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Abstract: It has been about 36 years since the first published paper about the calorimetry and ad-
sorption (Cal-Ad) method by Prof. Drago. These separated methods are very old and important
characterization tools for different molecules and materials, as recognized in chemistry. The idea
of coupling these two techniques arose from the need to have more information about the thermo-
dynamic parameters of a catalyst. The Cal-Ad method provides a measure of the magnitude (K;),
strength (—AHj), and quantity (n;) of sites present in a catalyst. The original idea is based on the
application of the donor-acceptor concept using the Electrostatic Covalent Model, ECW in the areas of
catalysis and material chemistry. Particularly, enthalpy measurements of acidity are directly related
to the activity of various catalysts in a variety of reactions. Currently, more than twenty-five catalysts
have been carefully characterized by this method in addition to spectroscopic and other thermal
methods. Thus, this review seeks to present the fundamentals of the method and show different
applications of the characterized catalysts for a variety of reactions in order to use these data as an
alternative to choose a catalyst for an acid-dependent type reaction.

Keywords: solid acids; calorimetry and adsorption (Cal-Ad) method; acidity; acid site strength; acid
catalytic reactions

1. Introduction
1.1. Brief History of Calorimetry

Calorimetry is one of the oldest techniques used in chemistry and other areas of
science. Many different philosophers and scientists have thought about the idea of heat
and temperature, going back as far as the year 480 of the Common Era, although for
centuries these concepts remained poorly understood. However, the work of the Scottish
chemist Joseph Black (1761) established a clear distinction between those variables and
because of that, he is considered the founder of the science of calorimetry. Subsequently,
the next important mark was building the first calorimeter in 1798 by Antoine Lavoisier
in collaboration with the mathematician Pierre Simon de La Place. Then, James Prescott
Joule precisely measured the mechanical equivalent of heat (4.184 ] per calorie of work to
raise the temperature of one pound (Ib) of water by one degree Fahrenheit (F)) by 1841.
Simultaneously, in 1840, Germain Hess elucidated the important topic of thermochemistry,
which is an expression of the principle of energy conservation for a system. Nevertheless,
it took until 1870 for Pierre Berthelot to be credited with the fabrication of the first bomb
calorimeter, a figure who was also credited with inventing the concept of exothermic and
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endothermic reactions. These facts represent the origins of the first modern calorimeters
and can be read about in a very interesting article published by Meschel [1].

1.2. Brief History of Adsorption

The appearance of the adsorption phenomenon has risen from ancient times, citing
some of the earliest researchers such as Scheele, Priestley, and Fontana in 1773-1777. At
the end of the eighteenth century, the term adsorption, which is distinct from absorption,
was introduced by Emil du Bois-Reymond and Heinrich Kayser in 1881 [2]. Adsorption
is the interaction between molecules and a solid surface (external or internal on a wall
porous surface) due to the existence of uncompensated attractive forces. On the other
hand, absorption is related to the whole volume (bulk) of the solid. Since the adsorption
process often precedes absorption, and sometimes it is not obvious to see the distinction,
the term sorption was presented by James W. McBain (1909) to encompass both phenomena.
The adsorption process can be classified as physisorption (characterized by non-specific
interactions, e.g., van der Waals forces) or chemisorption (characterized by specific in-
teractions, e.g., covalent bonding, electrostatic forces). The description of adsorption is
generally described through isotherm curves, i.e., the amount of the adsorbed molecule
(adsorbate) on the solid (adsorbent) as a function of its content at a constant temperature.
Irving Langmuir was the first researcher to describe in detail the monolayer-based theory
using a scientifically based adsorption isotherm (1916-1918), even though Herbert Fre-
undlich in 1907 and Michael Polanyi in 1914 had been pioneers in these emerging ideas
before. It is claimed that at least fifteen different isotherm models have been developed to
date [3]. Adsorption processes, and particularly the Langmuir model, have been impactful
in different fields of science and technology today, which is fully described in the recent
and interesting work of Swenson and Stadie [2].

2. Brief Overview of Solid Acidity Strength

Basically, there is an overlap between the concept of acidic solids and heterogeneous
catalysts. Its development is intimately related to the progress of catalysis in the twentieth
century to enhance the production of fuels from oil hydrocarbons and important chemical
molecules to work as intermediates in industry. Although knowledge of the catalytic
behavior of solids is considered a natural phenomenon, a systematic study is mandatory to
develop it as a science and technology subject.

The nature of active sites in any catalytic system is essential to understanding and
designing new materials for heterogeneous catalysis. In this sense, the classical concepts
of acids and bases are mandatory to create a minimum architecture for the functional
utility of the desired solid acid. The definition of acidity for a material is interdependent
with the possible base used to probe the relative acid-base interaction. There are several
definitions of acidity in the literature (e.g., Arrhenius, Brensted-Lowry, Lewis, solvent
system, Lux-Flood, Usanovich, hard-soft acids and bases, electrostatic-covalent acid-base
interactions, Hammett equation and super acidity, gas-phase proton affinity), which are
basically discussed in many classical books of inorganic chemistry [4-8]. For solids, the
definitions of Brensted and Lewis are by far the most important and applied in relation to
the properties of solids. According to the classical definition in solution, a Brensted acid
is a species that releases a proton to another one, which acts as an acceptor of this proton
and behaves like a base. Likewise, Lewis acid is a substance that accepts an electron pair
to form a chemical bond, whereas a base is just an electron-donating substance. As it is
well known, the Lewis definition is not restricted to a solution or a proton transfer reaction
and even though the definition of Lewis encompasses the Brensted, chemical reactions that
involve a proton transfer are conveniently treated using the Brensted-Lowry concept.

Surface acidity of solids has been debated and described in the literature for decades
but can be consensually considered as dependent on the nature of the bond holding its
own solid. The solid surface will present some kind of defect related to the exposed atoms
of the final layer, which are subjected to valence or coordination unsaturation. As a result,
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these atoms (or sites) have high free Gibbs energy and will seek stabilization by adsorption
of molecules from the environment (e.g., HyO, CO;, O,). The recovery of the original
unsaturation can be obtained by desorption of adsorbed species under heating or vacuum.
Thus, the activity of this surface is related to this reversible process of adsorption-desorption
of different molecules at the unsaturated-saturated surface, which, in turn, is dependent on
the environmental composition as well as the temperature and pressure of the medium. In
that sense, the main reason for the difficult characterization of solid surfaces arises from
the variety of reactivity conditions under which these surfaces can interact with possible
substrates under a reactional medium (e.g., gas-solid, liquid-solid). Nevertheless, one
should be aware that a possible classification of solids into acids (or bases) may be not so
straight in several cases because of the large heterogeneity of solid surfaces. These very
succinct ideas and discussions are intended more to compel the reader to go deeper into the
many excellent reviews about the acidity of solids and their characterization methods [9-19].
The next section deals with some of the classical methods for the characterization of solid
acid strength. Nonetheless, there is no intention to revise such methods, but it will only
allow the reader to be aware of the fundamentals of each one and provide a few references
for further research.

2.1. Base-TPD (Temperature Programmed Desorption)

TPD is associated with pre-adsorption of a base probe molecule (e.g., pyridine, NHjs,
amine) on the solid acid and further desorbed under a controlled temperature condition.
The main detection systems are mass changes (TPD-TG), thermal conductivity (TPD-TCD)
and mass spectrometry (TPD-MS). This has been extensively used to identify the acid
sites for their strength, distribution (or density), and nature. The analysis involves the
area under the curve of the TPD profile, which measures the total quantity of the acid
sites. In addition, the peak temperatures can be used as an acid site strength measurement.
Moreover, usually it takes a range of temperatures, since the peaks are normally large, for
quantification of strong, medium, and weak sites on the solid. Lately, NH3-TPD is one
of the most commonly used methods for acid strength characterization. This might be
attributed to the ease and automation of applying the method. Nonetheless, some issues
are argued in the literature about the feasibility of this probe to measure Brensted acid site
strength. However, it can be anticipated that a combination of thermal desorption and
spectroscopic analysis is powerful for acidity characterization. The reader can consult some
of the cited references for further study on applications of this subject [20-28].

2.2. Multinuclear Solid-State Nuclear Magnetic Resonance

Solid-state nuclear magnetic resonance (MAS NMR or SS NMR) spectroscopy is one
of the most powerful techniques, considered investigative at the atomic scale, to provide
evidence about the structure and the dynamics of processes occurring in the analyzed
materials [29,30]. To achieve such a position, high-resolution development in the solid-state
NMR was mandatory and reached at the end of the 1970s [31]. Practically all elements
in the periodic table have at least one magnetically active isotope with nonzero nuclear
spin, which is a requisite to be active in an NMR experiment. Two nuclear parameters
(gyromagnetic ratio and natural abundance) are essentials to ascribe the relative receptivity
of a nucleus and hence its sensitivity. As a result, the NMR technique is applicable to many
different elements not only in compounds but also materials [32].

Particularly, in the study of catalysts the understanding of framework structures,
catalytically active sites (and their important parameters, i.e., nature, distribution, con-
centration, strength) and intermolecular interactions can be addressed by multinuclear
NMR [33]. Currently, there are state-of-the-art SSNMR techniques that improve the struc-
tural and quantitative characterization of catalysts including many nuclei (e.g., 'H, 13C,
27 Al, #%Si, 31P). These methods include the original single pulse, under the magic angle
rotation with proton decoupling experiment and more advanced ex and/or in-situ pulse-
field-gradient, variable temperature, double resonance, two-dimensional (2D) correlation,
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homonuclear correlation, and double-quantum (DQ) or multiple-quantum (MQ) coher-
ences spectroscopies [32-35]. Thus, with these improved methods, new insights have
been provided for different heterogeneous catalysts at structural and acidic levels. A few
examples in the literature involving the most popular nuclei will be offered to the reader
that could be useful for the design and characterization of solid acid catalysts.

The characterization of acidic OH groups by 'H SS NMR is of major interest in the
determination of acidity for solid acids such as zeolites and other oxides [36,37]. The acidity
can be determined by the strength and concentration of hydroxyl protons. The first can be
derived from 'H chemical shift (A8157), which in principle is dependent on the magnitude
of the shift, i.e., the larger the chemical shift the higher the acid strength, whereas the
second is derived from the signal intensities of the hydroxyl protons. It may be difficult
knowing about the straight relation between intrinsic strength and the chemical shift if
hydrogen bonds are involved in such a system. In this case, the adsorption of a probe
molecule at the acidic OH group is important to characterize Brensted sites. The same is
valid for Lewis sites, which are preferentially studied by the same process. One advantage
of SS NMR is that it can be quantitative if an internal or external intensity standard is used
to calculate the number of acid sites. The reader should read excellent reviews involving
'H SS NMR, employing zeolites as solid acids [33,36,37].

The structure of aluminosilicates and other catalysts containing silicon and aluminum
can be conveniently studied by %’ Al and ?°Si SS NMR. The strength of Brensted acidity
primarily depends on the concentration and the chemical environment of the Al (e.g.,
coordination, position in or out of the framework), which is, in turn, dependent on the
framework and total Si/Al ratio of the material. Properties such as hydrophilicity, hy-
drophobicity, and stability of zeolites are related to the concentration and distribution of
Al atoms, which is dependent on the difference in the stabilities between Si—O and Al-O
bonds that are intricate with the affinity of protons to water molecules. The literature is
rich in papers using SS NMR of silicon and aluminum to characterize and correlate the
properties of zeolites after tailoring their acidities during synthesis or post-synthesis of
these materials to different applications. The reader should be aware of various recent
reviews about SS NMR of 2 Al and 27Si [38—42].

Another approach to characterize the acidity strength of Brensted sites is to use weakly
basic probe molecules (e.g., acetonitrile, acetone, perchloroethylene or trimethylphosphine
oxide) that can interact by hydrogen bonding [37]. The interaction generates low-field shifts
(A8) on the 'H SS NMR spectra of the hydroxyl species or in the functional groups of the
probe molecules (e.g., 13C, 15N, or 31P SSNMR). One of the difficulties for 1*C and °N is that
the adsorbed probes should be enriched to obtain a good spectrum. This is not necessary
to obtain 3'P SS NMR spectra. Thus, the method using triethylphosphine oxide (TEPO)
or trimethylphosphine oxide (TMPO) is turning into one of the most popular while using
adsorbed molecules to measure acidity by SS NMR [43-46]. For instance, Osegovic and
Drago [43] found that the chemical shift of 31P MAS NMR of TMPO correlates with the heat
of adsorption onto the acid sites of the (silica—gel)nSbVClg catalyst. Zasukhin et al. [47],in a
recent article, studied adsorbed alkyl-substituted phosphine oxides (trimethylphosphine
oxide (TMPO), tri-n-butylphosphine oxide (TBPO), and tri-n-octylphosphine oxide (TOPO))
on BEA zeolites. The proposed methodology was able to quantitatively measure the number
of Bronsted and Lewis sites, as well as the number of internal and external silanol groups.
In addition, 3!P SS NMR has been used to perform structural studies of heteropolyacids
(HPA) and their derivatives (e.g., salts, supported HPA) [48-52]. Therefore, the presence of
one or more Keggin species (free or under direct interaction on a support surface), as well
as decomposition products, can be well distinguished by this technique.

2.3. FT-IR of Base Adsorption

Infrared spectroscopy (IR) is based on the capacity of molecules to change their normal
vibrations and hence dipole moments by absorption of photons in the infrared range
(typically between 14,000-10 cm '), and thus change their discrete levels of rotational
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and vibrational energy [53]. IR is one of the most popular and affordable characterization
methods in chemistry. The first affordable infrared spectrometer of commercial origin dates
from 1957 (Perkin-Elmer, model 137 Infracord, Shelton, CT, USA) [54]. After more than
65 years, Fourier transform IR (FT-IR) remains the most widely used, and typically one
of the most effective, spectroscopic methods for the chemical surface characterization of
heterogeneous catalysts [28,55,56].

The infrared spectra of adsorbed probe molecules (e.g., pyridine, NH3, CO,, CO, NO)
furnishes important information about the active sites on a catalyst and thus the acidity
of solid acids. The pioneering work by Parry [57], Basila et al. [58], and Hughes et al. [59]
showed that the pyridine molecule is capable of simultaneously determining the concen-
tration of Brensted and Lewis acid sites. It also could distinguish hydrogen bonding type
sites [57]. The infrared region between 1400 and 1700 cm~! displays clear differences in
the pyridine coordinately bonded (Lewis) to the pyridinium ion (Brensted) adsorbed on a
solid acid surface. There are a number of papers in the literature dealing with quantitative
IR measurements involving pyridine and other molecules, which have proved to be ap-
propriate for the investigation of the accessibility of various solid acids (e.g., zeolites). The
reader can take a deeper look at some of the references provided here to apply this method
to different catalysts [60-62].

It should be mentioned that hydroxyl groups on the surface of catalysts are very
important as active centers, and FT-IR (especially DRIFTS, diffuse reflectance infrared
Fourier transform spectroscopy) under controlled atmospheric conditions is fundamental
to characterize their interaction with probe molecules. Usually, a possible formation of
H-bonds between the molecule and O-H group or a chemical reaction with that group (e.g.,
redox, exchange) is the expected information that could be obtained. Thus, a comprehensive
review of this subject is indicted [63].

2.4. Gas Phase Adsorption Microcalorimetry

The important phenomena of adsorption, reaction, and desorption that take place on
a solid surface are controlled by the thermodynamics of the energetics of these processes.
The fundamentals of physical-chemical aspects of adsorption are very well described in a
book by Adamson et al. [64], which is intended for readers new to this area. Adsorption is
recognized as an essential part of catalytic studies [64—66]. The catalytic properties of the
solid surface are essentially determined by the energetics of the surface events. The nature
of both the molecule (adsorbate) and the solid material (adsorbent) determines the strength
of the interaction between them. The magnitude of this interaction can be either specific
or non-specific, which gives rise to measurements that demand the accuracy of the heat
evolved, as well as on the amounts of adsorbed gas [67]. The use of a suitable calorimeter
is considered the most reliable method to measure accurately the heat evolved. One of the
most utilized systems uses Tian-Calvet heat-flow microcalorimeters as a high-sensitivity
apparatus [68]. The equipment is constructed under a differential setup, i.e., a vessel
containing the sample and others (usually empty) acting as a reference, which avoids any
heating measurement being compensated due to the interaction of the gas with the solid
surface. Generally, the equipment allows the heat of adsorption to be measured under a
constant temperate (25 °C < T. <400 °C). The interpretation of the isotherm curves (average
differential heat versus adsorbate coverage) can obtain important data about the strength
and the number of acid sites in a catalyst [65-68]. These microcalorimetric measurements
have been used to characterize a number of catalysts in the literature (e.g., silica-alumina,
zeolites, HPA, mesoporous silica) making use of different probe molecules (e.g., NH3,
pyridine, amines, CO,, SO,) [69-77]. It also should be mentioned that many authors in the
literature use liquid phase calorimetry to estimate the acidity of various catalysts, which is
possible to discriminate the acid site strength accurately.
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3. The Calorimetry-Adsorption (Cal-Ad) Method Proposed by Prof. Russel Drago
3.1. Fundamental Aspects

The largest applications of donor-acceptor concepts may be ascribed to the areas of
materials and catalysis [78]. The Electrostatic-Covalent (ECW) model was proposed in
1965 by Drago and Wayland, in which each acid and base is described by two parameters
(E-electrostatic and C-covalent), according to Equation (1):

—AH =EpEp +CACB+W (1)

where, AH is the enthalpy of the formation of a Lewis acid-base adduct, Ep and Cy are
characteristic parameters of the acid, Eg and Cg are characteristic parameters of the base,
and W is an energy constant associated with a particular reactant (acid), regardless of the
reaction it participates in (e.g., an acid dimmer such as Al,Cl¢ that has to break bonding
before reaction with a base). This description of acid (acceptor) and base (donor) properties
is parallel to the bonding models of Pauling and Mulliken [79,80].

Drago and many associates (especially graduate students) proposed several ways
to express reaction enthalpies in terms of acidity and basicity parameters. For homoge-
neous systems, the ECW model was demonstrated to be very reliable, but for heteroge-
neous systems, it was more complex, however, it was addressed in different catalysts in
liquid-solid equilibria, which is also important for applications in adhesion and material
chemistry [78,81]. Due to the lack of a technique that furnishes a complete description
of the thermodynamic parameters of solid acid, the Cal-Ad (coupling of calorimetry and
adsorption measurements) could be an alternative to supply these parameters.

The Cal-Ad method is employed using two independent experiments. It is described
here as a base reacting to a solid acid, but it can be the opposite (an acid reacting to a solid
base). The calorimetric experiment measures the heat evolved upon incremental additions
of an adsorbate (base) in a solution to a slurry of the solid (acid) in the same solvent during
a calorimetric titration. This heat depends on the equilibrium constant (K), the enthalpy of
interaction (AH), and the number of sites (n) on the solid. The interval between additions
is about 3-5 min. The obtained data generates an isotherm of total heat evolved versus the
total moles of the base added since the concentration of the base solution added is known
for each addition.

The adsorption experiment is conducted, independently, using the same mass and
volume of solvent in the slurry used for the calorimetry. The same incremental volume
added to the base solution should be kept in order to parallel the equilibrium achieved in
the calorimetric experiment. After the addition of the base and stirring for 3-5 min, the
stirring is interrupted to let the solids settle, and an aliquot of the solution is taken out and
replaced by the same volume of the pure solvent. Then, the next addition is made, and
the procedure is repeated up to the end of the titration. The base concentration is obtained
using an analytical method (e.g., UV-Vis spectroscopy). The remaining base in the solution
is recalculated after each sample is removed. Since the total base added is known and the
free base is obtained by the adequate method, the base adsorbed on the solid is calculated
by the difference. The data generates an isotherm of the moles of the base adsorbed versus
moles of the base in solution.

The use of the solvent should also be justified. In principle, the strength of bonding
between the solid acid and a base should be only based on donor-acceptor interaction. Thus,
any solvent that has a specific interaction with both (solid acid and/or base) should be
avoided or the specific effect should be factored out. If a poorly interacting solvent is chosen,
those specific interactions are absent, and it is not necessary to be considered. Generally,
the ECW system is used as solvent CCly, hexane or cyclohexane, which agrees with those
weak interactions. In these solvents, the dispersion interactions among the solvent, the
solid acid, and the base will take place. In this sense, the Cal-Ad method is conducted
using a hydrocarbon solvent whose molecules are close in molecular mass to those of the
donor to minimize these dispersion interactions. The reaction of the solvated base with the
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solvated solid acid takes place by displacement. In earlier studies by Drago et al. [82-85],
it was shown that the product and reactant nonspecific dispersion interactions cancel out
and do not contribute to enthalpies measured in solution, which differ from gas phase
donor-acceptor interactions (e.g., proton affinities, which are not displacement reactions)
that has dispersion and donor-acceptor contributions. Therefore, the use of such solvents is
preferable to account only for specific donor-acceptor interaction heating measurements.

It is important to understand that the Cal-Ad method measures the enthalpy of a
base-displacement reaction, which is different from the equivalent experiment in gas—
solid calorimetry that measures an adduct formation between the base and the solid. A
comparison of the results of gas-solid calorimetry using HZSM-5 as a catalyst interacting
with pyridine has been demonstrated to be a measure of the weighted average Cal-Ad
enthalpy of pyridine interaction [86]. Using a Born-Haber thermodynamic cycle (Hess’s
law) with the appropriate values, it was possible to show that enthalpies derived from
gas-solid calorimetry are an average of the two enthalpies of the interaction of pyridine
with the two acid sites obtained by the Cal-Ad method.

Another important issue to address is the time interval between incremental addition
of a base. The time is measured by two straight ramps (Figure 1) of the calorimetric appara-
tus. After the addition of a base, the heat evolved gives a signal related to the temperature
increase in the system, and by the time the temperature stabilizes a second straight line
is observed. In the studied solids, it was observed that between 3 and 5 min was enough
to have this behavior, and this was taken as the equilibrium reached time. Thus, many
results may pertain to the initial donor-acceptor process and the term equilibrium should
be understood as it, and not necessarily as a true final equilibrium for the system [87].

Temperature (°C)

Initial Final
Time (s)

Figure 1. Example of an incremental addition of a base (e.g., pyridine) using the magnetic stirring
system in the calorimeter, showing the initial and final interval time before a new addition. (i) time of
the base injection; (f) time where the system reaches the maximum increment of temperature.

3.2. Experimental Procedure

The current microcalorimetric titrations are conducted in a modified (magnetic stirring
system) isoperibol solution calorimeter (ISC, Model 4300, Calorimetry Sciences Corporation,
Linden, UT, USA). This is a technique in which the temperature of a reaction vessel in a
constant-temperature system is examined as a function of time. The equipment is coupled
to a computer, running under Windows XP, and the experiments are registered according
to the provided software (Hart ISODESC and ISOPER programs). The catalyst should
be thermally treated, according to the desired conditions, before measurements. Then
the catalyst is moved to a glove box under Nj (99.99%, White Martins/Praxair, Brazil),
weighted (e.g., 0.5 g), and transferred to the calorimetric cell (e.g., 50 mL), followed by the
addition of 50 mL of anhydrous cyclohexane (usually, fresh distilled over P,Os). In a glove
bag filled with Ny, a calibrated gas-tight syringe (Hamilton, NV, USA, 5 mL) is filled with a
known concentration of pyridine solution in cyclohexane (e.g., 0.1000 mol L~1). Later, both
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the cell and syringe are inserted into the calorimeter holder, which is immersed in a thermal
bath regulated at a desired temperature (e.g., 25.0000 °C). Before any experiment, the
system is allowed to equilibrate (~1 h). The addition of the pyridine solution is performed
incrementally (e.g., 0.1 mL), using the injection system of the calorimeter. After each
addition of pyridine, the heat evolved from its reaction with the solid in suspension is
measured, considering the initial and final baseline observed in the software (Figure 1).
The interval between additions was previously tested (mostly, from 3 to 5 min), which was
sufficient for the system to equilibrate. The heat for each addition is calculated using the
equivalent energy of the system, which is obtained from a calibration curve performed
before and after each complete titration. The heat of the diluted base (pyridine) added to
cyclohexane should be measured separately to make sure it can be considered negligible.
The experimental conditions are adjusted to measure the highest heat evolved from different
runs. Then, each titration is typically repeated two to three times. A schematic of the
calorimeter is shown in Figure 2.

= 5 1. Water bath

2. Syringe

3. Bath mechanical stirring
4 4. Bath temperature thermopar
5. Delivery tube for titration
6 6. Dewar flask
7. Dewar temperature thermopar
Il I I II I I I I II 8. Heating resistance
— 10 9. Magnetic stir bar
1 10. Submerse magnetic stirring
I_I_I_I_I_I ll I I I I 11. Control panel of the instrument

Figure 2. Representation of the calorimeter used in the current Cal-Ad titrations [88].

o |

The present adsorption experiment is conducted in the following apparatus (Figure 3).
It uses 0.5 g of solid that is added to a sealed three-neck round-bottom flask followed by
50 mL of anhydrous cyclohexane. Both operations are conducted inside a glove box. The
addition of the base (e.g., pyridine solution) is performed using an automatic burette from
Metrohm (model Dosimat 665, Herisau, Switzerland) in a room under the temperature of
25 °C. Th