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Abstract: In this study, we investigated the surface thermodynamic properties of four MOF structures
of the UiO-66 series, by employing seven molecular models, a thermal model, and three other methods
using the inverse gas chromatography (IGC) technique at infinite dilution. We first determined the
effect of the modulation of UiO-66 by an acid (e.g., formic acid and acetic acid) and on the other hand,
we studied the effect of the functionalization of the organic linker by an amine group (NH;) on their
dispersive component of the surface energy and on their Lewis acid-base properties. We found that
all the studied MOFs presented an amphoteric character with a strong acidity whose acidity /basicity
ratio is greater than 1 using all the models and methods in IGC. Moreover, the introduction of a
modulator such as acetic acid or formic acid in the synthesis of these MOFs increased the number of
structural defects and therefore increased the acidity of these MOFs. Similarly, the functionalization
of the MOF by the NH, group leads to an increase in the basicity constant of the functionalized MOF
while remaining smaller than their acidity constant. In addition, the use of acids as modulators and
amine groups as functional groups resulted in an increase in the dispersive component of the surface
energy of the MOFs. Finally, comparing the results obtained by the different models and methods
and based on the increasing order of the acidity of each MOF, it was clear that the thermal model
resulted in more exact and precise values than the others. Our findings pave the way for the design
and development of new acid catalysts based on UiO-66 structures.

Keywords: MOFs; dispersive surface energy; adsorption; London interactions; free surface energy;
Lewis acid-base constants

1. Introduction

Zirconium-based MOFs, such as UiO-66, play a major role in many areas of industrial
applications due to their high chemical, and thermal [1] and mechanical [2] stability [3]
compared to traditional MOFs. UiO-66-based MOFs have been used in several applications
such as gas storage [4], water remediation, and catalysis [5,6].

On the other hand, structural defects within UiO-66 affect its textural characteristics,
stability, and activity. For instance, these defects improve the mechanical stability of this
MOF [7] through the use of trifluoroacetic acid as a modulator which replaces the linker on
the Zr cluster. Many research groups have focused on the synthesis and characterization of
defective UiO-66. Lillerud [8] and Goodwin [9] were among the first to believe that these
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defects can be exploited to improve the physical and chemical properties of UiO-66-based
structures [10].

Although initially considered problematic, these defects are now realized to have the
potential to improve properties for specific applications. Given the possibility of improving
the absorptive capabilities of UiO-66-based MOFs through the creation of defects, this area
has attracted a great deal of interest and recently defects have been characterized at the
molecular level using single crystal X-ray diffraction [11]. Subsequently, it was found that
the concentration of defects in UiO-66 depends on the nature, concentration, and acidity
of the modulator used, resulting in a positive alteration of the gas absorption capacities.
For example, when using hydrochloric acid as a modulator during the synthesis of a range
of UiO-66 MOFs, higher N, uptakes were recorded due to the presence of such defects.
Interestingly, it was found that four of the twelve linkers of the Zr cluster were missing as
evidenced by the surface area measurements [12,13].

In the first modulation study of Zr-MOFs, benzoic acid and acetic acid were investi-
gated as modulators for the synthesis of a variety of UiO-66 crystals [14]. The addition of
modulators was found to alter crystal size and morphology while improving crystallinity,
probably by controlling the rate and kinetics of nucleation and thus crystal growth through
competitive coordination between the monocarboxylate and the bridging linker to the Zr
clusters [15,16]. The scope of modulators used during the synthesis of zirconium MOFs has
been expanded to include hydrochloric acid, hydrofluoric acid, formic acid, trifluoroacetic
acid, and recently, amino acids [17].

On the other hand, like most MOFs, zirconium-based MOFs, especially the UiO-66
series can be further functionalized by organic groups such as amine, carboxylic acid,
alcohol, and nitro [18]. These zirconium-based MOFs have been used as adsorbents. As an
example, UiO-66 was functionalized with an amine or amidoxime to extract uranium [19].
While the free carboxylic acid functional groups have been used for ammonia capture [20].
Similarly, a possible reaction of NO, with amine-functionalized linkers is also an important
strategy for the adsorption of toxic industrial chemical TICs [21].

The main purpose of MOFs functionalization is to modify the properties of the ma-
terials for the desired application [22]. In addition, linker functionalization can be a
determining factor of the topology of the MOF structure [23,24]. For instance, it was found
that the position of the functionalities on the BTB linker allows the selection for a specific
net (qom, pyr, and rtl), and that mixing of functional groups (-H, -NH,, and -C4Hy) is an
important strategy for the incorporation of a specific functionality (-NO,) into MOF-177
topology [24].

Generally, the most used functional groups are primary amines which can be post-
synthetically transformed by N-alkylation [25] or by peptide coupling [26]. On the other
hand, the introduction of -NH; amine groups on the internal surface of MOFs was
found to increase the CO; adsorption capacity due to the high affinity of alkylamines
for this molecule.

In this study, three MOF structures of different defect numbers, namely, UiO-66-
00, UiO-66-AA, and UiO-66-FA in addition to an amino-functionalized UiO-66 (UiO-66-
(NH,)) were synthesized and fully characterized using powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM), Ny sorption measurements and thermogravimetric
analysis (TGA). The thermodynamic and surface properties as well as the Lewis acid-base
properties of the synthesized MOFs were studied by using the technique of inverse gas
chromatography (IGC) at infinite dilution. Different models and methods applied to the
IGC technique were thoroughly investigated. By interpreting the obtained results, we were
able to determine the influence of defect number and the functionalization of a MOF on
its properties such as the dispersive component of the surface energy and the acid-base
constants in the Lewis sense.
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2. Results and Discussion
2.1. Powder X-ray Diffraction

PXRD patterns of the different MOFs were shown to be identical and in great agree-
ment with the simulated pattern of UiO-66 which reflects the high crystallinity and purity
of these materials (Figure 1). Moreover, it has been shown that the absence or presence
of a modulator, even when changing the nature of the modulator using formic acid or
acetic acid, did not change the PXRD of these materials. On the other hand, by comparing
the PXRD pattern of UiO-66(NH;) with the others, we also noticed that the presence of
functional groups in the organic linker did not affect the PXRD pattern, and then the crystal
structure was not varied.
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Figure 1. PXRD patterns of the synthesized MOFs compared to the simulated one.

2.2. Scanning Electron Microscopy

SEM images of the four MOF samples were recorded in order to understand the
influence of the variation of the experimental conditions of synthesis of these MOFs on the
morphology and particle size of these crystals (Figure 2). These images clearly revealed
that the synthesis of UiO-66 without using a modulator (case of UiO-66-00) leads to the
formation of very small intercalated cubes [17]. However, the presence of the modulator
in the synthesis results in the formation of much larger homogeneous pure octahedral
crystals [8].

By comparing the two modulated MOFs, UiO-66-AA and UiO-66-FA, we observed
that the modulation with formic acid favors crystals of larger size and less homogeneous
and polydispersed octahedral shape; whereas, with acetic acid, the size was smaller, and
the shape was more homogeneous. This means that the presence of the modulator generally
led to an increase in the particle size with well-defined octahedral geometry.

The main reason for the increase in particle size of the MOF with the addition of a
modulator may be due to the competition between the latter and the organic linker in order
to bind to the SBUs leading to a slower nucleation rate while favoring crystal growth [8,17].
On the other hand, by comparing the two MOFs synthesized with the same modulator
(acetic acid) but with two different organic linkers, UiO-66-AA and UiO-66(INH,), it was
found that both MOFs presented the same morphology (homogeneous octahedral) but
the crystal size of UiO-66(NH;) was smaller than that of UiO-66-AA. This trend has been
reported for the UiO-66 series in previous studies [27,28]. The average particle size of these
four MOFs can be found in Table 1.
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Figure 2. SEM images for the synthesized MOFs at a 1 um and 500 nm scales; (a,b) for UiO-66-00,
(c,d) for UiO-66-AA, (e,f) for UiO-66-FA, (g,h) for UiO-66(NH5).

Table 1. Textural properties of the synthesized MOFs.

Number of Missing Surface Area Pore Volume Particle Size
Linkers (m?/g) (cclg) (nm)
UiO-66-00 1.2 886 0.53 142
UiO-66-AA 1.3 988 0.58 460
UiO-66-FA 1.75 1720 0.71 510
UiO-66(NH,) 1.56 703 0.48 207

2.3. N, Sorption—Desorption Measurements

The nitrogen adsorption—desorption isotherms of all the synthesized MOFs plotted
in Figure 3, shows type I isotherms which generally reflected the microporous nature of
the MOFs and monolayer adsorption on these materials. The BET surface area plot and
pore size distribution can be found in the Supplementary Materials (Figure S1). In the first
step, when comparing the isotherms of the MOFs synthesized with the same organic linker
(Ui0-66-00, UiO-66-AA, and UiO-66-FA), we observed that the adsorption was varied
according to the presence or absence of the modulator. Among these three materials, the
nitrogen adsorption for UiO-66-00 was found to be the lowest, but the greatest in the case
of UiO-66-AA and still significantly large in the case of UiO-66-FA. This means that the
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presence of a modulator in the structure of the MOF increased the N; adsorption, which
was also dependent on the nature of this modulator, since the adsorption was much larger
when using the formic acid instead of the acetic acid. This means that the formic acid leads
to the formation of a highly defective structure.
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Figure 3. Nitrogen adsorption—desorption isotherms for the synthesized MOFs.

In the second step, the effect of the introduction of amine functional group NH, on
nitrogen adsorption was determined by comparing UiO-66-AA with UiO-66(NH,). It was
found that the N, uptake by UiO-66-AA is greater than that of UiO-66(NH;), which can be
explained by the fact that a part of the porous network for the UiO-66(INH;) particles was
blocked by the bulky amine groups, thus causing a remarkable decrease in the porosity and
subsequently a decrease in the specific surface area. This again proved that these groups
resulted in the lowest nitrogen adsorption for UiO-66(INH;), not only when comparing it to
UiO-66-AA, but also when compared to the other two MOFs. The Brunauer-Emmett-Teller
(BET) surface areas and pore volumes of the particles were obtained from the isotherms in
Figure 3 and the values were given in Table 1.

These results show that the BET surface area has increased from 886 m? /g for UiO-
66-00 to 988 m? /g for UiO-66-AA to reach a significantly larger value of 1720 m?/g for
UiO-66-FA. In addition, the BET surface area for UiO-66(NH;) represented the smallest
value of 703 m?/g. On the other hand, the pore volumes calculated and given in Table 1
show the same trend as that for the surface areas of these MOFs. Despite the difference
between the adsorption capacities of these MOFs, they all exhibited large specific surface
areas and therefore the very high porosities needed for several applications such as catalysis
and gas storage.

2.4. Thermogravimetric Analysis

In order to study the thermal stability of these materials and to calculate the number
of missing linkers in their structures, thermogravimetric analysis was performed on these
MOFs. Figure 4 shows the results obtained with the TGA curves that clearly show the
change in the mass of each sample as a function of the temperature ranging from 30 °C to
1000 °C.
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Figure 4. TGA and DTG curves of the synthesized MOFs.

First, the black TGA curves were normalized so that the final mass loss WL, was
set to 100%. WLPy, and WLPey, represented the theoretical and experimental mass loss
plateaus, respectively. In addition, the curves in blue represented the DTG curves of the
first derivatives of the TGA curves which allowed to determine the phases corresponding to
the mass losses and to obtain the number of defects in each structure. Several recent studies
on defective MOFs have employed thermogravimetric analysis as a tool to account for
structural defects quantitatively [29-31]. Figure 4 shows that there was a difference between
WLPy, and WL, and between WLPeyxp and WL, for the four MOFs. This means that
the four synthesized materials had structural defects where a number of the organic linkers
were missing, thus creating Lewis acid sites in the MOF structure. It was clearly seen that
the mass loss plateau measured experimentally was lower than the theoretical plateau
under all the synthesis conditions.

For the four synthesized MOFs, we observed the existence of three main mass losses.
The first mass loss approximately occurs between 35 °C and 100 °C, which corresponds to
the removal of water molecules adsorbed by the MOFs crystals. The second mass loss is
generally due to the elimination of the monocarboxylate ligands by dehydroxylation of the
zirconium clusters. This second phase extended from 100 °C up to a temperature called
Tiink which is the temperature from which the mass loss is attributed to the combustion
of the organic linker [32,33]. Then, the third phase of major mass loss which starts from
Tiink, was attributed to the destruction of the MOF structure by the combustion of the
organic linker. This phase results in a very sharp peak for the four MOFs, but with another
additional small peak following it in the case of UiO-66-NH, only. This additional peak
was obtained in the phase of the combustion of the functionalized organic linkers, and it
could be due to the combustion of the amine functional groups of the organic linker of the
MOF. This was the reason why the temperature range for UiO-66(NH,) was different from
that of other MOFs in the third phase.

For the three unfunctionalized MOFs, UiO-66-00, UiO-66-AA, and UiO-66-FA, the
mass loss attributed to the combustion of terephthalic acid occurs above a temperature
Tjink around 400 °C where the very small peak preceding the combustion of the linker
ends. For this case, we confirmed that the presence or absence of a modulator in these
three structures did not affect the maximum temperature Ty;,x. The MOF can withstand
before the combustion of its linker and therefore cannot affect the thermal stability of the
MOFEF. However, for UiO-66(INH;), the mass loss attributed to 2-aminoterephthalic acid
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combustion should include the temperature range of functional group combustion. We
found here that the Ty, temperature corresponding to this MOF was approximately equal
to 305 °C.

Now, the TGA curves are analyzed for the determination of the number of defects
present within each structure of these MOFs. Knowing that the mass loss plateau corre-
sponding to the combustion of the linker is inversely proportional to the number of missing
linkers in the structure [1,34] we deduced that the more linkers were missing in the crystal,
the lower the percentage of linker mass relative to the total mass of the crystal was, and
the smaller the mass loss plateau was. It can be noticed here that the creation of these
defects was attributed to a loss at the linker level or at the cluster level; both were taken
into consideration.

As can be seen in Figure 4, the mass loss plateau corresponding to the linker com-
bustion in UiO-66-00 is the largest among the others. In addition, this plateau in the case
of UiO-66-AA was larger than that of UiO-66-FA. Therefore, the structure of UiO-66-FA
represented the largest defect number, whereas UiO-66-00 represents the smallest defect
number (Table 1). Interestingly, the structures of these MOFs are defective either in the
presence or absence of the modulator. However, the degree of these defects depends on the
type and the concentration of the modulator [35,36].

On the other hand, the functionalized MOF, UiO-66(NH,), also presented a higher
defect number than UiO-66-AA despite the fact that these two MOFs were synthesized
in the presence of the same modulator which was the acetic acid. This is due to the
presence of the amino functional group which resulted in a decrease in the affinity of the
amino-terephthalic acid to the Zr cluster.

The textural properties of the four synthesized MOFs such as the number of structural
defects (number of missing linkers per cluster), the specific surface area, the pore volume
and the particle size are presented in Table 1.

2.5. Effect of Modulation and Functionalization on the Dispersive Component of Surface Energy

On Tables S1-54, we gave the values of the dispersive component of surface energy
77 as a function of temperature for the four synthesized MOFs using nine molecular and
thermal models which are described above. The variations of 7(T) are given in Figures 5-8.

¢ Cylindrical
Redlich-Kwong

A VDW
Geometric

X Spherical

® Kiselev

+ Hamieh a(T)

= Dorris-Gray

@ Hamieh-Gray

@ Global average

330 350 370 390
Temperature (K)

Figure 5. Variations of the dispersive component of the surface energy 77 (mJ/m?) of UiO-66-00 as a
function of the temperature T (K) using different models.
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Figure 6. Variations of the dispersive component of the surface energy ¢ (m]/ mz) of UiO-66-AA as
a function of the temperature T (K) using different models.
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Figure 7. Variations of the dispersive component of the surface energy ¢ (mJ/m?) of UiO-66-FA as
a function of the temperature T (K) using different models.
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Figure 8. Variations of the dispersive component of the surface energy ¢ (mJ/ m?) of UiO-66(NHy)
as a function of the temperature T (K) using different models.

For all these MOFs and according to the different models used, Figures 5-8 show that
the variation of 7¢ as a function of temperature was perfectly linear decreasing indicating
the decrease in the dispersive component of the surface energy of the different materials
when the temperature increases. Then, a general linear equation with excellent linearity is
obtained for 74 (T) for each of these materials. This equation is of the form:

Y(T) =aT +b (1)
where a = ‘%? =eland b = y4(T = 0K).

The slope of the equation obtained represents the value of the dispersive surface
entropy &7 and the value of b represents the dispersive component of the surface energy at
T = 0 K obtained by extrapolation. Tables 2-5 show the linear variations of 74 (T) as well as
the values of &/ and 7%(0 K) for all material surfaces.

Table 2. Equations ¥ (T) of UiO-66-00 surface, the dispersive surface entropy %, and the extrapolated
values 74 (0 K) by using the different molecular and thermal models.

Ui0-66-00

Molecular Model ¥4(T) (mJ/m?) el = 'f# (mJ-m-2-K-1) Y4(0 K) (m)/m?)
Cylindrical %= —0.067 T +43.5 —0.067 435
Redlich—Kwong 14 =-0130T +75.8 —0.130 75.8
VDW 7%= —0.080 T + 46.5 —0.080 46.5
Geometric 1% =-0.029 T +26.5 —0.029 265
Spherical 7% =-0.307 T +156.9 —0.307 156.9
Kiselev 7%= —0.080 T +47.6 —0.080 47.6
Hamieh model 9% =-0251T+1134 —0.251 113.4
Dorris-Gray ¥ =—-0117 T + 76.6 -0.117 76.6
Dorris-Gray-Hamieh 14 =—-0.160T + 88.4 —0.160 88.4
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Table 3. Equations ¢ (T) of UiO-66-AA surface, the dispersive surface entropy %, and the extrapo-
lated values 7% (0 K) by using the different molecular and thermal models.

Ui0-66-AA

Molecular Model Y4(T) (mJ/m?) el = ‘ZY_E (mJ-m—2-K-1) Y4(0 K) (m)/m?)
Cylindrical ¥ =—0.163 T + 84.63 —0.163 84.63
Redlich—Kwong 98 =—-0286T +142.14 —0.286 142.14
VDW ¢ =—-0175T +87.15 —0.175 87.15
Geometric 74 =—0.098 T +56.71 —0.098 56.71
Spherical ¢ =—0.601 T +279.23 —0.601 279.23
Kiselev 4 =—-0.180 T + 89.97 —0.180 89.97
Hamieh model 8 =—0.444 T +190.86 —0.444 190.86
Dorris-Gray ¢ =—-0.139 T + 86.68 —0.139 86.68
Dorris-Gray-Hamieh ¥ =-0192 T +112.2 —0.192 112.2

Table 4. Equations 74 (T) of UiO-66-FA surface, the dispersive surface entropy ¢, and the extrapo-
lated values 7% (0 K) by using the different molecular and thermal models.

UiO-66-FA

Molecular Model Y4(T) (mJ/m?) el = dﬂ# (mJ-m—2.K-1) ¥4(0 K) (m)/m?)
Cylindrical ¥ =-021T+113.28 —0.21 113.28
Redlich—Kwong ¥ =—0.37 T +190.74 —0.37 190.74
VDW ¥?=-023T+116.79 -0.23 116.79
Geometric ¥ =-0.12 T +74.801 —0.12 74.80
Spherical 7? = —0.81 T + 380.95 —0.81 380.95
Kiselev 9% =-040T +121.86 —0.24 121.86
Hamieh model 4 =—0.60 T +260.91 —0.60 260.91
Dorris-Gray ¥ =-019T +121.28 -0.19 121.28
Dorris-Gray-Hamieh ¥ =-025T +138.16 —0.25 138.16

Table 5. Equations ¢ (T) of UiO-66(NH,) surface, the dispersive surface entropy ¢, and the extrapo-
lated values ¢ (0 K) by using the different molecular and thermal models.

UiO-66(NH>)

Molecular Model Y4(T) (mJ/m?) el = dﬂ# (mJ-m-2.K-1) 14(0 K) (m)/m?)
Cylindrical 'yf =—0.3661 T +239.31 —0.3661 239.31
Redlich-Kwong 75 =—0.7253 T + 423.68 —0.7253 423.68
VDW 75 =—0.4434T +259.24 —0.4434 259.24
Geometric 'y? =—0.1638 T + 147.47 —0.1638 147.47
Spherical 'y‘si =—-1.7097 T + 876.13 —1.7097 876.13
Kiselev 'y‘si =—0.4421T +262.67 —0.4421 262.67
Hamieh model 'yf =—1.3896T + 628.7 —1.3896 628.7
Dorris-Gray ¥4 =-0209 T +133.51 —0.2090 133.51
Dorris-Gray—-Hamieh 9% = —0.807 T + 453.49 —0.8070 453.49

Figures 5-8 and Tables 2-5 show that for each MOF, there is a large difference between
the values of 77(T), &? et 74 (0 K) obtained by the different models already described. This
disparity between the values of the dispersive surface energy of materials is certainly due
to the difference in the estimation between the different models of the surface areas of the
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various organic molecules. In fact, there is an important effect of the temperature on the
surface area of molecules adsorbed on solid surfaces. All models except the thermal model
did not take into account the variation of the surface area as a function of the temperature.
Consequently, the values obtained for these surface parameters depend on the nature of the
used model. By comparing the obtained data reported in the previous tables and figures, we
deduced that at a fixed temperature and for any studied model, UiO-66-FA had the largest
dispersive surface energy component among them. Similarly, MOF with acetic acid gave
values of 77 greater than the non-modulated MOF. The reason for obtaining these results is
due to the fact that the acids have large surface energy and therefore, give higher values
of the dispersive component for the two MOFs modulated with these acids. On the other
hand, knowing that formic acid has a higher surface energy than that of acetic acid, the
dispersive surface energy 7? of UiO-66-FA was proved to be greater than that of UiO-66-AA.
Similarly, the same trend was observed between the dispersive surface entropy (in absolute
value) and the dispersive component extrapolated at T = 0 K of the three other MOFs.
Furthermore, we observed that at a fixed temperature the surface dispersive energy and
its entropy were the largest for UiO-66(NHj;) compared to the non-functionalized MOFs.
These higher values relative to UiO-66(NH,) are due to its organic linker functionalized
by the amine group NH, that has a high surface energy and to its acid acetic modulator.
Two factors for this MOF can be considered as responsible for these highest values: the
modulation and functionalization of the MOF.

2.6. Effect of Modulation and Functionalization on the Lewis Acid—Base Behavior

Using IGC methods such as vapor pressure methods, deformation polarizability,
topological index as well as organic and thermal models already mentioned, we determined
the specific free energy of adsorption (—AG," (T)) of polar molecules on the surfaces of
these MOFs as a function of temperature. From the obtained linear relations of (—AGY) as
a function of temperature, it was also possible to deduce the values of specific enthalpy
(—AH,;") and specific entropy (—AS;") of adsorption of the various polar solvents on the
material surfaces. The obtained results are shown in Tables S5-516 in the Supplementary
Materials. After the determination of these specific interactions, and in order to determine
the Lewis acid-base constants of the four MOF surfaces, we plotted the variations of

(iﬁﬁ;p) and ( jff];p) as a function of (g%;) for all models and IGC methods. The results
obtained are shown in Figures 52-59 in the Supplementary Materials.
The Lewis acid K4 and base Kp constants of the different materials as well as the entropic

acid-base parameters w4 and wp were determined using Equations (3) and (4) [37-39].

Sp
The curve of < iﬁﬁf ) versus 2—%: resulted in a straight line of slope K4 and intercept

_AS°P / .
Kp and the curve of <£I§]",) versus 2%, allowed us to determine w, and wp.

The obtained values of Lewis acid—base constants for the four synthesized MOFs were
given in Tables 6-9. These results proved that for all used models and methods for all
MOFs, the acidity /basicity ratio is greater than 1. These results reflect the amphoteric
character of UiO-66 series with high acidity compared to their basicity. This is due to the
structural defects that were found within the structure of each MOF, i.e., the number of
defects is proportional to the acidity of each MOF.

On the other hand, we can classify the four MOF structures (Table 1) in increasing
order of defects number as follows:

Number of defects (UiO-66-00) < number of defects (UiO-66-AA) < number of defects
(UiO-66-NH,) < number of defects (UiO-66-FA).

Therefore, according to this classification, the order of acidity of these MOFs must have
the same tendency and the same order. Consequently, the acid constant K4 of UiO-66-FA
must be the greatest one and followed successively by that of UiO-66(NH,), UiO-AA, and
finally by UiO-66-00 which exhibits the lowest acid constant.
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Table 6. Values of the enthalpic acid-base constants K4 and Kp (unitless) and the entropic acid—
base constants w4 and wp (unitless) of UiO-66-00 and their acid-base ratios for the different used
molecular models and IGC methods.

Ui0O-66-00

Models and IGC Methods Ka Kp Ks/Kp 103wy 1073-wp walwp
Kiselev 0.600 0.404 1.485 1.803 0.934 1.930
Spherical 0.581 0.473 1.230 0.473 0.284 1.666
Geometric 0.493 0.146 3.368 1.048 0.712 1.472
Van der Waals 1.014 0.190 5.345 2.200 1.835 1.199
Redlich-Kwong 0.772 0.469 1.646 2.302 1.436 1.603
Cylindrical 0.517 0.249 2.078 1.544 1.049 1.471
Hamieh model 0.490 0.292 1.678 1.745 0.977 1.786
Topological index 0.380 0.170 2.233 0.423 0.128 3.311
Deformation polarizability 0.412 0.204 2.021 0.351 0.098 3.579
Vapor pressure 0.357 0.336 1.063 0.259 0.106 2.440
Average values 0.56 0.29 1.915 1.21 0.76 1.607

Table 7. Values of the enthalpic acid-base constants K4 and Kp (unitless) and the entropic acid-base
constants w4 and wp (unitless) of UiO-66-AA catalyst and their acid-base ratios for the different
used molecular models and IGC methods.

UiO-66-AA

Models and IGC Methods Ka Kp Ka/Kp 103wy 1073.wp walwp
Kiselev 0.63 0.35 1.80 0.71 0.46 1.53
Spherical 0.59 0.41 1.43 0.93 0.62 1.49
Geometric 0.44 0.23 1.93 0.69 0.35 2.01
Van der Waals 0.49 0.26 1.91 0.73 0.44 1.66
Redlich-Kwong 0.48 0.27 1.80 0.96 0.64 1.50
Cylindrical 0.58 0.34 1.73 0.81 0.52 1.57
Hamieh model 0.57 0.18 3.14 0.52 0.35 1.48
Topological index 0.38 0.21 1.81 0.46 0.38 1.20
Deformation polarizability 0.50 0.30 1.67 0.69 0.09 7.63
Vapor pressure 0.32 0.16 1.96 0.38 0.31 1.24
Average values 0.50 0.27 1.84 0.69 0.42 1.65

Now, by comparing the experimental acid constants K4 of the four MOFs for all the
models and methods used, we showed that only the thermal model of Hamieh verified
these results and this classification, hence the importance of this model and its effectiveness
among others. This more accurate result obtained for this model is due to the fact that it
takes into account the thermal effect on the surface areas of the polar and non-polar probes
while the other methods and models do not take this effect into consideration.

Our results proved the following increasing order of the acid constant of MOFs:

Ka (UiO-66-00) = 0.49 < K4 (UiO-66-AA) = 0.57 < K4 (UiO-66(NHy)) = 1.06 < Ky
(UiO-66-FA) = 1.09. These results are in great agreement with the acid properties of the
UiO-66 series tested as catalysts for esterification reaction [28,40].

Concerning the basicity constant Kp, we found that UiO-66(INHjy) exhibited the largest
basicity constant for all used models and IGC methods. This is due to the presence of the
functional group NH; which has a basic character and, consequently, it contributes to the
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increase in the MOF basicity. The highest value of the basicity constant of UiO-66(NH,)
compared to other MOFs means that this MOF has the highest number of basic sites relative
to the other MOFs. This interesting result can be advantageously used to improve several
applications of MOFs such as catalysis.

Table 8. Values of the enthalpic acid-base constants K4 and Kp (unitless) and the entropic acid-base
constants wy and wp (unitless) of UIO-66-FA catalyst and their acid-base ratios for the different
used molecular models and IGC methods.

UiO-66-FA

Models and IGC Methods Ka Kp Ka/Kp 1073wy 1073.wp walwp
Kiselev 1.02 0.22 4.69 2.02 1.18 1.71
Spherical 1.12 0.25 4.50 2.28 1.03 2.23
Geometric 0.89 0.30 2.99 1.84 1.05 1.75
Van der Waals 0.96 0.44 2.20 2.20 1.06 2.09
Redlich-Kwong 1.00 0.49 2.03 2.05 1.18 1.74
Cylindrical 0.97 0.31 3.17 217 0.98 222
Hamieh model 1.09 0.39 2.79 224 1.04 2.14
Topological index 1.08 0.39 2.76 0.73 0.48 1.52
Deformation polarizability 1.12 0.41 2.72 0.98 0.51 1.92
Vapor pressure 1.26 0.42 3.04 1.06 0.47 2.26
Average values 1.05 0.36 291 1.76 0.90 1.96

Table 9. Values of the enthalpic acid-base constants K4 and Kp (unitless) and the entropic acid-base
constants wy and wp (unitless) of UIO-66(NH;) catalyst and their acid-base ratios for the different
used molecular models and IGC methods.

UiO-66(NH,)

Models and IGC Methods Ka Kp Ka/Kp 1073wy 10 3.wp walwp
Kiselev 1.44 0.52 2.79 2.7 1.2 227
Spherical 1.45 0.78 1.85 3.7 1.1 3.44
Geometric 1.69 1.03 1.64 43 1.7 2.59
Van der Waals 1.56 0.82 1.89 1.6 0.2 7.79
Redlich-Kwong 1.62 0.95 1.70 2.1 0.51 423
Cylindrical 1.16 0.46 2.52 1.8 0.33 5.60
Hamieh model 1.06 0.45 2.35 1.0 0.38 2.73
Topological index 1.05 0.48 2.20 1.1 0.29 3.76
Deformation polarizability 0.90 0.45 2.62 2.3 0.7 3.26
Vapor pressure 0.70 0.5 2.75 2.7 1.2 2.27
Average values 1.26 0.61 2.07 3.7 1.1 3.44

3. Materials and Methods
3.1. Materials and Synthesis Procedure

The chemicals required for the synthesis of our MOFs are zirconium chloride (ZrCly,
98%), terephthalic acid (CgHa (CO,H),, 99%), 2-aminoterephthalic acid (CgH7NO4, 99%),
acetic acid (CoH40;, 99%) formic acid (CH,O;, 99%) were obtained from Acros Organics
(Beirut, Lebanon). Non-polar n-alkane molecules such as pentane, hexane, heptane, and
octane or nonane, and polar solvents such as N,N-dimethylformamide, dichloromethane,
chloroform, benzene, toluene, ether, acetonitrile, and tetrahydrofuran at high purity were
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purchased from Fisher Scientific (Beirut, Lebanon). The four MOFs were synthesized in a
manner similar to the synthesis in the literature [40,41].

For the synthesis of UiO-66-AA, 566 mg of terephthalic acid was dissolved with 795 mg
of zirconium chloride in 250 mL of DMF and 15 mL of acetic acid (as modulator) in a 500 mL
autoclavable reagent bottle. For UiO-66(NH3), the same amount of zirconium chloride
was used (795 mg) and dissolved with 617 mg of 2-aminoterephthalic acid (functionalized
organic linker) in the same amount of solvent and modulator mixture.

For UiO-66-00, 344 mg of zirconium chloride and 245 mg of terephthalic acid were
dissolved in 40 mL of DMF and 100 uL of water in a 100 mL autoclavable reagent bottle.

The synthesis of UiO-66-FA was completed in the same manner as that of UiO-66-00
but with the addition of 11 mL of formic acid (as a modulator) to the mixture. After the
complete homogenization of the mixture obtained for each MOF of these four MOFs, the
bottle was placed in a sonicator at room temperature and caped and placed in an oven
for 21 h at a temperature of 120 °C. After this time, the bottle was removed from the oven
where a precipitate was obtained by centrifugation. The precipitate was washed with two
solvents; first four times consecutively with DMF, then four times consecutively with DCM
where the MOF was allowed to decant for two hours in each wash. However, in the last
wash for each solvent, the obtained product was soaked in the solvent overnight. The
remaining DCM was then removed by centrifugation another time and the well-washed
MOF was placed in a vacuum oven under a temperature of 170 °C over one night for
thermal activation.

3.2. Structural Characterization and IGC Conditions

Once the synthesis and the thermal activation of these four MOFs were achieved, these
materials were characterized by PXRD, SEM, TGA, and N, sorption measurements [41].

For the chromatographic measurements, we used a DELSI GC 121 FB chromatograph
(Beirut, Lebanon) equipped with a flame ionization detector using dried nitrogen as a
carrier gas [37]. Four chromatographic columns of the same nature, of the same length, and
of the same internal diameter (25 cm in length and 1 mm in internal diameter) were used in
this study. Each column was filled with a given mass of one of these materials in powder
form; 145 mg of UiO-66-00, 205 mg of UiO-66-AA, 230 mg of UiO-66-FA and 170 mg of UiO-
66-NH; mg. After packing a specific type of these materials into each column, the column
was preconditioned at 280 °C under nitrogen flow for 24 h to remove any residual solvent
left in the packing material. For UiO-66-00, UiO-66-AA, and UiO-66-FA, the carrier gas flow
rate was optimized at 20 mL/min while this flow rate was optimized at 30 mL/min for
UiO-66(NHy). The temperatures of the measurements (column temperature) were varied
from 220 to 270 °C by a step of 5 °C for each measurement. The first-order retention time
was determined for all measurements. Each measurement of this time was repeated three
times where the standard deviation was less than 1% in all measurements.

3.3. Models and Methods of Inverse Gas Chromatography

By using the inverse gas chromatography technique at infinite dilution, we determined
the net retention times and volumes and then calculated the free energy of adsorption AG?
of n-alkanes and polar solvents on the different MOFs by varying the temperature. We
used the fundamental equation of IGC technique:

AGY = —RT InV,, + RT In (S’;%) @)
0

where V,, is the net retention volume of a probe, T the absolute temperature, R the perfect
gas constant, m the mass of the solid filling the column, and Py and 77y given by one of the
two following reference states:

Kemball and Rideal reference state [42] given for Ty = 0 °C by Py = 1.013 X 10° Pa
and 1) = 6.08 x 107 Nm™L.
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De Boer et al. reference state [43] given for Ty = 0 °C by Py = 1.013 x 10° Pa and
My =338x10°Nm .

Different models and methods in IGC technique at infinite dilution were used to deter-
mine the surface thermodynamic properties of the MOFs, such as the surface dispersive
component and the specific interactions of these materials for the determination of the
Lewis acid-base behavior of the synthetized MOFs.

The determination of the dispersive energy of surface of each material was obtained
according to several models such as Dorris—Gray and those based on the relation of Fowkes
by applying various molecular models giving the surface areas of n-alkanes and polar
organic molecules. Six models were used: Kiselev, spherical, geometric, van der Waals,
Redlich-Kwong, cylindrical models, and finally the Hamieh thermal model which takes
into account the effect of temperature on the surface areas of the probe molecules [44]. In
addition, the specific interactions such as the specific enthalpy, entropy, and free enthalpy of

adsorption of the polar molecules on the surfaces of these materials have been determined
1/2
using the same molecular and thermal models by using the parameter a (74 where 7

is the dispersive component of the surface tension of the solvent and a its surface area. We
applied three other IGC methods and used the following thermodynamic parameters:

The logarithm of the vapor pressure log Py [45],

The deformation polarizability «g [46]

The topological index xr [47].

By using the above models and methods, we determined the specific free energy
AG;"(T) of the polar molecules given by:

AGF(T) = AHP — TASF (3)

where AH," and AS;/, respectively, represent the specific enthalpy and entropy of adsorp-
tion of polar solvents on the different MOFs. AH,? and AS)} were directly determined
from Equation (3) by varying the temperature [29].

By using the specific enthalpy (—AH,") and entropy (—AS;’) of adsorption as a
function of the corrected donor (DN’) and acceptor (AN’) numbers of polar molecules:

(—AHZ”) = K4DN' + KpAN' @)

(—As;”) = waDN' + wp AN’ )

We determined K4 and Kp representing the enthalpic acidic and basic parameters of
the solid, respectively, as well as w4 and wp which correspond to the entropic acidic and
basic constants, respectively.

4. Conclusions

The inverse gas chromatography technique at infinite dilution was used to determine
the surface and thermodynamic properties and the superficial acid-base properties in Lewis
terms of four zirconium-based MOFs of the UiO-66 series. These materials were synthetized
and fully characterized by XRD, SEM, TGA, and N, sorption-desorption measurements.

Nine molecular and thermal models and three chromatographic methods were em-
ployed in the IGC technique at infinite dilution. We determined the variations of the
dispersive component of the surface energy for all these materials as a function of tem-
perature and we found that it linearly decreased as a function of the temperature. On the
other hand, our results show that the use of a modulator such as formic acid or acetic acid
and the incorporation of an amine functional group leads to an increase in the value of
the dispersive component of the surface energy of the material surfaces while remaining
decreasing as a function of temperature.

The different models and IGC methods show an amphoteric character of all MOFs with
high acidity compared to their basicity. This result reflected the high acidity of zirconium-
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based MOFs and explained their high efficiency as acid-based catalysts. By comparing the
acidity of the four MOFs, it was shown that UiO-66-FA has the greatest acidity due to the
largest number of defects among these surfaces. We proved the following increasing order
of the different MOFs:

K, (UiO-66-00) < K, (UiO-66-AA) < K4 (UiO-66(NH,)) < K4 (UiO-66-FA)

On the other hand, we observed that UiO-66(NH;) exhibited the greatest basicity
constant due to the presence of the NH, functional group grafted in the organic linker. By
comparing the results obtained by these different models and methods, it was found that

the thermal model of Hamieh gave the most accurate results compared to other models
and IGC methods.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13010205/s1, Figure S1: BET surface area plot and correlation
coefficient: (a) for UiO-66-00, (b) for UiO-66-AA, (c) for UiO-66(NH;) and (d) the plot of pore size
distribution of MOFs; Figure S2: Variations of ( AN ) as a function of < AN’) of UiO-66-00 for

different models and IGC methods; Figure S3: Variations of (iﬁﬁf ) as a function of ( A%:) of

UiO-66-AA for different models and IGC methods; Figure S4: Variations of ( 1 N'- > as a function

of ( AN’) of UiO-66-FA for different models and IGC methods; Figure S5: Variations of ( AN,SP> as
a function of (2%, ) of UiO-66(NHy) for different models and IGC methods; Figure S6: Variations
of (ZXAI\S]?) as a function of ( AN ) of UiO-66-00 for different models and IGC methods; Figure S7:

Variations of < = I\S;p) as a function of ( = N,) of UiO-66-AA for different models and IGC methods;

Figure S8: Variations of ( v I\S;p ) as a function of < AN ) of UiO-66-FA for different models and IGC

methods; Figure S9: Variations of < AAI\S;p) as a function of (W) of UiO-66(NH,) for different
models and IGC methods; Table S1: Values of the dispersive component of the surface energy
¥4 (mJ/ mz) of UiO-66-00 material as a function of the temperature; Table S2: Values of the dispersive
component of the surface energy of UiO-66-AA material as a function of the temperature; Table S3:
Values of the dispersive component of the surface energy ¢ (mJ /m?) of UiO-66-FA material as a
function of the temperature; Table S4: Values of the dispersive component of the surface energy
'yg (m] / mz) of UiO-66(NH;) material as a function of the temperature; Table S5: Values (in kJ /mol)
of the specific free energy (—AG," (T)) of the various polar solvents adsorbed on UiO-66-00 material
surface for different temperatures by using the various IGC models and methods; Table S6: Values
(in kJ/mol) of the specific free energy (-AGY (T)) of the various polar solvents adsorbed on UiO-
66-AA material surface for different temperatures by using the various IGC models and methods;
Table S7: Values (in kJ/mol) of the specific free energy (—AGF (T)) of the various polar solvents
adsorbed on UiO-66-FA material surface for different temperatures by using the various IGC models
and methods; Table S8: Values (in kJ/mol) of the specific free energy (—AGF (T)) of the various
polar solvents adsorbed on UiO-66(INH;) material surface for different temperatures by using the
various IGC models and methods; Table S9: Values of the specific enthalpy (=AHY inkJ molfl) of
the various polar solvents adsorbed on UiO-66-00 by using the various molecular models, Hamieh
model, topological index, deformation polarizability and vapor pressure methods compared to
global average; Table S10: Values of the specific entropy (—AS;! in ] K~ mol 1) of the various polar
solvents adsorbed on UiO-66-00 by using the various molecular models, Hamieh model, topological
index, deformation polarizability and vapor pressure methods compared to global average; Table S11:
Values of the specific enthalpy (—=AHS? in K] mol™ 1) of the various polar solvents adsorbed on UiO-
66-AA by using the various molecular models, Hamieh model, topological index, deformation
polarizability and vapor pressure methods compared to global average; Table S12: Values of the
specific entropy (—ASS in J K~'mol 1) of the various polar solvents adsorbed on UiO-66-AA by
using the various molecular models, Hamieh model, topological index, deformation polarizability
and vapor pressure methods compared to global average; Table S13: Values of the specific enthalpy
(—AH," in k] mol™') of the various polar solvents adsorbed on UiO-66-FA by using the various
molecular models, Hamieh model, topological index, deformation polarizability and vapor pressure
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methods compared to global average; Table S14: Values of the specific entropy (—AS;’ in J K~ 'mol 1)
of the various polar solvents adsorbed on UiO-66-FA by using the various molecular models, Hamieh
model, topological index, deformation polarizability and vapor pressure methods compared to global
average; Table S15: Values of the specific enthalpy (—AHF ink] molfl) of the various polar solvents
adsorbed on UiO-66(NH;) by using the various molecular models, Hamieh model, topological
index, deformation polarizability and vapor pressure methods compared to global average; Table S16:
Values of the specific entropy (—AS;’ in] K~ mol ') of the various polar solvents adsorbed on
UiO-66(NH>) by using the various molecular models, Hamieh model, topological index, deformation
polarizability and vapor pressure methods compared to global average.
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