, AH, was calculated as the area of the
DSC peak.

Kinetic analysis under non-isothermal conditions

Thermogravimetric data were processed with Netzsch
Thermokinetics 2 (Version 2004.05) [38, 39].

The mass loss stages are calculated from initial mass
assuming certain stoichiometry, in concordance with the
moles of removed water, DMF, dabco etc.; these percent-
age mass losses were recalculated to the conversion
degrees (o), required for the kinetic parameters calcula-
tions. The temperature intervals correspond to these mass
losses (from the ASCII-files).

A special program module, “model-free” (Friedman
analysis), based on well-known studies [40—49], allows one
to process multiple thermogravimetric curves obtained
with different heating rates and calculate the apparent
activation energy without preliminary information about
the kinetic topochemical equation. The Friedman method
was used to calculate the activation energies for each
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experimental point of fractional conversion in the range
0.005 < o < 0.995. This method was created for the one-
stage processes study, so if the activation energy is variable
in compliance with the Friedman method, the decomposi-
tion process is a multistage reaction.

We used the same set of experimental data to search for
the corresponding topochemical equation. The selection
was made from 16 equations, involving chemical reactions
at the interface, nucleation and diffusion.

The considered topochemical equations are different.
The order equations fla) = (1 — )" (n =0, 0.5, 0.67)
conform to the chemical reactions on the interface;
Avrami-Erofeev equations flo) = (1 — o)-[— In(1 — &)]"
conform to the nucleation centers occurrence and growth;
several diffusion equations (Jander equation, Ginstling—
Brounstein equation, D2 and D3) conform the two-di-
mensional and three-dimensional gas diffusion processes.
The Prout-Tompkins equations f(e) = (1 — «) -«" conform
the processes with the autocatalysis.

These calculations were made by the improved differ-
ential procedure of Borchardt—Daniels [38, 39, 50], within
the multiple linear regression approach.

The Fisher test [38] was used to search for the best
kinetic description and for statistical control of the obtained
equation. It tests the residual variance of individual models
against one another and answers the question of whether
the models differ significantly (statistically) or not. If
Fexp(1y ® Fexpzy for two equations, there is no reason to
assume the first model is better at characterizing the
experiment. The statistical quantile, F, is obtained for a
level of significance of 0.05.

If the calculation results in two or three kinetic equa-
tions with close values in their correlation coefficients and
in the F test, but with noticeably different values in kinetics
parameters, it is best to choose the equation with activation
energy values closest to the data from the “model-free”
module program. Such discrimination is very relative in the
search for topochemical equations, but it helps to find the
most reliable ones. The special program of nonlinear
regression [38, 39] is useful in searching for a full set of
kinetic parameters for multistage processes. The closest fit
between the activation energies from the “model-free”
analysis and the nonlinear regression calculation is
important from a physicochemical point of view.

Netzsch Thermokinetics 2 enables estimation of the
contribution of each stage (as the Am portion) after the
nonlinear regression calculation. This was useful for
defining the composition for the intermediate phases in the
multistage decomposition reactions.

Well-known recommendations for performing kinetic
computations on thermal analysis data [51-60] were used.

There are several important assumptions and limitations.
Any kinetic study is really the solution of the inverse

problem, so it is usually ill conditioned. The existence,
uniqueness and stability of the solution are usually in
doubt. The kinetic equations to calculate the kinetic
parameters are topochemical ones, and the calculated
parameters (E and A) are formal and conventional from the
standpoint of the classical chemistry of solids.

However, the general trend in the variation of these
values within a selected series of compounds (either
isostructural or genetically related) is very important
because the expected disorder in the reaction zones can be
identical. All errors will be minimized and smoothed in
such a comparison. The appropriate series consists of
coordination compounds with volatile ligands (with one
central atom and different ligands or with different central
atoms and the same ligand) [61, 62].

This approach was useful in the study of lignin-con-
taining powder fuels, nanostructures of ultrafine and
amorphous oxide materials, combustion processes for
expanded graphites, dimensional effects on the composi-
tion and properties of polydicarbonfluorides, structural
rearrangements of fluorinated graphite intercalates, the spin
transition in iron complexes and the volatility of
heterometallic B-diketonates [63—-69].

The studied metal-polymer frameworks are formed by
the [Li,Zn,(bpdc);] coordination spheres, gathered into the
crystal structures by the different linkers (dabco, dma and
nmp); the included guests are a series of organic amines
(DMF, DMA and NMP) and water molecules.

Compound preparation and composition

The syntheses of the studied compounds and their structure
were thoroughly described earlier [36]. The structures of all
compounds were solved by a direct method and refined by
the full-matrix least squares technique in the anisotropic
approximation (except hydrogen atoms) using the SHELX-
2014 software.

The final formulas of all compounds were derived from
the SQUEEZE results, which were in a good agreement
with C, H and N analysis (on Eurovector 600 analyzer).
The activation of the compounds by heating in vacuum
results in an amorphization of the crystalline material [36].

Studued compounds: [Li,Zn,(bpdc)s;(dabco)]-9DMF-
4H,0, [{LiZn},(bpdc)z(dma),]-3DMA-H,0 and [{LiZn},
(bpdc)s(nmp)4]-4NMP  (bpdc®™ = C,4,HgO, = biphenyl-
4,4'-dicarboxylic anion, DMF = C3H;NO = dimethyl for-
mamide, DMA = C;HoNO = dimethyl acetamide, NMP =
CsHoNO = N-methylpyrrolidone, dabco = CgH ,N, = 1,4-
diazabicyclo[2.2.2]octane). The compounds [{LiZn},
(bpdc);(dma),]-3DMA-H,O and [{LiZn},(bpdc);(nmp),4]-
4NMP are isostructural.
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Results and discussion
Kinetic study
[Li;Zn,(bpdc);(dabco)]-9DMF-4H,0

The metal-organic framework structure is highly porous
with large cages of ca. 9A, interconnecting by a windows
of ca. 6 X 7A (accessible volume—65%) [36].

The calculated mass losses for this formula under
heating up to 473 K (Figs. 1, 2) are:

[Li>Zn; (bpdc);(dabco) | - 9DMF - 4H,0
— [Li>Zn,(bpdc);(dabeo)| - 9DMF + 4H,0 | (1)
(Am =~ 4.2%).

[Li>Zn; (bpdc)4(dabco) | - 9DMF - 4H,0
— [LizZn, (bpdc), (dabeo)| + 9DMF + 4H,0
(Am =~ 42.8%). (2)

[Li>Zn, (bpdc);(dabco)] - 9DMF - 4H,0
— [LiyZny (bpdc);| + 9DMF + 4H,0 + dabco
(Am ~ 48.3%). (3)

The simultaneously inclusion of dimethyl formamide and
water molecules in the framework channels is usual for the
inclusion compounds on the basis of metal-organic
frameworks, based on the camphorate coordination
compounds.[Zn,(camph),dabco]-DMF-H,0, [Zn,(camph),
bpy]-3DMF-H,0, [Zny(camph),bpe]-SDMF-H,O (Hpcamph =
C8H14(COOH)2, dabco = C6H12N2, bpy = ClngNz, bpe =
CoHioNo) [52]. All these compounds lose these water
molecules at the beginning of the heating [37].

We think that the studied inclusion compound loses the
water molecules at the very beginning of the heating too
and dimethyl formamide molecules later on. The forms of
the TG-curve and DTG-curve correspond to this
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Fig. 1 Thermal decomposition of [Li,Zn,(bpdc),(dabco)]-9DM
F-3H,0; standard corundum sample holder; helium flow 60 cm® min~';
heating rate 10 K min™"'
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Fig. 2 Thermal decomposition of [Li,Zn,(bpdc),(dabco)]-9DMF-

3H,0: mass loss curves; used for the kinetic analysis; standard

corundum sample holder; helium flow 60 cm® min~'; the heating

rates were 5(/), 10(2) and 20(3) K min™"

consideration (Fig. 1). The mass loss of these four water
molecules corresponds to ~ 4.2%.

The “Model-free” data are shown in Fig. 3. The acti-
vation energy can be considered as variable in compliance
with the Friedman method, so the decomposition process is
the multistage reaction.

This set of three consecutive decomposition reactions is
not possible to combine in the three-stage step for the joint
kinetic analysis because of the different molar masses for
water, dimethyl formamide and dabco. Therefore, we used
the simple assumption for the kinetic analysis of the
complicated decomposition process. The water removal is
the first decomposition step (in the limits 0.005 < o <
0.087 on the Friedman dependence), the next step is the
removal of nine dimethyl formamide molecules (in the
limits 0.087 < o < 0.886 on the Friedman dependence),
and the third step is the dabco molecules removal
(0.886 < o < 0.995 on the Friedman dependence).

200 1
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. : — —
0 0.2 0.4 0.6 0.8 1.0
Conversion degree/o.

Fig. 3 Friedman analysis of [Li,Zn,(bpdc),(dabco)]-9DMF-3H,0
thermal decomposition: activation energies depending on the degree
of conversion a. Perpendicular lines SD of calculation
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It is known that the guest-free framework is unstable,
and the heating in vacuum results in an amorphization of
the crystalline material [36]. The melting temperatures for
DMF is 213 K, the melting temperature for dabco is 430 K,
so we think that the real decomposition process begins
(300-320 K) with the full breakup of the framework
structure into the complex mixture:

[Li>Zn; (bpdc)4(dabco) | - 9DMF - 4H,0
— {[Li»Zn,(bpdc),] (solid) + dabco(solid) (4)
+ DMF(liquid) } + 4H,O (vapor) T

We studied the kinetics of this dehydration process, but
the mass loss is small, the errors are too big; we estimated
the kinetic data (Fig S1), and will not discuss the details.

{[LiZn; (bpdc),] (solid) + dabco(solid)
+DMEF(liquid) } —[Li,Zn; (bpdc),] + 9DMF T +dabco |

(5)

We try to consider the mass loss from 4.2% up to 48.3%
(9 DMF + dabco) as the single step (Eq. 5), but the kinetic
description was not satisfactory (Fig. S2). We used the
calculated dependence on the time, not on the temperature,
so as these curves are more obvious case. The boiling
temperature and the vaporization temperature of dabco
ligand are 430 K and 470 K, respectively. So we analyze
the decomposition as two consecutive reactions (Egs. 6-7):

{[LizZn,(bpdc);] (solid) + dabco(solid) + DMF(liquid) }
—[LixZn, (bpdc),(dabco)] + 9DMF | (6)

{[Li2Zn; (bpdc);] (solid) + dabco(solid)] }
— [LizZny(bpdc), | + dabeo | (7)

The activation energy value can be considered constant
in the limits 0.087 < o < 0.886 (Fig. 3), in compliance
with the mass loss from 4.2% up to 42.8% (Fig. 1); it
means the single-stage process of the DMF removal
(Eq. 6). The certain increase in the value in the end of the
process is connected with the poorly divided reactions of
DMF and dabco removal. The best description is Avrami—
Erofeev equation An (Fig. 4, Fig. S3 and Table S1):

An, f(2) = (1=2) /[~ In(1—a)]"?,
E=744+2kImol™!, IgA=83+03.
Corr. coeff. = 0.995019.

{[Li»Zn; (bpdc),] + dabco] } — [LirZn, (bpdc),] +dabeo
(8)

The calculation was made for the degree of conversion
0.886 < o < 0.995 (in compliance with the mass loss from
42.8% up to 48.3%).The best description is the single-stage
process, Avrami—Erofeev equation An (Fig. 5 and Fig. S4):
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Fig. 4 Data processing for [Li,Zn,(bpdc),(dabco)]-9DMF-3H,0 ther-
mal decomposition (Eq. 6). TG curves fitting of nonlinear regression,
simulated with the single-stage reaction. The points are the exper-
imental data; the lines are the calculated data. The heating rates were
5 (1), 10 (2) and 20 (3) K min~"

An, f(@) = (1=2)/[1 = (1=a)]*,
IgA=92+0.7.
Corr. coeff. = 0.957112.

E =79+ 5kJ mol™!,
The decomposition of other inclusion compounds was not

studied in details.
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Fig. 5 Data processing for [Li,Zn,(bpdc),(dabco)]-9DMF-3H,0 ther-
mal decomposition (Eq. 8). TG curves fitting of nonlinear regression,
simulated with the single-stage reaction. The points are the exper-
imental data; the lines are the calculated data. The heating rates were
5 (1), 10 (2) and 20 (3) K min~!
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[{LiZn},(bpdc)s;(dma),]-3DMA-H,0

[(LiZn), (bpdc);(dma), ] - 3DMA - H,0O
— [(LiZn),(bpdc);(dma),| + H,O T +5SDMA T (9)

[(LiZn),(bpdc),(dma),| — [(LiZn),(bpdc);] + 2DMA 1
(10)

The calculated mass losses for this reaction under heating
up to 473 K (Fig. S5) are 30.4% (Eq.9) and 42.6%
(Eq. 10), respectively. We studied the kinetics of the first
decomposition reaction only.

The “Model-free” data are given in Fig. S6). The acti-
vation energy value can be considered constant in the limits
0.00 < o < 0.66, in compliance with the mass loss from
00.0% up to 30.4% (Fig. S5); it means the single-stage
process of one water molecule and five DMA molecules
simultaneous removal. The certain increase in the value in
the end of the process is connected with the poorly divided
reactions of the first and the next decomposition steps. The
best description is the two-stage process with the consec-
utive reactions (Avrami—Erofeev equation and the equation
of three-dimensional diffusion D3 (Fig. S7):

A= B. An, fi(2) = (1-2) /[~ In(1-a)]*,

E; = 121 £ 6kJ/mol, IgA; = 14.7+0.9.

B — C.D3, f5(a) = (1—0)"% /1= (1—a)*],
E, =82+ 6kJ/mol, lgA, =6.4+0.8.
Corr. coeff. = 0.9972228.

[{LiZn},(bpdc)3(nmp),]-4ANMP

[{LiZn}, (bpde), (nmp), ] - 4NMP
— [(LiZn)Z(bpdC)3(nmp)2] + 6(nmp) T (11)

The calculated mass loss for this reaction under heating up
to 500 K (Fig. S8) is Am ~ 36%.

The “Model-free” data are given in Fig. S9. The acti-
vation energy can be considered as variable in compliance
with the Friedman method, so the decomposition process is
the multistage reaction. The decomposition with mass
loss ~ 36% corresponds to interval 0.00 < o < 0.75.

The best description is the two-stage process with the
consecutive reactions (Avrami-Erofeev equation and the
equation of three-dimensional diffusion D3 (Fig. S10):
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A= B. An, fi(2) = (1-2) /[~ In(1-a)]*,

E, =130 +3kImol™!, 1gA; =18.440.5.
B — C.D3, fo(o) = (1—o0)"% /[1—(1—0)"F],
E, =140+ 3kI mol™!, IgA, =14.2+0.4.
Corr. coeff. = 0.998765.

Thermodynamic study

We studied the heat effects only for [Li,Zn,(bpdc)s
(dabco)]-9DMF-4H,0 decomposition. The DSC peak is
shifted to the higher temperature with respect to the DTG
peak (Figs. 1, 6). It is connected with the difference in the
experimental conditions. DSC experiment runs in the
conditions more close to the equilibrium state (the sample
was pressed in the aluminum crucible, the lid has perfo-
rations; the inert gas flow was low).

The total endothermic peak (300460 K) corresponds to
the water, DMF and dabco removal and the heat of phase
transition (Fig. 6). This heat value (742 kJ molfl) fits to
the vaporization heats of four water moles, nine DMF
moles and one dabco mole (& 605 kJ mol™'). But the
values of the activation energies for these three decompo-
sition processes are rather low: E . = 103 kJ/mol,
Epme = 70 kKJ mol~! and Egabco = 79 KJ mol L.

We explain this by the full framework destruction dur-
ing the water removal. Ey .., = 103 kJ/mol, this value fits
more or less with 4 water molecules removal, complicated
and modified with the phase transition heat. But the
explanation of DMF and dabco removal kinetics must be
quite different. The dehydrated compound turns into the
amorphous mass: the mixture of Liy[Zn, (bpdc)s]
(solid) 4+ dabco (solid) + DMF (liquid). The process of
the DMF evaporation from this mixture is not the DMF
removal from the framework structure, but the process of

DSC/mW mg™
| exo

1.0
0.8 . - ~.

061/ 7

0.4 AN

0.2 0]

0.0

320 340 360 380 400 420 440 460
Temperature/K

Fig. 6 DSC curve for the full thermal decomposition of [Li,Zn,
(bpdc),(dabco)]-9DMF-3H,0; open aluminum sample holder; argon
flow 40 cm® min~!; heating rate was 9 K min~!



Thermal decomposition of inclusion compounds and metal-organic frameworks on the basis of... 4459

the evaporation of DMF drop disposed in the Li[Zn(bpdc)]
powder. Therefore, this value (kJ mol ") will refer to the
pure DMF mole. Epyg = 70 kJ mol™! fits to the DMF
evaporation heat (AH,, = 42.3 kJ molfl). For dabco:
Tinete = 430 K, Tyapor = 470 K; so the activation energy of
dabco removal fits to the evaporation heat (61.9 kJ mol ™).

It is important to add that these quantitative data on the
vaporization kinetics are not the real description of liquids
evaporation. The process depends considerably on the
experimental conditions (gas pressure, thermal physic
properties of the crucible and of the furnace, etc.). But any
kinetic description will include the activation energy,
dependent on the vaporization heat.

Conclusions

The non-isothermal kinetics approach is formal and con-
ventional from the standpoint of the classical chemistry of
solids; the calculated kinetic parameters (E and A) are
formal and conventional too, but the comparison of such
quantitative kinetic data is important for the comparison of
the analogous decomposition reactions. If they are used for
the description of the chemical process, the apparent acti-
vation energy for the endothermic thermal decomposition
(Asolia = Bsolia + CgasT) will consist of the activation
barrier, heat of the guest molecules evaporation (Cg,sT) and
the phase transformation (Asoiq — Bsolia) heat. The con-
tribution of the activation barrier and the phase transfor-
mation are uncertain, but must not be very big for the
compounds on the basis of flexible structure of micro
porous metal-organic frameworks.

Therefore, we can expect that the apparent activation
energy value must not be equal to the evaporation heat, but
must correspond (more or less) to the evaporation heat of
the included moles of guest molecules. This expectation
realized as a rule for dozens series of inclusion com-
pounds [37, 61, 62], but several investigated cases are
different. The studied process of the thermal decomposition
of [LiyZny(bpdc),(dabeco)]-9DMF-4H,O inclusion com-
pound is the typical exception to the rule.

After the dehydration process, the apparent activation
energy of 9 mol DMF single-stage removal (70 kJ mol ™'
of the inclusion compound) does not correspond to the heat
of the nine DMF moles vaporization (AH,,por = 380 kJ),
but corresponds to the vaporization heat of pure liquid
DMF compound (AH,,p0r = 42.3 kI mol ! of DMF). It can
be explained by the full framework destruction during the
water removal with the formation of the solid-liquid
mixture. In this case, the DMF removal is the vaporization
of the DMF drop (dispersed in the amorphous powder),
and the apparent activation energy of the process is
E=70k] mol™' of DMF (not per mole of inclusion

compound). Therefore, this apparent activation energy fits
to the heat of DMF vaporization.

If the thermal decomposition of the inclusion com-
pounds on the basis of microporous metal-organic frame-
works is attended by the guest-free structure collapse, the
solid—liquid mixture (the simple coordination com-
pounds + guest and linkers) is formed. The kinetics of the
multistage decomposition will involve the vaporization
stages of the free volatile guest compounds from this
mixture. The values of the apparent activation energy refer
not to the decomposition of the inclusion compound mole,
but refer to the evaporating process of the guest (or linker)
mole.
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