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Preface 
 
This book covers key areas of Chemical Sciences. The contributions by the authors include 
Thermodynamics of irreversible processes, Lie algebras and Lie groups, covariance principles, transport 
processes in Tokamak-plasmas, Thermodynamical Field Theory, 2-trifluoroacetyl-1, 3-diketone, 1,3,5-
triketone, tautomerism, chalcone, 4H-chromone, pyrazole, Selective Fluorination, Sea spray, rainwater, 
particulate matter, stable isotopes, Semiarid Region, Salinization, Organocatalyst, enantioselectivity, 
yield, thiourea catalyst, asymmetric, ß-unsaturated Nitro Compounds, Combustion solution method, 
composite, photocatalysis, mesoporosity, TiO/ZnO2, IR, simultaneous TG-DT88A, acetamido benzoate, 
electronic spectra, Hydrazinated Transition Metal, Zolpidem tartrate, matrix tablets, sustained release, 
HPMC, polymer, factorial design, Alkynyl, cyclometalated, luminescence, platinum, N-donor ligand, 
Mangrove, parenchyma bands, sclerous cells, bioremediation, heavy metals, Rhizophora racemosa, 
Avicennia germinans, Bioaccumulation of Heavy Metals etc. This book contains various materials suitable 
for students, researchers and academicians in the field of Chemical Sciences. 
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ABSTRACT 
 

The concept of equivalent systems from the thermodynamic point of view was originally introduced by 
Th. De Donder and I. Prigogine. However, the De Donder-Prigogine definition of thermodynamic 
invariance based only on the invariance of the entropy production is not sufficient to guarantee the 
equivalence character between two sets of thermodynamic forces and conjugate thermodynamic 
fluxes. In addition, it is known that there exists a large class of flux-force transformations such that, 
even though they leave unaltered the expression of the entropy production, they may lead to certain 
paradoxes. 
Main objective of this series of works is to determine the non-linear closure equations (i.e. the flux-
force relations), valid for thermodynamic systems outside the Onsager region, which do not contain 
inconsistencies. To this aim, a thermodynamic theory for irreversible processes [referred to as the 
Thermodynamical Field Theory (TFT)] has been developed. The TFT rests upon the concept of 
equivalence between thermodynamic systems. More precisely, the equivalent character of two 
alternative descriptions of a thermodynamic system is ensured if, and only if, the two sets of 
thermodynamic forces are linked with each other by the so-called Thermodynamic Coordinate 
Transformations (TCT). In this work, we describe the Lie group associated to the TCT. The TCT 
guarantee the validity of the so-called Thermodynamic Covariance Principle (TCP): “The nonlinear 
closure equations, i.e., the flux-force relations, everywhere and in particular outside the Onsager 
region, must be covariant under TCT”. In other terms, the fundamental laws of thermodynamics 
should be manifestly covariant under transformations between the admissible thermodynamic forces, 
i.e., under TCT. The TCP ensures the validity of the fundamental theorems for systems far from 
equilibrium. We shall see that the requirement of the validity of the TCP will impose strict restrictions 
allowing determining, for example, the expression of the collisional operator for magnetically confined 
plasmas. 
 
Keywords: Thermodynamics of irreversible processes; Lie algebras and Lie groups; covariance 

principles; transport processes in Tokamak-plasmas. 
 
1. INTRODUCTION 
 
The objective of this Chapter is to investigate and revise the concept of equivalent systems from the 
thermodynamic point of view, originally introduced by Th. De Donder and I. Prigogine. According to 
our definition, two systems are thermodynamically equivalent if, under transformation of the 
thermodynamic forces, both the entropy production and the Glansdorff‐Prigogine dissipative quantity 
(see the definition in the forthcoming Section (55)) remain unaltered. This kind of transformations may 
be referred to as the Thermodynamic Coordinate Transformations (TCT). In Section (55) we 
determine the general class of transformations satisfying the TCT. As known, the Noether theorem 
establishes that the symmetries underlying a physical system are intimately related to the 
conservation laws characterizing the system. So, the invariance of a system under TCT is intimately 
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linked to the existence of a group, which we refer to as the TCT‐group. The equivalent character of 
two transformations under TCT naturally leads to the concept of the Thermodynamic Covariance 
Principle (TCP). This principle states that all thermodynamic equations involving the relation between 
thermodynamic forces and fluxes (e.g. the flux‐force closure relations) must be covariant under TCT. 
The Lie group representations associated to the TCT‐ group is described in Section (3) and the 
formulation of the Thermodynamic Covariance Principle is reported in Section (4). In Section (5) we 
can find an example of application of the TCP to magnetically confined plasmas. We derive in a 
rigorous way the expression for the collisional operator for Tokamak‐plasmas which is currently 
largely used in the numerical simulations. We mention that the TCP is the milestone for constructing 
the nonlinear closure equations for thermodynamic systems out of Onsager’s region. This task has 
been accomplished by means of three hypotheses: two constraints (A) and (B), and one assumption 
(C) [1]. 
 

(A) The thermodynamic principles and the theorems valid for systems far from equilibrium must 
be satisfied. 

(B) The validity of the thermodynamic covariance principle (TCP) must be ensured. 
(C) Close to the steady states, the nonlinear closure equations can be derived by the principle of 

least action. 
 
This theory, based on (A), (B), and (C), is referred to as the Thermodynamical Field Theory (TFT). In 
Section (6) we confront the electron heat loss in fully collisional Frascati Tokamak Upgrade (FTU)-
plasmas estimated by the TFT against the experimental data and the linear (Neoclassical) predictions. 
We show that (contrarily to Onsager's prediction) the TFT theoretical predictions are in fairly good 
agreement with experimental data in the expected region of validity. To perform this comparison, the 
Shafranov shift has also been taken into account1.  
 
2. THE DE DONDER-PRIGOGINE THERMODYNAMIC INVARIANCE 
 
Onsager's theory is based on three assumptions [2,3]: i) The probability distribution function for the 
fluctuations of thermodynamic quantities (Temperature, pressure, degree of advancement of a 
chemical reaction etc.) is a Maxwellian, ii) Fluctuations decay according to a linear law, and iii) The 
principle of the detailed balance (or the microscopic reversibility) is satisfied. Onsager showed the 
equivalence of the assumptions i)-iii) with the equations 
 

                                                                                        (1) 
 
where ����  are the transport coefficients and ��  and ��  denote the thermodynamic forces and the 

conjugate fluxes, respectively. Assumption iii) allows deriving the reciprocity relations ���� = ���� . 

Note that in Eq. (1), as well as in the sequel, the summation convention on the repeated indexes is 
understood. The Onsager theory of fluctuations starts from the Einstein formula linking the probability 
of a fluctuation, �, with the entropy change, △ �, associated with the fluctuations from the state of 
equilibrium 
 

                                                                                                   (2) 
 
In Eq. (2), �� is the Bolzmann constant and �� is a normalization constant, which ensures that the 
sum of all probabilities equals to one. Prigogine generalized Eq. (2), which applies only to adiabatic or 
isothermal transformations, by introducing the entropy production due to fluctuations. Denoting by �� 
(� = 1 ⋯ �) the � deviations of the thermodynamic quantities from their equilibrium value, Prigogine 

                                                           
1In Tokamak-plasmas, the plasma pressure leads to an outward shift of the center of the magnetic flux surfaces. The direction 
of the electric current that flows inside the plasma J is perpendicular to both the magnetic field and the shift displacement of the 
circular magnetic lines. Note that the poloidal magnetic field increases and the magnetic pressure will, then, balance the 
outward force. This effect is referred to as the Shafranov shift. 
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proposed that the probability distribution of finding a state in which the values �� lie between �� and 
�� + ��� is given by [4] 
 

      (3) 
 

Here, �� is a (spatial) volume element of the system, and the integration is over the entire space Ω 
occupied by the system in question. � and � indicate the equilibrium state and the state to which a 
fluctuation has driven the system, respectively. Note that this probability distribution remains unaltered 
for flux‐force transformations leaving invariant the entropy production. Concrete examples of chemical 
reactions, equivalent from the thermodynamic point of view, have also been analyzed in literature. As 
an example, among these, we choose the simplest of all. Let us consider, for example, a chemical 
system in which 
 
a) two isomerisations � → � and � → � take place [4]. 
 
From the macroscopic point of view, the chemical changes could be equally well described by the 
 
b) two isomerisations � → � and � → �. 
 
It can be checked that, under a linear transformation of the thermodynamic forces (which in this case 
corresponds to a linear transformation of the chemical affinities) the entropy productions for the two 
chemical reactions a) and b), are equal. Indeed, the corresponding affinities of the reactions a) read: 
�� = �� − �� , and �� = �� − �� , with ��  and ��(� = �, �, �) denoting the affinities and the chemical 
potentials, respectively. The change per unit time of the mole numbers is given by 
 

                                               (4) 
 
with ��(� = 1, 2) denoting the chemical reaction rates. In this case the thermo‐dynamic forces and the 
flows are the chemical affinities (over temperature) and the chemical reaction rates, respectively i.e., 
�� = ��/�  and �� = �� . Hence, the corresponding entropy production reads ���/�� = ��/��� +

��/��� > 0. The affinities corresponding to reactions b) are related to the old ones by 
 

                                         (5) 
 
By taking into account that 
 

                                    (6) 
 
we get 
 

                                                                                  (7) 
 
where the invariance of the entropy production is manifestly shown. Indeed, 
 

     (8) 
 
or ���� = ��

� ��� (where the Einstein summation convention on the repeated indexes is adopted). On 

the basis of the above observations, Th. De Donder and I. Prigogine formulated, for the first time, the 
concept of equivalent systems from the thermodynamical point of view. For Th. De Donder and I. 
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Prigogine, thermodynamic systems are thermodynamically equivalent if, under transformation of 
fluxes and forces, the bilinear form of the entropy production remains unaltered, i.e., � = �� [5]. 
 

2.1 Remarks on De Donder-Prigogine's Thermodynamic Invariance Formulation 
 
The Thermodynamic Invariance Principle formulated by De Donder‐Prigogine, based only on the 
invariance of the entropy production, is not sufficient to guarantee the equivalence character of the 
two descriptions (��, ��) and (��

� , ���). Indeed, we can easily convince ourselves that there exists a 

large class of transformations such that, even though they leave unaltered the expression of the 
entropy production, they may lead to certain paradoxes to which J. E. Verschaffelt and R. O. Davies 
have called attention [6,7]. This obstacle can be removed if one takes into account one of the most 
fundamental and general theorems valid in thermodynamics of irreversible processes: the Universal 
Criterion of Evolution. In general, Glansdorff and Prigogine have shown that: For time‐independent 
boundary conditions, a thermodynamic system, even in strong non‐equilibrium conditions, relaxes to a 
stable stationary state in such a way that the following Universal Criterion of Evolution is satisfied 
[8,9]: 
 

                                                                                                            (9) 
 
Here, Ω is the volume occupied by the system and �� the volume‐element, respectively. In addition 
 

                                                              (10) 
 

Quantity � ≡
X

J dv
t








  may be referred to as the Glansdorff‐Prigogine dissipative quantity. 

 
Let us check the validity of this theorem by considering two, very simple, examples. Let us consider, 
for instance, a closed system containing � components (� = 1 … �) among which chemical reactions 
are possible. The temperature, �, and the pressure, �, are supposed to be constant in time. The 
chance in the number of moles ��, of component �, is  
 

                                                                                                                     (11) 
 

with ��
�
 denoting the stoichiometric coefficients. By multiplying both members of Eq. (11) by the time 

derivative of the chemical potential of component �, we get 
 

                                                                   (12) 
 

By taking into account the De Donder law between the affinities �� and the chemical potentials i.e., 

�� = −��
���, we finally get 

 

                              (13) 
 

where the negative sign of the term on the right-hand side is due to the second law of 
thermodynamics. Hence, the Glansdorff-Prigogine dissipative quantity � is always negative, and it 
vanishes at the stationary state. 
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As a second example, we analyze the case of heat conduction in non‐expanding solid. In this case 
the thermodynamic forces and the conjugate flows are the (three) components of the gradient of the 
inverse of the temperature, �� = [grad (1/�)]� and the (three) components of the heat flow, �� = ��� 

(with i = 1,2,3), respectively. Hence, 
 

                                         (14) 
 
With partial integration, and by taking into account the energy law 
 

                                                                                                         (15) 
 
after simple calculations, we get 
 

                                                                                    (16) 
 
with � = 0 at the steady state. In Eqs. (15) and (16), � and �� are the mass density and the specific 
heat at volume constant, respectively. By summarizing, without using the Onsager reciprocal relations 
and without assuming that the transport coefficients are constant (i.e. independent of the 
thermodynamic forces), the dissipative quantity �  is always a negative quantity. This quantity 
vanishes at the stationary state. In the two above‐mentioned examples, the thermodynamic forces are 
the chemical affinities (over temperature) and the gradient of the inverse of temperature, respectively. 
However, we could have adopted a different choice of the thermodynamic forces. If we analyze, for 
instance, the case of heat conduction in non‐expanding solid, where chemical reactions take place 
simultaneously, we can choose as thermodynamic forces a combination of the (dimensionless) 
chemical affinities (over temperature) and the (dimensionless) gradient of the inverse of temperature. 
Clearly, this representation is thermodynamically equivalent to the previous one (where the 
thermodynamic forces are simply the chemical affinities over temperature and the gradient of the 
inverse of temperature) only if the negative sign of the dissipative quantity �  is preserved. In 
particular, the equations providing the stationary states (i.e. Eq. (10)) must admit exactly the same 
solutions. 
 
3. THE THERMODYNAMIC COORDINATE TRANSFORMATIONS (TCT) 
 
One of the central aspects of a theory is the concept of invariance of physics’ laws. This invariance 
can be described in many ways, for example, in terms of local covariance or covariance of 
diffeomorphism. A more explicit description can be given through the use of tensors. The 
characteristic of the tensors that proves to be crucial, used in this approach, is the fact that (once 
given the metric) the operation of contracting a tensor of rank � on all indices � provides a number‐an 
invariant, which is independent of the set of coordinates used to perform the contraction. Physically, 
this means that the invariant calculated by adopting a specific coordinate system (i.e., a specific set of 
thermodynamic forces) will have the same value if calculated in another ‐thermodynamically 
equivalent‐coordinate system (i.e. in another equivalent set of thermodynamic forces), suggesting 
some independent meaning. 
 
According to our approach, we say that in thermodynamics of irreversible processes two set of 
thermodynamic forces are equivalent if the following two conditions are satisfied [1,10]: 
 

(i) The entropy production �  should be invariant under transformation of the thermodynamic 
forces {��} → {�′�}. 
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(ii) The Glansdorff‐Prigogine dissipative quantity � should also remain invariant under the force 
transformations {��} → {���}. 

 
Condition ii) stems from the fact that a steady state should be transformed into a steady state, and a 
stable steady state should be transformed into a stable steady-state, with the same degree of stability. 
In mathematical terms, this implies that � = �� and 
 

                               (17) 
 
Eqs. (17) are satisfied iff the transformed thermodynamic forces and conjugate fluxes read as [1] 
 

                                                                             (18) 
 
Transformations (18) are referred to as the Thermodynamic Coordinate Trans‐ formations (TCT) [1]. 
 

3.1 Transformation Rules of Entropy Production, Forces and Flows 
 
Under TCT, the expression of entropy production transforms as 
 

                      (19) 
 
From Eqs (18) and (19) we derive 
 

                                                                                                     (20) 
 
Moreover, inserting Eqs (18) and Eq. (20) into relation �� = (��� + ���)��, we obtain 

 

                                                                             (21) 
 

or 
 

                                    (22) 
 

Hence, the transport coefficients transform like a thermodynamic tensor of second order2. It is easily 
checked that transformations (18) preserve the validity of the reciprocal relations for transport 
coefficients i.e., if ��� = ��� then ���

� = ���
�  (and, if ��� = −��� then ���

� = −���
� ). 

 

3.2 The TCT-Symmetry Group 
 
3.2.1 Topological structure the TCT-group 
 
The invariance of a system under TCT is intimately linked to existence of a group, which we refer to 
as the ���‐group or, briefly, ��  [11,12]. The TCT‐ group with its properties can be identified by 
analyzing the solution of Eq. (18). The solution of Eq. (18) reads [1] 

                                                           
2We may qualify as thermodynamic tensor or, simply thermo‐tensor, (taken as a single noun) a set of quantities where only 
transformations Eqs. (18) are involved. This is in order to qualify as a tensor, a set of quantities, which satisfies certain laws of 
transformation when the coordinates undergo a general transformation. Consequently, every tensor is a thermodynamic tensor 
but the converse is not true. 
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                                                                             (23) 
 

where ��  are arbitrary functions of variables ��/����  with (� = 2, ⋯ , �) . We demand that the � 
functions ��  be smooth, so that the TCT preserve equations satisfied by the derivatives of 
thermodynamic quantities, and also that the transformation be non‐degenerate with a smooth inverse, 
so that the transformed theory contain all of the information of the original theory. The non‐degenerate 
property is also a necessary and sufficient condition for the finiteness of the transformed transport 
coefficients, even though it implies that the �� themselves may sometimes diverge. For example, from 
the transformation 
 

                                                                                          (24) 
 

one obtains 
 

                                                   (25) 
 

showing that ��(��/��) diverges at �� = 0, whereas the ��� are always finite. Eq. (32) is the most 
general class of transformations expressing the equivalent character of two descriptions {��} and 
{���}. Hence, the TCT may be highly nonlinear coordinate transformations but, in the Onsager region, 
we may (or we must) require that they have to reduce to 
 

                                                                                                                    (26) 
 

where ��
�
 are constant coefficients (i.e., independent of the thermodynamic forces). The linear and 

homogeneous transformations (26) are largely used in literature because, besides their simplicity, 
they are nonsingular transformations. From Eq. (18) we get the following important identities 
 

                                                             (27) 
 

Moreover 
 

                                                                                                          (28) 
 

i.e., ���  and �/���  transform like a thermodynamic contra‐variant and a thermodynamic covariant 
vector, respectively. According to Eq. (28), thermodynamic vectors ��� define the tangent space to 
��. It also follows that the operator �(�), i.e. the dissipation quantity, and in particular the definition of 
steady states, are invariant under TCT. Parameter �, defined as 
 

                                                                                                 (29) 
 

is a scalar under TCT. The operators � and □� defined as 
 

                                                               (30) 
 

are also invariant under TCT. These operators play an important role in the formalism TFT [1]. 
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The coordinates � = {��, ⋯ , ��} of the Space of Thermodynamic Forces (or, simply referred to as the 
Thermodynamic Space), take values on ℝ�. However, the ratios ��/���� are the coordinates for a 
different space, the real projective space ℝℙ���, which is defined to be the quotient of ℝ� minus the 
origin by the scaling map �� → ��� where � is any nonzero real number. Note that some of the ��  
may vanish; removing the origin simply implies that not all of the ��  vanish simultaneously. Fig. 1 
illustrates a space, which is diffeomorphic to the ℝℙ���. Observe that ���  is an arbitrary smooth, 
degree 1 function of the �� s with the property that � → �� is invertible. This implies that ���/����� is 
an arbitrary degree 0 function with these same properties. Now, {���/�����} are again coordinates of 
ℝℙ��� . The fact that ���/�����  is degree 0  implies that it is invariant under the transformation 
�� → ��� and so the map ���/����� is in fact a map from ℝℙ��� → ℝℙ���: 
 

                               (31) 
 
So, we have learned that the TCT yields a map from ℝℙ��� to itself. Furthermore, the invertibility 
condition implies that this map is invertible and the smooth inverse condition implies that this map is a 
diffeomorphism. Thus, every TCT defines a diffeomorphism of ℝℙ��� to itself. 
 

 
 

Fig. 1. The projective space. The Projective space ℝℙ��� is diffeomophic to ��
��� made by the 

upper hemisphere + half equator (without the red and yellow points) + the red point 
 

At this point, we are tempted to conclude that the group of TCTs is just the group ����(ℝℙ���) of 
such diffeomorphisms. However, this is not quite true because the ratios ���/����� do not contain all 
the information in the ���. 
 

To reconstruct all the ��� from the ratios, one also needs to know, for example, ��� or equivalently the 
real‐valued function ��: ℝℙ��� → ℝ, which intuitively gives the overall scale dependence of the TCT. 
Therefore, the TCT‐group is a product of ����(ℝℙ���) with the multiplicative group of maps from 
ℝℙ���  to the non‐vanishing reals ℝ�  where the non‐vanishing condition is needed to ensure 
non‐degeneracy (see see Fig. (2)) [11,12]. Let us illustrate the structure of the group ��  with two 
simple examples. The simplest example is the case � = 1, where there is only one force ��. Now, 
ℝℙ��� is just a point. The group of diffeomorphisms of the point is a trivial group, consisting of only 
the identity element. Any bundle over a point is trivial, so in this case the total space of the bundle is 
just ℝ� itself and so the group of TCTs is the group of maps from the point to ℝ� which is just ℝ� 
itself, the multiplicative group of non-vanishing real numbers �. The action of this group on the force 
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�� is just multiplication by �. So, there is a one to one correspondence between TCTs and nonzero 
real numbers �. Therefore, we find that if there is only one thermodynamic force, then the TCTs are 
linear. 
 

 
 

Fig. 2. The TCT‐group. The TCT‐group �� is the application ��, from the bundle (the projective 
space ℝℙ���) to the fiber (ℝ�) 

 
The case � = 2 shows the full structure of the group. The projective space ℝℙ� is a semicircle with 
both extremes identified, which topologically is just the circle ��. Therefore, the group of TCTs is 
locally the product of the group of diffeomorphisms of the circle, which physically describes the mixing 
between �� and ��, with the group of scalings �� → ℝ�. Now, a rotation of the (��, ��) plane by 180� 
is a rotation of ℝℙ� all the way around and so it acts trivially on ℝℙ�. However, it corresponds to the 
element −1 of the maps from ℝℙ�  to ℝ�. So indeed, the group ��  is not simply a product of the 
groups of scalings and rotations; the scalings are nontrivially fibered over the rotations. 
 
3.2.2 Algebraic structure of the TCT-group 
 
In the previous Subsection, we have seen the TCT group, denoted by ��, is a specific subgroup of 
the homogeneous diffeomorphisms from diff(ℝ\{0}). In this Subsection, we describe the algebraic 
properties of the group ��, Let ���� be the (� − 1)-dimensional unit sphere (|�| = 1), represented as 
a �� differentiable manifold, as a submanifold embedded in ℝ�. Define the equivalent relation � as 
follows: X, � ∈ ����  are equivalent iff � = ±�. Denote by ��

�  the subgroup of ����(ℝℙ���) and let 

� ∈ ��
�  iff �(−�) = −�(�)  where ���� ∋  X → �(�) ∈ ���� . The TCT group, denoted by �� , is the 

subgroup of homogeneous diffeomorphisms from ����(ℝ\({0})  i.e., ����(ℝ\({0}) ∋ � ↦  ��(�) ∈

����(ℝ\({0}) . Hence, �� ∈ �� iff 

 

                                                                 (32) 
 
It is possible to demonstrate that the TCT‐group, ��, may be split in a semidirect product of two 
subgroups where the first one is a normal, Abelian, subgroup, denoted by ��, and the second one is 
the reflection subgroup denoted by �� [11]. More specifically, let us introduce two subgroups �� and 
�� defined as follows. Let �� denote the subset normal subgroup of �� defined as 
 

                                                             (33) 
 
with λ ∈ �. Here, ��(�) is a positive ℂ�(ℝ\({0})) homogeneous function i.e. 

 

                                                              (34) 
 
Let �� denote the reflection subgroup of �� defined as 
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then the following theorem is valid [11] 
 

                                                                                                           (35) 
 
The interested reader can find in the Appendix the proof of this Theorem. A consequence of (35) is 
that the irreducible representations of the group �� are related to the irreducible representations of 
the subgroups �� and ��. 
 

4. THE THERMODYNAMIC COVARIANCE PRINCIPLE (TCP) 
 
The thermodynamic equivalence principle leads, naturally, to the following Thermodynamic Covariant 
Principle (TCP) [1,10]: 
 
All thermodynamic equations involving the thermodynamic forces and flows (e.g., the closure 
equations) must be covariant under (TCT). 
 
The essence of the TCP is the following. The equivalent character between two representations is 
warranted iff the fundamental thermodynamic equations (e.g. the transport equations) are covariant 
under the Thermodynamic Coordinate Transformations (TCT). From this principle, it is possible to 
obtain the (non‐ linear) closure equations by truncating the equations (obtained, for instance, by 
kinetic theory) relating the thermodynamic forces with the conjugate flows in such a way that the 
resulting expressions satisfy the TCP. A concrete example is briefly mentioned in the forthcoming 
Section (4). 
 

5. A PHYSICAL APPLICATION OF THE TCP: DERIVATION OF THE COLLISIONAL 
OPERATOR FOR MAGNETICALLY CONFINED PLASMAS 

 
The aim of this section is to derive the expression of the collisional operator for magnetically confined 
plasmas, which guarantees that the thermodynamic covariance principle (TCP) is satisfied by the 
closure transport relations (i.e., the flux‐force relations). Let us consider a two‐component system of 
charged particles. The statistical state is represented by two reduced distribution functions �� 
corresponding to ions � and electrons �[13] (no Einstein’s convention on index �): 
 

        (36) 
 
Here, � = �, � and � is the speed of light in vacuum. Moreover, ��  and ��  are the charge and the 
mass of species �, � and � denote the generalized coordinates and the velocity of the particle, and � 
and � the electric and the magnetic fields, respectively. Note that the first term on the right‐hand side 
of Eq. (36) represents the free flow, the second term corresponds to the electromagnetic contribution, 
and the last term is the contribution due to collisions. In many applications in plasmas physics 
(including those involving the radio‐frequency waves), collisions dominate the thermal particles. 
Therefore, the distribution function can conveniently be expanded about a Maxwellian 
 

                                                       (37) 
 
where � denotes the position of the particle. In Eq. (37) we have introduced the reference state 
���

� . (�, �, t), i.e., the local plasma equilibrium (L.P.E.), and the deviation from the reference state �. 

The local plasma equilibrium is defined in the following way. The electron‐electron and ion‐ion 
collisions bring the plasma in a short time to a state of local plasma equilibrium satisfying the 
equations 
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                                                                                                                 (38) 
 
with ���  and ���  denoting the electron‐electron and ion‐ion collisions, respectively (see below the 
expression of the collisional operator). The L.P.E. is the solution of Eqs. (38) 
 

  
 
where ��, ��, ��  are the mean velocity, the number density, and temperature, respectively. The 

deviation � may be developed in terms of the Hermite polynomials �����

(�)
… : 

 

      (40) 
 
with ��(�)(�, �) denoting the Hermitian moments [13]. The Landau collisional operator can be brought 
into the form [14,15] 
 

            (41) 
 
with �, � identifying the components of a vector, and indices (1) and (2) the colliding particles (1) and 
(2), i.e., (1) ≡ (��, ��, �) and (2) ≡ (��, ��, �) . Here, ln Λ and ��� are the Coulomb logarithm (linked to 
the Debye length λ�) and the Landau tensor, respectively, i.e., 
 

 
 

with a denoting the relative velocity of two particles, i.e., a ≡ �� − ��. The operator ��� is defined as 
follows: 
 

                                                                                            (43) 
 
By inserting Eqs. (37) - (40) into Eq. (36), and by truncating the expansion up to the second order of 
the (small) drift parameter � (defined as the Larmour radius over a macroscopic length), we get the 
vector moment equations [14] 
 

(39) 

(42) 
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where the Einstein convention is adopted on the repeated indices � and �, but not on the index �. 
Here, ��  is a unit vector along the magnetic field � , i.e., �� ≡ ��/�,  ����  is the completely 
antisymmetric Levi‐Civita symbol, Ω�  is the Larmor frequency of species �, and �� is the relaxation 

time of species �, respectively. Moreover, ��
�(�)

, �̅�
�(�)

, and ��
�(�)

 are the dimensionless source terms 
related to the thermodynamic forces, the additional sources terms in the long mean free path transport 
regime, and the dimensionless friction terms, respectively (the exact definitions of these quantities 
may be found in Ref. [14]). 
 

For collision‐dominated plasmas (i.e., in absence of turbulence), the entropy production 


 of the 

plasma for species � may be brought into the form [14]  
 

                                                                            (45) 
 

The lower limit for � is 0 for the electrons and 1 for the ions. Hence, thanks to this theorem, ��
�(�)

 and 

��
�(�)

 are the thermodynamic forces and the thermodynamic fluxes for magnetic confined plasmas, 
respectively. Equation (45) tells us that the last equation of Eqs. (44) is the closure equation 
(flux‐forces relation) for tokamak plasmas, derived by kinetic theory. As mentioned in Section (55), the 
region where the transport coefficients do not depend on the thermodynamic forces is referred to as 
Onsager’s region or the linear thermodynamic regime. Out of Onsager’s regime, the transport 
coefficients may depend on the thermodynamic forces. This happens when the above‐ mentioned 
assumption (i) and/or assumption (ii) are/is not satisfied (see Section (55)). Magnetically confined 
tokamak plasmas are a typical example of thermodynamic systems out of Onsager’s region. In this 
case, even in absence of turbulence, the local distribution functions of species (electrons and ions) 
deviate from the (local) Maxwellian [see Eq. (37)]. After a short transition time, the plasma remains 
close to (but, it is not in) a state of local equilibrium (see, for example, [14,16]). The neoclassical 
theory is a linear transport theory (see, for example, [14]) meaning by this, a theory where the 
moment equations are coupled to the closure relations (i.e., flux‐force relations), which have been 
linearized with respect to the generalized frictions (see, for example, Ref. [13]). This approximation is 
clearly in contrast with the fact that the distribution function of the thermodynamic fluctuations is not a 
Maxwellian and it could be a possible cause of disagreement between the theoretical predictions and 
the experimental profiles [16,17]. However, it is important to mention that it is well accepted that the 
main reason of this discrepancy is attributed to turbulent phenomena existing in tokamak plasmas. 
Fluctuations in plasmas can become unstable and therefore amplified, with their nonlinear interaction, 
successively leading the plasma to a state, which is far away from equilibrium. In this condition, the 
transport properties are supposed to change significantly and to exhibit qualitative features and 
properties that could not be explained by collisional transport processes, e.g., size scaling with 
machine dimensions and nonlocal behaviors that clearly point at turbulence spreading, etc. (see, for 
example, Ref. [18]). Hence, the truly complete transport theory of plasmas must self‐consistently 
incorporate the instability theory that includes the influence of nonlinear transformations on 
fluctuations. This global approach is the purpose of the so‐called anomalous transport theory (still far 
from a complete and comprehensive theory). This type of problem is, however, far beyond the scope 
of this work. Here, more modestly, we deal with plasmas in the collisional‐dominated transport regime, 
characterized by a time scale which is much longer than one involved in the so‐called 
fluctuation‐induced turbulence transport. Our aim is to determine the simplest expression of the 

(44) 
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collisional operator such that the resulting closure equation satisfies the TCP (without, of course, 
violating the energy, mass, and momentum conservation laws). Concretely, in mathematical terms, 
we need to identify an operator able to kill the terms that do not satisfy the TCP and, in order not to 

violate the conservation laws, which commutes with the operator ���. The last equation in Eq. (44) will 
satisfy the TCP if 
 

                                   (46) 
 
with λ denoting a constant parameter. We introduce now the operator ���� defined as follows: 
 

                                                                   (47) 
 
It is easily checked that this operator possesses the following properties: 
 

                                                     (48) 
 
where the square brackets denote the Lie brackets. The last equation of Eq. (44) (the closure 
equation) satisfies the TCP iff 
 

                                                                            (49) 
 
or 
 

                                              (50) 
 
Equation (50) can conveniently be written in the form 
 

               (51) 
 
Thanks to the last relation in Eqs, (48), we also get 
 

                           (52) 
 

                      (53) 
 

                   (54) 
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with ����
� = Σ���,�����

��
. Equation (51) is the linearized TCT collision operator used in existing literature 

[19,20]. However, it should be noted that in previous literature the quadratic contributions in the 
distribution functions are ignored without any physical justification. Here, on the contrary, the 
linearization process of the collisional operator rests upon the validity of a fundamental principle, that 
is, the thermodynamic covariance principle. Notice that to linearize the collisional operator does not 
mean that we are in the Onsager regime. As known, this regime is attained by performing two 
operations: (1) the transport phenomena is evaluated by determining a finite number of Hermitian 
moments of the distribution functions, and (2) the truncated set of moment equations is linearized in 
some appropriate way [13,14]. 
 
6. SUMMARY OF THE CHAPTER AND CONCLUDING REMARKS 
 
If one requires that only the entropy production is invariant under the flux‐force transformation, without 
imposing the auxiliary condition that also the Glansdorff‐Prigogine dissipative quantity �  must be 
invariant under TCT, we enter into contradiction. Indeed, let us consider a thermodynamic system 
where the transport coefficients satisfy the reciprocity relations. Then, it is easily checked that there 
exists a larger class of thermodynamic transformations, leaving invariant the entropy production, 
which violates the validity of the reciprocity relations [21]. In addition, as rightly pointed out by 
Verschaffelt and Davies, to impose that only the entropy production must be invariant under flux‐force 
transformations may lead to paradoxes or inconsistencies [6,7]. The correct way to overcome this 
impasse is to require that both the entropy production and the Glansdorff‐Prigogine dissipative 
quantity � must remain unaltered under the TCT (with the supplementary condition that � = ��). In this 
chapter, we determined the class of thermodynamic transformations leaving invariant both the entropy 
production and the Glansdorff‐Prigogine dissipative quantity. This class of admissible transformations, 
referred to as the Thermodynamic Coordinate Transformations (TCT), is the most general class of 
force‐transformations able to warrant the equivalence between thermodynamic systems. 
Successively, we studied the Lie group associated to the TCT. More in particular, also the Lagrangian 
of a thermodynamic system must be invariant under TCT. The TCT form a group (referred to as the 
�� group). In particular, we have seen that the TCT group is a bundle whose base is ����(ℝℙ���) 
and the fiber is the space of maps ℝℙ��� → ℝ�. We have also see, that the TCT group may be split 
as semidirect product of an Abelian normal subgroup and another subgroup of TCT. The irreducible 
representations of the TCT group are then related to the irreducible representations of these two 
subgroups. The invariance under TCT leads naturally to the formulation of the Thermodynamic 
Covariance Principle (TCP). This principle affirms that the thermodynamic equations, including the 
nonlinear closure relations, must be covariant under the TCT. The Nonlinear closure relations theory 
for transport processes in non-equilibrium systems (referred to as the Thermodynamic Field Theory 
(TFT)), reported in Ref. [1], is based on the validity of the Thermodynamic Covariance Principle. This 
assumption allows truncating, at the lowest order, the (highly nonlinear) equations relating the 
thermodynamic forces with the conjugate fluxes. For example, in the case of Tokamak‐plasmas, these 
relations are obtained by kinetic theory and are expressed by highly nonlinear integral equations [13]. 
In this specific case, the generalized frictions are the thermodynamic forces whereas the conjugate 
fluxes correspond to the Hermitian moments [14]. The Hermitian moments are linked to the deviation 
of the distribution function from the (local) Maxwellian, whereas the generalized frictions are linked to 
the collision term. According to the TCP, these integral equations may be truncated in such a way that 
the resulting expressions satisfy the covariance under TCT. 
 
In the second part of this chapter we have derived the collisional operator for fully ionized 
Tokamak‐plasmas that ensures, at the lowest order, the covariance under TCT of the closure 
transport equations [11]. Fig. 3 shows a comparison between experimental data for fully collisional 
FTU (Frascati Tokamak Upgrade) − plasmas and the theoretical predictions. In the vertical axis, we 
have the (surface magnetic‐averaged) radial electron heat flux and in the horizontal axis the minor 
radius of the Tokamak. The lowest dashed profile corresponds to the Onsager (neo‐classical) theory 
and the bold line to the nonlinear theory (i.e. the Thermodynamical Field Theory (TFT)) satisfying the 
TCP, respectively. The highest profile is the experimental data provided by the C.R. ENEA 
EUROfusion [22]. As we can see, the TCP is well satisfied in the core of the plasma where plasma is 
in the collisional transport regime. Towards the edge of the Tokamak, transport is dominated by 
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turbulence. The theoretical predictions are fairly in line with the preliminary experimental data 
obtained for FTU‐plasmas. In Ref. [23], we report, for the first time, the explicit form of the nonlinear 
partial differential equations (PDEs) subject to the correct boundary conditions that have to be 
satisfied by transport coefficients having a vanishing skew‐symmetric piece. We also report, for the 
first time, the nonlinear PDEs, with the appropriate boundary conditions, for transport coefficients 
when the thermodynamic system is subject to two thermodynamic forces (e.g. the gradient of 
pressure and the gradient of temperature). Since the proposed PDEs have been derived without 
neglecting any term of the dynamical equations (i.e., the energy, mass and momentum balance 
equations), we propose them as a good candidate for describing transport processes in 
thermodynamic systems also for systems in turbulent regime. The main objective of our research is to 
apply our approach to the Divertor Tokamak Test (DTT) facility, to be built in Italy, and to the 
International Thermonuclear Experimental Reactor (ITER). 
 

 
 

Fig. 3. Electron heat loss in FTU‐plasmas vs the minor radius of the Tokamak. The highest 
dashed line is the experimental profile. These data have been provided by Marinucci from the 
C.R. ENEA EUROfusion in Frascati [22]. The bold line is the theoretical profile obtained by the 

nonlinear theory satisfying the TCP (TFT) and the lowest dashed profile corresponds to the 
theoretical prediction obtained by Onsager’s theory (i.e., by the neoclassical theory) 

 
For the sake of completeness, we conclude this chapter by mentioning that attempts to derive a 
Generally Covariant Thermodynamic Field Theory (GTFT) can be found in refs [24,25,26]. In Refs 
[24,25], the general covariance has been assumed to be valid for general transformations in the 
space of the thermodynamic configurations, whereas in Ref. [26] it is assumed that the entropy 
production rate must be invariant under General Spatial Coordinate Transformations

3
. However, it is 

now well established that that the GTFT is in disagreement with experiments and it is valid only for a 
very limited class of thermodynamic processes. So, at a best of our knowledge, a correct theory of 
transport processes in non‐equilibrium systems must respect the TCP, i.e. the TFT. 
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APPENDIX: SPLITTING OF THE TCT-GROUP 
 
In this Appendix, we shall prove the validity of Eq. (35). Denote with ���� the (� − 1)-dimensional unit 
sphere represented as a �� differentiable manifold, which in our case is a submanifold embedded in 
ℝ� of the form 

 

                                                                                                                             (55) 
 
Here the function ℝ� ∋ � ↦ ‖�‖ ∈ ℝ� is some ��(ℝ�) function having also the properties of a norm. 
For instance 
 

                                                    (56) 
 
Let ��

� = ����(����)  be the group of diffeomorphisms of ����  and let ��
� ⊂  ����(����)  be the 

subgroup of ��
�  that preserves the equivalence relation �  induced on ����  by X, � ∈ ����  are 

equivalent iff � = ±�. 
 
Remark 1 The quotient space ����/ℛ  is a diffeomorphism with the � − 1  dimensional projective 
space ℙ���, so ��

�
 is isomorphic to ����(ℝℙ���) . For all map X → �(�) where � ∈ ��

� we have � ∈ ��
� 

iff 
 

                                                                                                         (57) 
 
We denote by �� the abelian group generated by all ��(����) positive functions where the group 
operation is defined by multiplication, with the additional symmetry property 
 

                                                                            (58) 
 
We also denote by �� ⊂ ����(ℝ�\{0}) the TCT‐group: the subgroup of the group of diffeomorphisms 
of ℝ�\{0} having the additional homogeneity property 
 

                                                                 (59) 
 
We denote by �� the subset (normal subgroup, see below) of �� having the form 
 

                                                                   (60) 
 
where ��(�) is a positive ��(ℝ�\{0}) homogeneous function 

 

                                                                               (61) 
 
We have the following proposition 
 
Proposition 2 �� is a normal abelian subgroup, and for all �, ��, �� ∈ �� we have 
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                                                                                         (62) 
 
Proof. The group properties Eqs. (62, 2) results immediately, by direct calculation from the general 
definition of the group product in �� 
 

                                               (63) 
 
and by from the definition Eq. (60). The abelian character results from Eq. (62). In order to prove that 
�� is a normal subgroup, let ℎ ∈ �� and let be � ∈ �� an arbitrary element of the TCT‐group. We 
have to prove that 
 

                                                                                                          (64) 
 
or equivalently, to prove that 
 

                                  (65) 
 
where 
 

                                                                                                        (66) 
 
with ��(�) denoting a positive ��(ℝ�\{0}) homogeneous function. Let us also denote 
 

                                                                                                  (67) 
 
From Eqs. (59, 66), we get 
 

                                                                                                 (68) 
 
and from Eqs. (65, 68, 59) we find 
 

 

          
 
Observe that �[����(�)] possesses all the properties required by Eq. (61) which proves Eq. (65). ∎ 

 
Let us now denote by �� the subgroup of �� having the properties 
 

  
 
Remark 3 Setting in Eq. (70) ‖�‖ = 1 and by using the second equation of Eqs. (70), we note that the 
diffeomorphism group �� is isomorphic to the ����(ℝℙ���) where ℙ���  is the (� − 1)-dimensional 
projective space, since ℙ��� can be represented as ���� with identified antipodal points. 
 
We have the following proposition 
 

(69) 

(70) 
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Proposition 4 For all � ∈ �� we have the unique representation 
 

  
 

Proof. Existence of the representation. Notice that by setting 
 

  
 

Eq. (71) is verified and ��(�) has the property Eq. (61). In order to prove uniqueness, we consider that 
in Eq. (71) �� ∈ ��, with property Eqs. (70), but otherwise arbitrary and ���

(�) = �  �(�) with �(�) an 

arbitrary smooth, homogenous function of zero degree. We rewrite Eq. (71), by using Eq. (59) 
 

                                                             (73) 
 

Since �(�) > 0 we have 
 

                                                        (74) 
 

which leads to 
 

                                                                                         (75) 
 

From Eqs. (75,74) we obtain Eq. (72) so the proof of uniqueness of the representation Eq. (71). ∎ 
 
Irrespective to the choice of the norm in the definition of the subgroup ��, we may easily convince 
ourselves that they are all equivalent up to a group isomorphism. For easy reference, we recall the 
semidirect product definition and properties [27,28,29,30]. 
 

Theorem 5 Let �, � subgroups of the group �, where � is a normal sub‐group. Then the following 
statements are equivalent: 
 

a) � = �� and � ∩ � = {�}. 
b) For all � ∈ � there exists a unique representation � = �ℎ with � ∈ � and ℎ ∈ �. 
c) For all � ∈ � there exists a unique representation � = ℎ� with � ∈ � and ℎ ∈ �. 
d) The natural embedding �: � → �, composed with the natural projection �: � → �/�, yields an 

isomorphism �: � → �/�, � = � ∘ � with inverse �̂: �/� → �. 
e) There exists a homomorphism �: � → � that is the identity on � and whose kernel is �. 

 

If one of the above properties are verified, � is said to split in a semidirect product of the subgroups � 
and normal subgroup � . In this case the representations of the group �  are related to the 
representations of the subgroups � and �. By using the Theorem 5 and Propositions 4, 2, we finally 
get 
 

Theorem 6 The ���‐group �� is a semidirect product of the abelian normal subgroup ��  and the 
subgroup �� 
 

                                                                                                           (76) 

(71) 

(72) 
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ABSTRACT 
 

The present study aims to investigate the synthesis and structural features of Indanone, Tetralone 
and Naphthone derivatives. Indanone, tetralone and naphthone derivatives and fused-ring 
heterocycles have been prepared via Claisen condensations, arylhydrazine condensations, Baker-
Venkataraman rearrangements, Claisen-Schmidt reactions, selective fluorinations and 
trifluoroacetylations in yields ranging from 22-92%. Of particular interest is the regiochemistry and 
stereochemistry observed in these products and their utility as scaffolds for the preparation of 
heterocyclic derivatives. We also note unusual transformations including a novel one-pot, dual 
trifluoroacetylation, trifluoroacetylnaphthone synthesis via a deacetylation as well as an acetyl-
trifluoroacetyl group exchange. Solid-state structural features exhibited by these compounds were 
investigated using crystallographic methods. Moreover, Selective incorporation of fluorine and 
fluorine-containing groups into these heterocyclic products will be a focus of this work. We anticipate 
reporting these findings in the near future. 
 
Keywords: 2-trifluoroacetyl-1; 3-diketone; 1,3,5-triketone; tautomerism; chalcone; 4H-chromone; 

pyrazole. 
 

1. INTRODUCTION 
 
Molecules which have medicinal, industrial and herbicidal properties are of continued interest to the 
pharmaceutical, chemical and agrochemical communities. Substantial investment and research in the 
field of anti-infectives are now desperately needed if a public health crisis is to be averted. The causes 
of antimicrobial resistance are multifactorial. In case of an antibiotic, it has been well documented that 
resistance is mainly caused by continued overreliance on and imprudent use of these antibacterial 
agents [1,2]. For example, indanone derivatives have anticoagulant properties and are used in 
elaborating latent fingerprints, bindone variants comprise components of near infrared dyes while 
certain tetralones and naphthones, ketones similar in structure to those shown in Fig. 1, have 
demonstrated bioactive properties [3-8]. Since bioactivity is known to be enhanced in many classes of 
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fluorinated molecules [6,9], it is desirous to prepare fluorine-containing molecules with similar 
architecture and gain a better understanding of their structure-property relationships. An examination 
of the role of fluorine in medicinal chemistry reveals that substitution of an organic compound with 
even a single fluorine atom or trifluoromethyl group located in a key position of a biologically active 
molecule can result in a profound pharmacological effect [10,11]. 
 

 
 

Fig. 1. Medicinally and industrially important ketones 
 
Previously, we reported the preparation and structure-property relationships of acyclic fluorinated and 

trifluoromethylated -diketones [12,13]. While the syntheses and properties of these molecules have 
been investigated thoroughly [14-16], the preparation and study of selectively fluorinated, cyclic 
ketones containing the structural features of the molecules depicted in Fig. 1 remain relatively limited 
[17-22]. Currently, many fluorinated compounds are synthesized routinely in pharmaceutical research 
and are widely used in the treatment of diseases. Fluorine substitution has been extensively 
investigated in drug research as a means of enhancing biological activity and increasing chemical or 
metabolic stability [23]. 
 
The molecules of interest in this study, shown in Scheme 1, provide this sort of molecular architecture.  
This paper addresses the design and synthetic approach to prepare these novel molecules, the 
interesting synthetic results, unique solid-state structural features that differentiate these molecules 
and the use of selected indanone, bindone, tetralone and naphthone scaffolds in the preparation of 
fused-ring pyrazoles [24-28], 4H-chromones [29-40] and chalcones [41,42], species known to have 
bioactive properties. 
 

2. EXPERIMENTAL 
 
2.1 Instrumentation 
 
Melting points were obtained on a Mel-Temp or SRS Digimelt MPA160 melting point apparatus and 
are uncorrected. NMR data were collected in CDCl3 with TMS as an internal standard using a Varian 
VXR-400 spectrometer with a broad band probe operating at 400.0 MHz for 

1
H, 376.2 MHz for 

19
F 

(C6F6 as an internal standard) and 100.3 MHz for 
13

C, an Anasazi-90 spectrometer operating at 90.51 
MHz for 

1
H, 84.8 MHz for 

19
F (CFCl3 as an external standard) and 22.7 MHz for 

13
C, a Varian VXR-

200 spectrometer with a broad band probe operating at 200.0 MHz for 
1
H, 188.2 MHz for 

19
F and 50.3 

MHz for 
13

C, and/or a Brüker Avance 300 spectrometer operating at 300.0 MHz for 
1
H, 282.0 MHz for 

19
F and 75.4 MHz for 

13
C. Gas chromatographic and mass spectral data were collected on a 

Shimadzu QP 20105 GC-MS instrument. IR data were collected on a Thermo Scientific Nicolet iS5 
FT-IR spectrometer (iD5 ATR) with resolutions of 2 cm

-1
. Unless otherwise noted, CDCl3 was used as 

the solvent and internal standard for 
1
H and 

13
C NMR experiments while CFCl3 served as the internal 

standard for 
19

F NMR experiments. Temperature control for conventional reactions was provided by a 
J-Kem 210 temperature controller. Radial chromatography was performed on a Chromatotron using 4 
mm gypsum/silica gel plates (Analtech) with a gradient elution of 10-30% ethyl acetate in hexane 
unless otherwise noted. Flash chromatography was performed using a 2” diameter glass column 
loaded with 60 mesh silica gel (Sigma-Aldrich) using a gradient elution of 10-30% ethyl acetate in 
hexane unless otherwise noted. All X-ray measurements were made on a Bruker-Nonius X8 Apex2 
diffractometer. 
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2.2 Preparative Procedures 
 

2.2.1 General procedure for the preparation of trifluoromethyl-diketones and triketones [19] 

 
A 100 mL round bottom flask equipped with a magnetic stirrer is charged with 50 mL diethyl ether and 
60 mmol of sodium methoxide is added slowly. Then, 1 eq (60 mmol) of trifluoromethyl ethyl acetate is 
added dropwise slowly while stirring. After 5 minutes, 1 eq (60 mmol) of the ketone is added dropwise 
and stirred overnight at room temperature under a calcium chloride drying tube. The resulting solution 
is evaporated to dryness under reduced pressure and the solid residue dissolved in 30 mL 3M sulfuric 
acid. This solution is extracted with ether, and the organic layer dried over Na2SO4. The solvent is 
evaporated under reduced pressure and the crude diketone purified by radial chromatography. 
 
2.2.2 General procedure for the preparation of selectively fluorinated ketones [13,19] 
 
A 100 mL round bottom flask equipped with a magnetic stirrer is charged with 40 mL CH3CN and the 
ketone (1 eq: 1-10 mmol). Then, Selectfluor

®
 (1-3 eq (3-30 mmol)) dissolved in 30 ml CH3CN is added 

slowly while stirring. The solution is either allowed to stir at room temperature or refluxed as required. 
Times range from 10-30 h. The resulting solution is evaporated to dryness under reduced pressure 
and the solid residue taken up in distilled water. This solution is extracted with CH2Cl2 and the organic 
layer dried over Na2SO4. The solvent is evaporated under reduced pressure and the crude fluorinated 
ketone purified by radial chromatography. 
 
2.2.3 General procedure for the preparation of pyrazoles [24-28] 
 
A 50 mL round bottom flask equipped with a magnetic stirrer is charged with 25 mL ethanol, the 
ketone (2 mmol) and 4-trifluoromethylphenylhydrazine (2 mmol). Then, 1 drop concentrated sulfuric 
acid is added while stirring. A reflux condenser is affixed and the reaction mixture refluxed for 48 h. 
The resulting solution is evaporated to dryness under reduced pressure and the solid residue is 
neutralized with 15 mL saturated sodium carbonate. This solution is extracted with 3X5 mL CH2Cl2, 
and the organic layer dried over Na2SO4. The solvent is evaporated under reduced pressure and the 
pyrazole purified by column chromatography (10-30% ethyl acetate/hexane). 

 
2.3 Physical and Spectral Data of Synthesized Compounds 

 
2.3.1 2-fluoro-1,3-indanedione (1b) [19] 
 

This compound was obtained in 60% yield as pale, yellow crystals (EtOH), m.p. 97-99C. NMR: 
1
H 

(90.5 MHz)  5.4 (d, 
1
JH-F=51.0Hz, 1H), 7.65-8.22 (m, 4H). 

13
C (22.7 MHz)  90.1 (d, 

1
JC-F=211.2Hz, 

CF), 125.3, 138.9, 141.9, 193.5 (d, 
2
JC-F=24.0Hz, C-CF). 

19
F (84.8 MHz)  -207.3 (d, 

1
JF-H=51.1Hz, 

1F). HRMS (ESI+) Calcd. for C9H5FO2: 164.02740. Found: 164.027580. 
 
2.3.2 2,2-difluoro-1,3-indanedione (1c) [19] 

 
This compound was obtained in 60% yield from fluorination of 1b as described in the general 

procedure above as yellowish-brown crystals (EtOH), m.p. 116-117C. NMR: 
1
H (90.5 MHz)  8.0-

8.15 (m, 4H). 
13

C (22.7 MHz)  104.0 (t, 
1
JC-F=264Hz, CF2), 128.8, 138.2, 139.3 (t, 

3
JC-F= 4.3 Hz), 

185.8(t, 
2
JC-F=24.0Hz, C-CF2). 

19
F(84.8 MHz)  -125.9 (s, 2F). 

 
2.3.3 [Δ1,2'-Biindan]-1',3,3'-trione (1d) [19] 

 
This compound was obtained in 72% yield as orange crystals (EtOH), m.p. 207-209C. NMR: 

1
H (300 

MHz)  4.17 (s, 2H), 7.74-8.04 (m, 8H), 9.50 (d, J=7.8Hz, 1H).  
13

C (75.5 MHz)  43.4, 123.0, 123.4, 
123.5, 125.8, 131.7, 134.2, 135.3, 135.4, 140.4, 141.2, 141.6, 145.9, 155.4, 189.5, 191.0, 201.2. 
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2.3.4 [Δ1,2'-Biindan]-2-fluoro-1',3,3'-trione (1e) [19]  
 
This compound was obtained in 85% yield from fluorination of 1d as described in the general 

procedure above as orange crystals (EtOH), m.p. 165-168C (dec). NMR: 
1
H (300 MHz)  6.45 (d, 

1
JH-

F=46.1Hz, 1H), 7.75-8.20 (m, 7H), 9.50 (d, J=7.7Hz, 1H). 
13

C (75.5 MHz)  70.8 (d, 
1
JC-F=194Hz, CF), 

125.4, 126.6, 129.3, 130.1, 132.0, 137.7, 138.5, 166.3, 189.3, 191.2, 204.1(d, 
2
JC-F=24Hz, C-CF). 

19
F 

(282 MHz) -182.4 (d, 
1
JF-H=46.0Hz, 1F). Analysis calcd for C18H9FO3: C, 73.97, H, 3.10. Found: C, 

74.06, H, 3.21.  
 
2.3.5 2-fluoro-2-(2’-fluoro-3'-oxoindenyl)-1,3-indanedione (1f) [19] 
 
This compound was obtained in 92% yield from fluorination of 1e as described in the general 

procedure above as yellow crystals (EtOH), m.p. 126-129C. NMR: 
1
H (300 MHz) 7.8-8.25 (7H, m), 

9.53 (1H, d, J=6.9Hz). 
13

C (75.5 MHz)  89.9, 125.1, 126.3, 129.5, 130.0, 132.2, 137.1, 138.0 (d, 
1
JC-

F=254Hz, CF), 166.1, 185.9, 189.1. 
19

F (282 MHz) -137.3 (s, 1F), -176.7 (s, 1F). HRMS (ESI+) calcd 
for C18H8F2O3: 310.04415. Found: 310.04415. 
 
2.3.6 1-trifluoroacetyl-2-indanone (2b) [19] 
 

This compound was obtained in 52% yield as a brown oil. NMR: 
1
H (300 MHz)  3.73 (2H, s), 7.29 

(2H, m), 7.60 (2H, m), 14.19 (1H, bs), 
13

C (75.5 MHz)  40.9, 111.5, 120.4 (CF3, q, 
1
JC-F =277Hz), 

122.9, 123.0, 124.9, 127.7, 128.1, 128.8, 129.6, 154.5 (C-CF3, q, 
2
JC-F=37Hz), 203.0. 

19
F (282 MHz)  

-68.59 (s, 3F). Analysis calcd for C11H7F3O2: C, 57.90, H, 3.09. Found: C, 58.04, H, 3.02. 
 
2.3.7 1,3-ditrifluoroacetyl-2-indanone (2c) [19] 
 

This compound was obtained in 42% yield as yellow crystals (cyclohexane), m.p. 111-113C. NMR: 
1
H (300 MHz)  7.34 (2H, m), 7.65 (2H, m), 13.50 (2H, bs). 

13
C (75.5 MHz)  111.5, 118.4 (CF3, q, 

1
JC-

F=273Hz), 119.6, 122.9, 126.7, 128.4, 128.9, 130.2, 168.5 (C-CF3, q, 
2
JC-F=35Hz), 177.0. 

19
F (282 

MHz)  -68.53 (s, 3F). HRMS (ESI+) calcd for C13H6F6O3: 324.02211, Found: 324.02158. 
 
2.3.8 (±)1-fluoro-2-indanone (2d) [17] 
 
This compound was obtained in 70% yield as a racemic mixture of enantiomers as a brown oil. NMR: 
1
H: δ 3.58 (s, 2H), 5.7 (d, 

2
JH-F =52.5Hz, 1H), 7.0-7.6 (m, 4H). 

19
F: δ -180.8 (d, 

2
JF-H =52.5Hz, 1F). 

 
2.3.9 3-trifluoroacetyl-2-tetralone (3b) and 1-trifluoroacetyl-2-tetralone (3c) [19] 
 
These compounds were obtained as a 4:3 mixture of 3b:3c. Radial chromatography afforded two 

product fractions. Fraction 1: 3b as orange crystals (hexane), in 40% yield, m.p. 123-126C. NMR: 
1
H: 

(300 MHz)  3.76 (2H, s), 3.81 (2H, s), 7.25-8.05 (4H, m), 15.01 (1H, bs). 
13

C (75.5 MHz) 27.8, 38.3, 
103.7, 117.5 (CF3, q, 

1
JC-F=281Hz), 127.1, 127.3, 127.8, 127.9, 130.5, 133.4, 157.3, 174.8 (C-CF3, q, 

2
JC-F=35Hz), 191.0. 

19
F C6F6 ext. std.) (282 MHz) -70.62 (s, 3F). HRMS (ESI+) calcd for C12H9F3O2: 

242.04470, found: 242.04436.  Fraction 2: 3c (30%) as an orange solid, m.p. 88-89C. 3c: NMR: 
1
H 

(300 MHz)    2.72 (2H, t, 
2
J=1.9Hz), 3.01 (2H, t, 

2
J=1.9Hz), 7.25 (4H, m), 14.98 (1H, bs). 

13
C (75.5 

MHz)  25.0, 30.3, 102.9, 118.6 (CF3, q, 
1
JC-F=282Hz), 126.6, 126.9, 127.3, 128.1, 130.2, 133.8, 

158.1, 175.4 (C-CF3, q, 
2
JC-F =35Hz), 189.1. 

19
F C6F6 ext. std.) (282 MHz)  (s, 3F). HRMS 

(ESI+) calcd for C12H9F3O2: 242.04470, found: 242.04442. 
 
2.3.10 3-trifluoroacetyl-2-naphthol (3d) [19] 
 
A round bottom flask equipped with a magnetic stirrer containing 30 mL dry Et2O is charged with 1 
equivalent NaOCH3. Then, 1 equivalent ethyl trifluoroacetate is added dropwise slowly and stirred for 
15 min. To this solution is added a 4:3 mixture of compounds 3b:3c dissolved in 20 mL Et2O. The 
reaction mixture is stirred overnight at room temperature under a calcium chloride drying tube. The 

solvent is removed under reduced pressure while heating at 60C for 20 min. The solid residue is 
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acidified with 30 mL 3M sulfuric acid and extracted with 3-15 mL portions of Et2O. The organic layers 
were combined, washed with deionized water, and the organic layer dried over Na2SO4. The solvent 
was evaporated under reduced pressure, providing a orange solid, which when subjected to radial 
chromatography, gave a fraction which upon recrystallization, yielded pale, orange crystals (CH2Cl2), 

3d, in 45% yield, m.p. 80-83C. 3d: NMR: 
1
H (300 MHz) , 7.25-8.05 (6H, m), 14.83 (1H, bs). 

13
C 

(75.5 MHz)  119.3 (CF3, q, 
1
JC-F=284Hz), 124.9, 125.4, 126.9, 129.9, 130.1, 130.4, 131.4, 135.1, 

139.1, 157.3, 184.6 (C-CF3, q, 
2
JC-F=35Hz). 

19
F C6F6 ext. std.) (282 MHz) 74.25 (s, 3F).Analysis 

calcd for C12H7F3O2: C, 60.01, H, 2.94. Found: C, 60.13, H, 2.88. 
 
2.3.11 4,4,4-trifluoro-1-(1-oxotetrahydronaphthyl)-1,3-butanedione (4b) [19] 
 
A 100 mL round bottom flask is charged with 50 mL dry Et2O, 5 mL dry diisopropylamine, equipped 
with a magnetic stir bar and placed under N2 at 0°C. To this is added LDA (0.0120 mol) and stirred for 
fifteen minutes. Then, a solution of 4a (0.004 mol) in 15 mL dry Et2O is added dropwise slowly via 
syringe. After 8 h, ethyl trifluoroacetate (0.008 mol) is delivered dropwise slowly via syringe, the 
reaction mixture is stirred overnight and allowed to warm to rt. A third equivalent of ethyl 
trifluoroacetate (0.004 mol) is added after 24 hours and the solution is left to stir again overnight. The 
reaction mixture is acidified with 30 mL 3M sulfuric acid. The organic layer was separated, washed 
with deionized water, and the organic layer dried over Na2SO4. The solvent was evaporated under 
reduced pressure, and subjected to radial chromatography. After recrystallization from cyclohexane, 

4b was obtained as reddish-brown crystals in 27% yield, m.p. 133-135C. 4b: NMR: 
1
H (300 MHz) 

2.85 (2H, t, 7.6 Hz), 2.93 (2H, t, 7.6 Hz), 6.76 (s, 1H), 7.37-7.77 (4H, m), 15.68 (2H, bs). 
13

C (75.5 

MHz)  20.9, 22.7, 104.6, 118.4 (CF3, q, 
1
JC-F =270 Hz), 125.9, 126.8, 127.3, 127.4, 128.2, 128.5, 

128.6, 129.9, 133.9, 142.8, 177.0 (C-CF3, q, 
2
JC-F =36 Hz), 182.2. 

19
F C6F6 ext. std.) (282 MHz) 

 (s, 3F). Analysis calcd for C14H11F3O3: C, 59.16, H, 3.90.  Found: C, 58.99, H, 4.01.  
 

2.3.12 2-trifluoroacetyl-1-tetralone (4c) [19] 
 

This compound was obtained as off-white crystals, 4c, in 53% yield, m.p. 50-52C. 4c: NMR: 
1
H (300 

MHz) 2.75 (2H, t, 9.0Hz), 2.88 (2H, t, 9.0Hz), 7.16-7.87 (4H, m), 15.62 (1H, bs). 
13

C (75.5 MHz) 

21.0, 27.8, 38.3, 103.7, 117.5 (CF3, q, 
1
JC-F=285Hz), 127.1, 127.3, 127.8, 127.9, 130.5, 133.4, 

157.3, 174.8 (C-CF3, q, 
2
JC-F=35Hz), 185.0. 

19
F C6F6 ext. std.) (282 MHz)  (s, 3F). HRMS 

(ESI+) calcd for C12H9F3O2: 242.04470, found: 242.04436. 
 

2.3.13 naphtho[1,2-c]-N-4-trifluoromethylphenyl-5’-methylpyrazole (4d) [25,26] 
 

This compound was obtained as orange crystals, 4d, in 62% yield, m.p. 127-129C. 4c: NMR: 
1
H (300 

MHz)  2.22 (3H, s), 2.84 (2H, t, 8.1Hz), 2.95 (2H, t, 7.0Hz), 6.76-7.89 (8H, m). 
13

C (75.5 MHz) 11.4, 
21.9, 23.8, 119.81, 122.5, 124.2 (CF3, q, 

1
JC-F=281Hz), 125.8, 126.7 (C-CF3, q, 

2
JC-F=31Hz), 126.9, 

127.7, 127.9, 128.9, 129.1, 132.2, 137.0, 137.7, 140.9, 143.5, 146.7. 
19

F C6F6 ext. std.) (282 MHz) 

 (s, 3F). MS: m/z 328 (100%, M
+
), 313 (30%, M-CH3

+
), 145 (40%, 

+
C6H4-CF3). Analysis calcd 

for C19H15F3N2: C, 69.50, H, 4.61, N, 8.53. Found: C, 69.32, H, 4.54, N, 8.45. 
 

2.3.14 4,4,4-trifluoro-1-(1-hydroxynaphthyl)-1,3-butanedione (5b) [19] 
 

Using the method described for the preparation and isolation of 4b, the crude product was 
recrystallized from cyclohexane and 5b was obtained as brown crystals, in 22% yield, m.p. 154-

157C. 5b: NMR (300 MHz) 
1
H:  6.90 (s, 1H), 7.51-8.50 (6H, m), 14.44 (1H, bs), 15.70 (1H, bs). 

13
C 

(75.5 MHz)  111.9, 115.7 (CF3, q, 
1
JC-F=271Hz), 127.1, 127.3, 127.8, 127.9, 130.5, 133.4, 157.3, 

174.8 (C-CF3, q, 
2
JC-F=35Hz), 185.0. 

19
F C6F6 ext. std.) (282 MHz)(s, 3F). Analysis calcd for 

C14H9F3O3: C, 59.59, H, 3.21. Found: C, 59.86, H, 3.16. 
 

2.3.15 2-acetyl-4-fluoro-1-naphthol (5c) and 2-acetyl-3-fluoro-1-naphthol (5d) [19] 
 
These compounds were obtained as a 5:1 mixture of 5c:5d. Radial chromatography (100% CH2Cl2 - 

50/50 CH2Cl2/MeOH) afforded 5c as brown crystals (51%, m.p. 93-95C) and 5d as a tan solid (13%, 
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m.p. 88-91C). 5c: NMR: 
1
H (300 MHz)   2.71 (3H, s), 7.31-8.48 (5H, m), 14.01 (1H, bs). 

13
C (75.5 

MHz)  26.9, 113.1, 118.3, 124.9, 126.0, 127.4, 130.1, 137.4, 150.5 (Ar-F, d, 
1
JC-F=243Hz), 162.4, 

204.2. 
19

F C6F6 ext. std.) (282 MHz) (s, 1F). Analysis calcd for C12H9FO2: C, 70.59, H, 4.44. 

Found: C, 70.77, H, 4.31.  5d:  NMR: 
1
H (300 MHz) 2.63 (3H, s), 7.40-8.00 (5H, m), 13.82 (1H, bs). 

13
C (75.5 MHz)  27.6, 111.3, 120.3, 124.6, 125.1, 126.9, 128.6, 130.2, 130.3, 155.5 (Ar-F, d, 

1
JC-

F=244Hz), 158.7, 203.4. 
19

F C6F6 ext. std.) (282 MHz) (s, 1F). Analysis calcd for C12H9FO2: 
C, 70.59, H, 4.44. Found: C, 70.44, H, 4.49. 
 

2.3.16 2-trifluoromethyl--naphthochromone (5e) [29] 
 
A 10 mL round bottom flask equipped with a magnetic stirrer was charged with 5a (0.89 mmol) and 
TFAA (1.8 mmol). To this solution was added Pyr (0.89 mmol) and heated at 80°C for 3 h. The 
reaction mixture was allowed to cool to room temperature, neutralized with 1M HCl, extracted with 
EtOAc (2X5 mL) and washed twice with distilled water (2X5 mL). The organic layer was passed 
through a Na2SO4-filled Pasteur filter-tip pipet, the solvent removed under reduced pressure and the 
residue dried in vacuo. Radial chromatography (gradient elution of 10-30% ethyl acetate in hexane) 

afforded 5e as colorless crystals (61%, m.p. 124-126C). FT-IR (ATR) 1674 cm
-1

 (C=O). NMR: 
1
H 

(400 MHz)  9.89 (1H, d, J = 9 Hz); 8.18 (1H, d; J = 8 Hz); 7.91 (1H, dd, J = 7; 1 Hz); 7.78 (1H, m); 

7.69 (1H, m); 7.58 (1H, d, J = 9 Hz); 6.91 (1H, s); 
13

C (100 MHz)  113.3, 113.7, 117.0, 118.4 (q, 
1
JC-F 

= 276 Hz), 126.7, 127.4, 128.3, 129.1, 129.6, 131.0, 136.5, 149.6 (q, 
2
JC-F = 38 Hz), 156.8, 178.2. 

19
F 

(376 MHz)  -70.5 (s, 3F); MS: m/z 264 (100%, M+), 236 (53%, M-CO+). 
 
2.3.17 3-oxoindeno[1,2-c]-N-4-trifluoromethylphenyl-5’-methylpyrazole (6b) [25,26] 
 

This compound was obtained as brown crystals, 6b, in 36% yield, m.p. 149-152C. FT-IR (ATR): 1705 

cm
-1

 (C=O), 1378 (CF3). NMR: 
1
H (300 MHz) 2.48 (3H, s), 7.20-7.59 (4H, m), 7.69-7.98 (4H, m). 

13
C 

(75.5 MHz)  12.7, 121.1, 123.1, 124.1, 124.2 (CF3, q, 
1
JC-F=272Hz), 124.6, 125.5, 127.0, 127.5, 

127.6, 129.2 (C-CF3, q, 
2
JC-F=32Hz), 130.9, 132.3, 134.2, 140.3, 147.2, 157.6, 183.5. 

19
F C6F6 ext. 

std.) (282.0 MHz) (s, 3F). MS: m/z 328 (50%, M
+
), 327 (100%, M-H

+
), 258 (15%, M-CF3

+
). 

Analysis calcd for C18H11F3N2O: C, 65.85, H, 3.38, N, 8.53. Found: C, 66.08, H, 3.42, N, 8.33. 
 
2.3.18 E-2-(3,5-Dimethoxybenzylidene)indan-1-one (7b) [41] 
 
A 25 mL beaker equipped with a stir bar was charged with 3,5-dimethoxybenzaldehyde (3.0 mmol) 

and warmed to 60C. Then, 1-indanone (3.0 mmol) and solid NaOH (3.8 mmol) were added. The 

reaction mixture was stirred for 30 minutes at 60C. The resulting reaction mixture was neutralized 
with 4 mL of 1M HCl, the resulting residue was washed with several 1 mL aliquots of distilled water 
and the crude product isolated via vacuum filtration. Recrystallization from 95% ethanol afforded 7b 

as colorless needles in 56% yield, m.p. 174–175C. FT-IR (ATR): 1695 cm
-1

 (C=O). NMR: 
1
H (300 

MHz)  3.94 (6H, s), 6.6 (1H, t, 6Hz), 6.9 (1H, d, 6Hz), 7.50-7.67 (6H, m), 7.97 (1H, d, 10Hz). 
13

C 

(75.5 MHz)  32.0, 55.1, 101.3, 108.4, 124.0, 125.8, 127.3, 133.5, 134.3, 134.8, 136.7, 137.6, 149.2, 
160.6, 193.9. Analysis calcd for C18H16O3: C, 77.12, H, 5.75. Found: C, 77.21, H, 5.79. 
 

2.3.19 3,3-difluoro-1,2-indanedione (8b) [17] 
 

This compound was obtained in 25% yield as yellow-brown crystals, m.p. 99-103°C, dec. NMR: 
1
H: δ 

7.1-8.6 (m, 4H). 
19

F: δ -86.1 (s, 2F). Decomposition of the product occurred when subjected to column 
chromatography, so further characterization was not possible. 
 

3. RESULTS AND DISCUSSION 
 

3.1 Synthesis 
 

Compounds 1a-8a are commercially available and were used without further purification. The 
remaining compounds were prepared using a variety of condensation/cyclodehydration methods, or 
direct fluorination with Selectfluor® [12,13-15,17,19,25,26,41]. See Scheme 1. 
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Conditions: i. 1.1 eq Selectfluor

®
, MeCN, reflux, 10 h. ii. 1.5 eq Selectfluor

®
, MeCN, RT, 18-30 h. iii. 

H2SO4, MeOH, reflux, 24 h. iv. 1.1 eq Selectfluor
®
, MeCN, reflux, 16 h. v. CF3CO2Et, NaOMe, Et2O, rt, 

18 h. vi. (1) 3.0 eq LDA, Et2O, 0C; (2) 2 eq CF3CO2Et, 0Crt, 24 h; (3) 2 eq CF3CO2Et. vii. 4-
CF3C6H4NHNH2, cat H2SO4, EtOH, reflux, 48 h. viii. 1 eq. pyridine, 2 eq. (CF3CO)2O, 80°C, 3 h. ix. 
3,5-dimethoxybenzaldehyde, 1 eq. solid NaOH, 60

o
C, 0.5 h. 
 

Scheme 1. Ketone and heterocycle synthesis 
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3.1.1 Ketone preparation 
 
Our group showed that regioselective monofluorination and geminal difluorination of acyclic 

diketones could be effected with Selectfluor
®
 under mild conditions without the necessity of 

specialized glassware or safety precautions [13,16,24]. The synthetic investigation herein sought to 
take advantage of these efforts by probing Selectfluor

®
’s efficiency and effectiveness in the mono- 

and difluorination of 1,3-indanedione and bindone. Our efforts revealed some unexpected findings. 
The monofluorination of 1a proceeded with little difficulty to give 2-fluoro-1,3-indanedione (1b) in the 
diketonic form (as evidenced by a doublet signal (JF-H=51.1Hz) in the 

19
F NMR at -207.3 ppm), albeit 

in slightly lower yield compared to fluorination achieved with 5% F2 in N2 [16]. Diketone 1b was also 
successfully fluorinated (as evidenced by a singlet signal in the 

19
F NMR at -125.9 ppm), delivering 

the geminally difluorinated product 1c in good overall yield. 
 
We also examined whether bindone (1d), the aldol self-condensation product of 1,3-indanedione, 
would react similarly to treatment with Selectfluor

®
. As expected, monofluorination was achieved in 

high yield to give 1e as an enantiomeric triketone pair (
19

F NMR: -182.4 ppm, JF-H=46.0Hz), but the 

site of fluorination was the -carbon adjacent to the isolated ketone rather than fluorination between 
the 1,3-diketone residue. Subsequent fluorination of 1e likewise yielded interesting results. Particularly 
noteworthy were the fluorination regioselectivity and alkene rearrangement observed during the 
formation of triketone 1f. We expected an outcome similar to the fluorination of 1b, but the occurrence 
of two distinct signals in the 

19
F NMR at -137.3 ppm and -176.7 ppm ruled out geminal difluorination. 

Evidently, the alkene in 1e retains sufficient nucleophilic nature to permit electrophilic fluorination 

between the -dicarbonyl residue. This addition, coupled with a concomitant E1-like elimination leads 
to 1f, rather than formation of [Δ1,2'-Biindan]-2,2-difluoro-1',3,3'-trione, shown in  Scheme 1. 
 
While preparing 2b and 2c, the one-pot, twin trifluoroacetylation of 2-indanone gave the dual exocyclic 
enol 2c in moderate yield (confirmed by the presence of a single, highly deshielded 

19
F NMR 

resonance at -68.5 ppm) [20] and no 2c’, Fig. 2. In this case, the ethoxide base present following the 

condensation apparently deprotonates the unsubstituted benzylic -hydrogen (H3) rather than the 

more acidic -hydrogen H1. 
 

   
 

Fig. 2. Formation of 1,3-ditrifluoroacetyl-2-indanone (2c) 
 
There are several possible explanations for the formation of 2c and the failure to obtain 2c’. The most 
plausible scenario involves initial formation of 2c’. Given the basic reaction conditions, however, we 
surmise that upon attachment of the second COCF3 group, 2c’ may undergo nucleophilic acyl 
substitution by ethoxide, reverting 2c’ back to enolate A. A second possibility for the failure to obtain 
2c’ may be larger steric demands in the transition state leading to enolate A formation relative to that 
leading to enolate B. Finally, a base-promoted tautomerization from enolate A to enolate B could 
occur before formation of 2c’, ultimately leading to 2c. 
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Monofluorination of 2a with Selectfluor® proceeded satisfactorily, providing 2d in 70% yield. 
Observations of a 

19
F NMR doublet centered at δF = -180.7 ppm (

2
JF-H = 52.5 Hz) and a 

1
H NMR 

doublet centered at δH = 5.55 ppm (
2
JH-F = 52.5 Hz) confirm monofluorination at the α-carbon [24]. We 

postulate that an enol form of the ketone might serve as nucleophile in this reaction. A proposed 

mechanism for the -fluorination of 2a is shown in Fig. 3. 
 

 
 

Fig. 3. Mechanism for the formation of 2d  
 

We attempted a ditrifluoroacetylation methodology strategy similar to that employed enroute to 2c with 

-tetralone (3a) to ascertain whether this could be generalized to other ketones with two acidic 

hydrogen sets. Sequential treatment of 3a with two equivalents of ethyl trifluoroacetate followed by 
neutralization at room temperature led to a mixture of the 3- and 1-trifluoroacetyl-2-tetralone 
endocyclic enols 3b and 3c, respectively; the formation of 1,3-ditrifluoroacetyl-2-tetralone was not 
observed. Assignment of the endocyclic enolic structures was based on the observation of a single 
19

F NMR resonance at -70.6 ppm for 3b and -67.7 ppm for 3c. When the reaction workup conditions 
were modified by subjecting the enols 3b and 3c to an additional equivalent of base and ethyl 
trifluoroacetate followed by in vacuo removal of solvent at elevated temperature, we were surprised to 
find that aromatization occurred to give the trifluoroacetylated naphthol 3d in moderate overall yield. 
Fig. 4 depicts a plausible route to naphthol 3d. We surmise that deprotonation of the less sterically 

hindered -hydrogen enroute to 3b occurs rather than abstraction of the more acidic, 

benzylichydrogen. Detrifluoroacetylation of triketone I followed by tautomerization of diketone II 
under acidic workup provides naphthol 3d. 
 

 
 

Fig. 4. Mechanism for the formation of 3b and 3d 
 
Application of Light and Hauser’s method to 4a and 5a produced the cross-conjugated, dienolic 1,3,5-
triketones 4b and 5b in modest yields [14]. Assignment of the enolic structures was based on a 
combination of resonances found in their NMR spectra – (4b)

 1
H: an alkene proton signal @ 6.76 ppm 

(1H), a broad, unresolvable singlet corresponding to the enol protons @ 15.68 ppm (2H) and 
19

F: a 
singlet @ -72.0 ppm (3F); for (5b) 

1
H: an alkene proton signal @ 6.90 ppm (1H), a singlet 

corresponding to the phenolic enol proton @ 14.44 (1H), a broader singlet @ 15.68 ppm (1H) 
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corresponding to the enol adjacent to the CF3 group and 
19

F: a singlet @ -71.6 ppm (3F). Addition of 
D2O to the NMR samples of 4b and 5b resulted in rapid diminution of the exchangeable enolic protons 
in the 

1
H NMR. Increasing the molar ratio of ethyl trifluoroacetate:diketone to > 2:1, although 

necessary for triketone product formation, also led to O-trifluoroacetylated by-products.  Fortunately, 
these were easily separated by chromatography from the desired 1,3,5-triketones. Additionally, we 
found that when 4a was subjected to standard Claisen reaction conditions, an unintended acetyl-
trifluoroacetyl group exchange occurred to give 2-trifluoroacetyl-1-tetralone (4c) in good yield along 
with, to our surprise, naphthol 5a. A process similar to the detrifluoroacetylation depicted in Fig. 2 may 
be operating in these cases as well. 
 
Treatment of 5a with Selectfluor

®
 demonstrated the fluorination preference of activated aromatic 

substrates over acetyl groups [27,43,44]. The fluorinated naphthols 5c and 5d were achieved in good 
overall yield and a 5:1 ratio of the para:meta isomers, respectively. Ring fluorination was confirmed by 
the observation of resonances in the 

19
F NMR spectra as singlets: -134.0 ppm (1F) and -134.2 ppm 

(1F) for 5c and 5d, respectively. Preferential para fluorination is in accord with the o-p directing ability 
of the hydroxyl group.  Use of up to 5 equivalents of Selectfluor

®
 to effect fluorination at the acetyl 

carbon provided only the monofluorinated naphthols 5c and 5d. 
 
3.1.2 Fused-ring tricyclic trifluoromethylheterocycle preparation 
 
Ketones 4a and 6a served as scaffolds for the preparation of unique heterocyclic compounds. 
Treatment of 4a and 6a with 4-trifluoromethylphenylhydrazine under ethanolic, acidic conditions at 
70

o
C for 48 hours provided the novel naphtho[1,2-c]-N-4-trifluoromethylphenyl-5’-methylpyrazole (4d) 

and 3-oxoindeno[1,2-c]-N-4-trifluoromethylphenyl-5’-methylpyrazole (6b), respectively, in moderate 
yields [24,25]. Small proportions of the complementary 3’-methylpyrazole regioisomers were also 
detected by 

19
F NMR, but were not isolated. 

 
In the case of 6a, the preference of initial nucleophilic attack at C1 is supported by density functional 
theory [45]. Computations performed at the RB3LYP level using the 6-31G (D) basis set show that the 
LUMO of 6a (Fig. 5) contains a substantial orbital at C1 allowing for better overlap with the -NH2 group 
of the arylhydrazine HOMO at that site. Whereas, the minimal orbital density at C2 supports a lower 
likelihood of initial nucleophilic attack at that position. 
 

 
 

Fig. 5. 6a LUMO 
 

Preliminary microwave-mediated syntheses of these and several other fused-ring pyrazoles have 
been performed and yields are comparable to the conventional processes reported in this work [26]. 
 
Using 5a as the scaffold, a solventless, pyridine-promoted Baker-Venkataraman (B-V) rearrangement 

with trifluoroacetic anhydride was conducted to prepare 2-trifluoromethyl--naphthochromone (5e) in 
good overall yield [29]. The rearrangement mechanism [30,40], shown in Fig. 6, features O-
trifluoroacetylation, an intramolecular Claisen condensation and subsequent cyclodehydration enroute 

to the -naphthochromone product. 

C1

C2
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Fig. 6. B-V mechanism for the formation of 5e 
 

Compound 5b was also induced to cyclodehydrate under solventless, pyridine-promoted conditions, 
providing 5e in 79% yield. A mechanism for this transformation is proposed in Fig. 7. Evidence in 

support of this mechanism is the observation of a 
19

F NMR resonance @  -86.5 ppm, likely 
corresponding to the intermediate (Int) identified below when the reaction was quenched prior to 
completion. 

 

 
 

Fig. 7. Cyclodehydration mechanism for the formation of 5e 
 

3.1.3 Chalcone synthesis 
 
A green, based-promoted Claisen-Schmidt reaction was employed delivering the E-chalcone 7b in 
good overall yield. In this reaction, 3,5-dimethoxybenzaldehyde served as the solvent, which melts at 
~60°C and solubilizes the 1-indanone (7a) starting material. Preparation of a series of functionalized 
indenochalcones is underway as a prelude for use of this scaffold in the preparation of heterocycles. 
 
 



 
 
 

Current Perspectives on Chemical Sciences Vol. 2 
Synthesis and Structural Features of Indanone, Tetralone and Naphthone Derivatives: Selective Fluorination and Condensation 

Products 
 

 
32 

 

3.2 Solid State Structural Features: X-Ray Crystallography 
 
Several of the target molecules (1d, 2c, 3c, 4c and 7b) were examined by x-ray crystallography and 
are depicted in Fig. 8 [19,41,46-51]. See references 15 and 36 for complete crystallographic 
parameters. Critical bond information is listed in Table 1. The crystallographic information files for 
these molecules have been uploaded to the Cambridge Crystallographic Data Center and have the 
following control numbers: 1d: 854704, 2c: 854697, 3d: 854705, 4c: 854706 and 7b: 1894469. 
Spectral data provided in the experimental section support the solid-state structural data presented 
herein [12-20,52-58]. 

 

 
   1d                                                     2c                                                          

        
                               3d                                            4c                                             7b 

 
Fig. 8. Displacement drawings of 1d, 2c, 3d, 4c and 7b. Ellipsoids are at the 50% probability 

level and hydrogen atoms were drawn with arbitrary radii for clarity 

 
In the case of compound 1d, the small O3-C10-C18-C3 dihedral angle of -2.4

°
 shows bindone to be 

nearly planar across the ring bridge.  The C-O and C3-C10 bond lengths are consistent with those of 
typical carbonyls and alkenes, respectively and identify 1d as a cross-conjugated triketone in the solid 
state. For 2c, x-ray crystallography confirms the planar, exocyclic dienolic molecular architecture 
shown in Fig. 8. The weak intramolecular H-bonding normally observed in cyclic triketones is clearly 
supported for 2c by the interatomic O

….
H-O distances of 1.75Å and 1.81Å and very short O-H bond 

lengths of 0.88Å and 0.90Å [18,32]. The small O1-C1-C2-C10 dihedral angle of -1.91
°
 attests to the 

planar nature of the cyclopentanone residue. 

 
Likewise, 3-trifluoroacetyl-2-naphthol (3d) and 2-trifluoroacetyl-1-tetralone (4c) show trends consistent 
with a single endocyclic cis-enol tautomer having weak intramolecular H-bonding, e.g. interatomic 
O

….
H-O distances > 1.7Å, O-H bond lengths < 1.0Å and small O1-C1-C2-C11 dihedral angles. For 3d, 

the aromatic ring introduces an additional structural constraint that prohibits tautomerism to either the 
diketo form or any other enolic structure. 

 
The chalcone 7b also shows interesting molecular architecture. Nearly planar, the indanone ring 
system and the 3,5-dimethoxyphenyl ring deviate from planarity by only 2.54

°
, comparable to that of 

1d. Additionally, The C1-O1 and C2-C10 bond lengths are consistent with conjugated carbonyl-alkene 

-unsaturated systems. The E stereochemistry of 7b is confirmed by an O1
….

C12 interatomic 
distance > 4.2 Å, in accord with other E-chalcones available in the Cambridge Structural Database 
[41]. 
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Table 1. Selected interatomic distances and bond lengths of 1d, 2c, 3d, 4c and 7b 
 

Interatomic Distances (Å) Bond Lengths (Å) Dihedral  (◦)                                                                                                                      

     O
….

O(C) O
….

H O-H C-O C-C  

1d NA NA 
 

NA 
 

C1A-O1A 
1.2143(17) 
C11A-O2A 
1.2212(17) 
C18A-O3A 
1.2143(17) 

C3A-C10A 
1.3574(19) 
 

O3-C18-C10-C3 
-2.4(11) 
 

2c O1
….

O2 
2.5781(13) 
O1

….
O3 

2.5926(14) 

O1
….

H2 
1.75(2) 
O1

….
H3 

1.81(2) 
 

O2-H2 
0.90(2) 
O3-H3 
0.88(2) 
 

C1-O1 
1.2576(15) 
C10-O2 
1.3308(15) 
C12-O3 
1.3242(17) 

C1-C2 
1.4547(15) 
C2-C10 
1.3593(17) 
C9-C12 
1.3602(17) 

O1-C1-C2-C10 
-1.91(11) 
 

3d O1
….

O2 
2.6142(17) 
 

O2
….

H 
1.75(3) 
 

O1-H 
0.97(3) 
 

C1-O1 
1.3588(19) 
C11-O2 
1.2199(18) 

C1-C2 
1.438(2) 
C2-C11 
1.459(2) 

O1-C1-C2-C11 
1.9(2) 
 

4c O1
….

O2 
2.5063(9) 
 

O2
….

H 
1.72(2) 

O1-H 
0.855(19) 
 

C1-O1 
1.3215(9) 
C11-O2 
1.2476(10) 

C1-C2 
1.3895(10) 
C2-C11 
1.4193(10) 

O1-C1-C2-C11 
-2.04(11) 
 

7b O1
….

C12 
>4.2 

NA NA C1-O1 
1.2255(11) 

C2-C10 
1.3421(12) 

C1-C2-C10-C11 
178.55(9) 

 

4. FUTURE DIRECTIONS 
 

An expanded investigation of green synthesis methods incorporating sonication, wave irradiative, 
solvent-free reactions and ionic liquid mediated processes using several of the ketone scaffolds in this 
work is underway. Target molecules of interest are fused-ring heteroaromatic species: indeno- and 
naphthopyrazoles, tetracyclic quinolines as well as new examples of 2-and 3-acetylated chromones. 
In addition, selective incorporation of fluorine and fluorine-containing groups into these heterocyclic 
products will be a focus of this work. We anticipate reporting these findings in the near future. 
 

5. CONCLUSION 
 

This work has shown the versatility of the indanone, tetralone and naphthone molecular scaffolds 
towards functionalization enroute to trifluoroacetylated and selectively fluorinated derivatives in 
moderate yields to yields in excess of 90%. Many of these di- and triketone products have unique 
keto-enol structural features as exhibited by X-Ray crystallographic studies. In addition, this work has 
demonstrated that several of these novel ketones can serve as scaffolds to prepare fluorinated 
polycyclic heterocycles, such as indenopyrazoles, naphthopyrazoles and naphthochromones in 
moderate yields. 
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ABSTRACT 
 

In this work, the rainwater and the atmospheric particulate matter were characterized by investigating 
the presence of sea spray in the atmosphere of the semiarid region of Bahia, Brazil, aiming to study 
the influence of its transport on the salinization of the waters of the region. Stable isotopes of 
deuterium and oxygen-18 were also determined in the rain as environmental tracers, evaluating the 
isotopic ratios 18O/16O and D/H. Atmospheric deposition is one of the main stages of the cycling and 
redistribution of the various chemical elements on the earth’s surface. The atmosphere of the region 
suffers significant marine influence, as well as resuspended soil particles and anthropogenic sources. 
The results demonstrate that the amount of sea spray which reaches the region is insufficient to 
interfere at the groundwater composition and the cause of its salinization should be attributed to the 
local geology and the evaporation and salt concentration process due to the high temperatures found 
in the region. 
 
GRAPHICAL ABSTRACT 
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1. INTRODUCTION 
 
The contribution of chemical species to the atmosphere represents an important mechanism of the 
hydrogeochemical processes, very significant in semiarid regions, that continuously suffers with a 
high frequency of dry periods. The problem of the salinization of surface waters in these regions 
certainly points to factors such as the recharging of water bodies with salinated water due to leaching 
of salts from the soil and to the salt concentration in the reservoirs because of the high evaporation 
rate typical in the Brazilian Northeast region [1]. A report by FAO in 2000 estimated that globally the 
area of salt-affected soils including saline and sodic soils was 831 million ha [2,3]. 
 
Atmospheric deposition is one of the main stages of the cycling and redistribution of the various 
chemical elements on the earth’s surface. atmospheric inputs can be evaluated through three 
depositional forms: Dry-only, wet-only and bulk deposition [4,5]. Therefore, their quantitative and 
qualitative knowledge is essentially important for the understanding of the biogeochemical cycles and 
anthropogenic influences on them. The wet deposition comprises the atmospheric particles and gases 
removal processes by the rain, fog or snow. The dry deposition includes all the particles and gases 
transfering processes to all types of surfaces in the absence of moisture [6]. Atmospheric deposition is 
an important component of the nutrient cycles of terrestrial ecosystems, but field measurements are 
especially scarce in tropical regions [7]. 
 
The sea spray can be transported to long distances, reaching the semiarid regions. The sea spray is a 
type of particulate matter produced naturally via the bubble-bursting process typically from whitecap 
generation. The bubbles scavenge organic matter as they rise to the surface. When they burst at the 
air-sea interface, they release a mixture of organic matter and inorganic sea salt, forming the sea 
spray aerossol, comprising the range of the submicrometre size and up to a few micrometres [8]. It 
constitutes one of the most important natural aerosol systems and contributes to the Earth’s radiative 
budget, biogeochemical cycling, impacts on ecosystems and even to regional air quality [9]. Strongly 
dependent on the intensity of local winds, as shown Masiol et al. [10] the sea spray can be 
transported to long distances and deposited in a wet and / or dry way and it can reach the semiarid 
regions, distant from its emission source. Being these particles, if primary, basically composed of 
seawater (NaCl in carbonate/borate buffer), thus having an alkaline pH, they are able to neutralize 
rain acidity by gas to particle interaction [11,12]. 
 
The particulate phase of atmospheric aerosol is characterized by various physical parameters, with 
the distribution of its size as the most important one. Chemically, its composition reflects its emission 
sources [13]; their size is an important parameter for the evaluation of their impact on the global 
climate system [14]. 
 
The environmental isotopic ratios δ deuterium and δ oxygen-18 (δD and δ-O

18
) act as excellent 

natural tracers of air masses. They have been used very successfully as one of the unconventional 
tools in the study of the surface and underground water reserves [15]. The natural isotopes appear in 
the water in low concentrations that vary when they undergo processes of changing phase, such as 
evaporation. Thus, the environmental tracers are used to identify and separate the different salinity 
sources, as well as the effect of evapotranspiration in these processes [16] and it can be a useful tool 
in the study of the salinization processes [17], including salinization of the waters of the semiarid 
regions. 
 
The processes of water and soil salinization, low rainfall rate and high evaporation rate of the water 
stored in reservoirs, contribute to the degradation of the quality of the water in the semiarid region of 
Brazil. 
 
As a consequence of the vulnerability of water resources in semiarid areas, especially considering 
their scarcity, the study of the surface and underground water quality becomes important, aiming to 
provide water with better quality for more noble uses such as household supplies. There is a 
reasonable amount of data with results of analysis of legislated parameters in Brazil, which determine 
the quality of water in some parts of semiarid regions [1,18]. 
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Some studies indicate differentiated causes to the salinization of water, among them are the high 
evaporation rates, that concentrate the salts in the surface waters and in the soils during the dry 
periods; this salt is transported to the aquifer in the wet period by the recharge waters [19]. Kovda [20]

 

pointed as the main salinization source in the semiarid region, the aerosols coming from the marine 
atmosphere transported by the wind, which can be later leached from the soil and carried to the water 
bodies by runoff. On the other hand, acording to Wetzel [21],

 
the water conductivity values in tropical 

regions are related to the geochemical and climatic characteristics of the region. 
 
In this work, rainwater and atmospheric particulate matter were characterized, investigating the 
presence of sea spray in the Semiarid of Bahia, Brazil, intending to study the influence of its transport 
in the salinization of waters in the region. The δD and δO

18
 were also evaluated in the rain as 

environmental tracers. Additionally, there was a secondary data research on the geological 
characteristics of the semiarid region of the Bahia State, associated with the salinity of groundwater. 
 

2. EXPERIMENTAL 
 
2.1 Sampling 
 
The Semiarid of Bahia occupies most of the northeastern Brazil and nearly 2/3 of the state’s territory. 
Among its main climatic characteristics, the high temperature average and extremely concentrated 
average annual rainfall of less than 800 mm stand out, creating long periods of drought (usually seven 
to nine months) and rainy periods restricted to few months of the year [22]. 
 
For the proposed study, two areas in the Semiarid of Bahia (Fig. 1) with different salinity 
characteristics of its natural waters were chosen: Juazeiro (9 26' 56" S, 40 31' 26" W), at 386 m of 
altitude, located in the north of the state, with groundwater that is often brackish, and it is 
characterized by the lack of rain and great irregularity in its distribution from 250 mm to 750 mm per 
year, low cloud cover, strong sunlight, high levels of evaporation, high average temperatures (~ 27°C) 
and low relative humidity; and Morro do Chapéu (11 30' 27" S, 41 08' 08" W), at 1,003 m above sea 
level, located in the northwest of the state, a region with typically sweet groundwater. 
 
All rainy events were sampled for periods of 24 h during one year, in both locations (55 rain samples 
from Juazeiro and 35 from Morro do Chapéu), for the determination of the major ions, using an 
automatic "wet only" deposition collector, set to about 1.5 m from the ground, consisting of a funnel 
(598 cm

2
) and a collector flask (6 L), both made of polyethylene, protected in a metal box. 

 
Sampling and storaging rainwater samples for determination of hydrogen and oxygen isotopes were 
made according to the instructions of the International Atomic Energy Agency (IAEA) [23]. The main 
problems that should be avoided are the fractionization by evaporation or diffusion of water vapor and 
/ or isotopic exchange with the environment as well as with the storage bottle. Thus, a collector was 
mounted in a 20 L flask containing 100 mL of mineral oil to prevent evaporation and wrapped in 
aluminum foil to prevent sample degradation; there was a sieve on the top, disallowing the entry of 
other materials. Most rainy events that occurred during one year was collected. Immediately after 
sampling aliquots in duplicate of the samples were transferred and stored in 100 mL amber glass 
bottles, fully completed and duly sealed, to avoid isotopic fractionation after collection. The samples 
were stored in a refrigerator and transported safely in thermal containers at low temperatures to the 
laboratory for measurement of stable isotopes. 
 
The sampling of atmospheric particulate material was made in two intensive campaigns for 6 days, 
simultaneously, at the two sampling stations. The samplings were made for 24 h periods. The 
campaigns were scheduled for periods typically with predominant winds from the Atlantic and thus, 
based on the back trajectories study, it was observed that almost 100% of the sampling time of 
atmospheric particulate matter, the air masses arrived in both locations coming from the ocean. 
 
Samples of suspended particles fractionated by size have been obtained with a Berner low-pressure 
impactor (BLPI) [24] with six stages: 0.06, 0.18, 0.55, 1.7, 5.0, and >14.5 µm. The particles were 
sampled on a Nucleopore membrane (47 mm, 0.2 µm) at air flow of 19.2 L min

-1
 during 24 h. 
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Fig. 1. Location of the sampling stations: (a) on the map of Brazil; (b) on the map of the 
Brazilian semiarid region 

 

2.2 Analyses and Quality Control 
 
The analytical methodology included ion chromatography for the determination of anions Cl

-
, NO3

-
 and 

SO4
2-, with detection limits (LOD): 1.97, 0.322 and 1.25 µmol L-1, respectively, in the rainwater and 

particulate matter, molecular spectrophotometry using the indophenol method ( = 630nm) for the 
determination of NH4

+
 (LOD: 0.0944 µmol L

-1
) flame photometry for Na

+ 
and K

+
 (LOD: 2.61 and 0.246 

µmol L-1 respectively), and atomic absorption spectrometry with flame for Ca2+ and Mg2+ (LOD: 1.70 
and 0.251 µmol L

-1
 respectively). The atmospheric particulate matter on the membranes was 

extracted with 1.5 mL of deionized water in ultrasound bath for 15 min, followed by centrifugation and 
analysis, using the same above cited analytical methods. The LOD for Cl-, NO3

-, SO4
2- and Na+ in 

atmospheric particulate matter were: 0.107, 0.0174, 0.0678 and 3.91 nmol m
-3

, respectively. Because 
it only had 1.5 mL of each sample of atmospheric particulate matter in the different stages of the 
cascade impactor, it was not possible to analyze the other ions in this matrix. The pH measurements 
of the rain samples were made with a pHmeter MPA 210 (MLABOR) Model AF 405 (accuracy of 0.02 
pH units), using a combinated glass electrode, calibrated with buffer solutions. Conductivity 
measurements were made with a conductivimeter Marconi Model MACA 150, provided with a 
platinum cell with a constant of 1.0 cm-1, which allows thermostated measurements at 25 ± 0.1°C. 
 
The isotopic analyzes were performed using Finnigan equipments: a mass spectrometer (MS - MAT 
Delta Plus), an automatic reactor (H - Device Thermo Quest) specific for analysis of the ratio D/H and 
an online automatic sample preparation system (Gas Bench II) for the isotopic determination of the 
O18/O16 ratio. The standard water was a SMOW sample (standard mean ocean water), provided by 
the IAEA. 
 
The quality control analysis was done using a standard reference rain, produced by the Canadian 
environmental agency (RAIN-97, lots 1107 and 407) containing all species determineted in the rain 
and in the particulate matter. The quality of the data series was controlled by mass balance (total sum 
of cation equivalents versus ion equivalents) and comparing the calculated and measured conductivity 
values [25]. 
 

2.3 Statistical Analysis 
 
The evaluation of possible correlations between the ions measured in the rain and in the atmospheric 
particulate matter was made using the Pearson correlation coefficient [26]. 
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With the use of PCA, along with the hierarchical cluster analysis (HCA), the preview of the various 
ions in rainwater samples and particulate matter fractionated by size has become more rapid, 
objective and efficient. The program used for the application of this statistical tool was Statistica, 
version 10.0. 
 

2.4 Air Mass Trajectories 
 
A study of the trajectories of air masses for the sampling period was done using the NOAA HYSPLIT 
Model [27]. The back trajectories were simulated for each period and sampling station, taking into 
accounts their respective altitudes and georeference, allowing the determination of the air masses 
trajectory that comes to each site. 
 

2.5 Study of the Geological Characteristics of the Water Basins of the Semiarid of 
Bahia  

 
Chemical secondary data on the groundwaters of the Bahia State were used. The major ions in 
groundwater were thus compiled, which could come from the sea spray. The data come from the 
registration of the wells, made available by the Company of Rural Engineering of Bahia, CERB, on the 
official website of the Geological Survey of Brazil [28] through the Information System Groundwater 
(SIAGAS). Associations were made between the groundwater salinity of the region with the local 
geology, which will be discussed particularly in the two areas chosen for atmospheric studies of this 
work, that are part of the Salitre riverbasin, semiarid region of Bahia. 
 

3. RESULTS AND DISCUSSION 
 

3.1 Inorganic Characterization of the Rain 
 
In the two sampling sites (Juazeiro and Morro do Chapéu) the conductivity of the rain ranged from 
21.5 to 70.8 μS cm-1 and 4.58 to 19.1 μS cm-1, respectively. The molar concentrations and the 
percentage distribution of the ionic species decreased in the following order: Cl

-
> Ca

2+
> NO3

- 
> NH4

+
> 

Na+> K+> Mg2+> SO4
2- > H+ in Juazeiro (Fig. 2a) and Cl-> NH4

+> Na+> NO3
-> Mg2+ > H+> SO4

2-> K+ > 
Ca2+ in Morro do Chapéu (Fig. 2b). The presence of sea spray was detected by the ratio Cl-/Na+ in the 
rainwater, which also shows other sources of Cl

-
 in the atmosphere of the region, mainly in Juazeiro. 

As found by Gioda et al. [29] in Puerto Rican rainforest, despite the altitude and distance from the sea, 
the atmosphere of the Semiarid of Bahia represented by wet precipitation, is strongly influenced by 
marine sources rather than local antropogenic sources. NH4

+, one of the most abundant ions in the 
rain of the two localities, probably has its origin in the use of fertilizers in the vicinity of the rain 
sampling sites, which is more intense in Morro do Chapéu. 
 

 
 

Fig. 2. Percentual distribution and volume-weighted mean (µmol L
-1

) of ions in the rain of the 
Semiarid of Bahia, Brazil: (a) Juazeiro; (b) Morro do Chapéu 
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The results showed pH values of the rain in Juazeiro between 5.98 and 7.33, with 6.80 as volume-
weighted mean (VWM); in Morro do Chapéu the pH values ranged from 6.40 to 7.24, with 6.75 as 
VWM. These values suggest a neutralization of the rain acidity by ammonia either by basic soil 
particles or by sea spray. The calculated average parcel of the rain acidity neutralization by sea spray, 
using Na+ as tracer, calculated according to Campos et al. [12], was 26.3% and 27.6%, respectively, 
in those locations. The estimation of the influence of the sea spray in rain from both locations showed 
the following contribution of constituents: Cl- (56% and 92%), SO4

2- (38% and 81%), Mg2+ (14% and 
26%), Ca

2+
 (25% and 57%) and K

+
 (2.2% and 0%). Thus, it is observed that in the locality of Morro do 

Chapéu, the contribution of marine aerosol is virtually the only source of chloride. 
 

3.2 Inorganic Characterization of the Atmospheric Particulate Matter (PM) 
 
Considering the two locations, the concentration level of the major inorganic species in PM was in the 
range of 13.6 - 26.9 nmol m

-3
 Cl

-
, 3.23 - 6.17 nmol m

-3
 NO3

-
, 2.87 - 11.0 nmol m

-3
 SO4

2-
 and 11.5 - 

37.0 nmol m-3 Na+. Fig. 3 shows the average percentage distribution of these ions in the two 
locations, which characterizes the atmospheric particulate matter in that semiarid region. It can be 
seen in this figure that Na+ e Cl- are the most abundant ions. 

 
Fig. 3 shows the distribution percentage and average concentration of the ions, that were analyzed in 
the atmospheric particulate material. The apparent deficit in the chloride particle shown in these 
figure, can be attributed to atmospheric reactions on the surface of sea spray, producing gaseous HCl 
[24]. This does not happen in the rain, as previously discussed with reference to other sources of Cl

-
 

in the region, which should be gas, since they are not represented in the particulate material. 
 
The SO4

2-
nss percentual (nss: non sea salt) comparing to total sulfate (SO4

2-
T) in the atmosphere of 

both locations shows that the sea spray SO4
2-

 contribution to the particulate material is only 3 and 2%, 
on average. Sievering et al. [30] calculated the SO4

2-
nss of the region as:  

 
[SO4

2-]nss = [SO4
2-]T – 0.06 [Na+]                                                                                                (1) 

 
where [SO4

2-
]T  and [Na

+
] are concentrations of the ions in the particulate material; 0.06 is the molar 

ratio SO4
2-/Na+in the sea water. 

 
Fig. 4 shows the distribution by size of these particles where Na

+
 e Cl

-
 can be observed predominantly 

as particles > 1.7 µm. This is observed also in oder works [8,9,31]. Since Na+ and Cl- are mainly 
originated by sea spray, their particles are mainly distributed in the micrometric fraction. However, as 
expected for long-range transport, the sea spray content in the sub-micrometric fraction is not 
negligible, as can be seen in this figure. 
 
From Fig. 4 the choride depletion seems to be high in both the stations, especially in the 0.55 µm 
fraction measured at Morro do Chapéu. Fig. 4 also shows that the predominance of NO3

-
 and SO4

2-
 as 

atmospheric fine particles (≤ 1.7 µm) suggests a secondary source by gas-particle or particle-particle 
convertion, according to Allen et al.

 
[32]

 
and Contini et al [33]. 

 
3.3 Isotopic Characterization of the Rain  
 
Stable isotopes of oxygen-18 and deuterium were determined in the rain as environmental tracers, 
evaluating the Isotopic ratios 

18
O/

16
O and D/H, which can vary in the rain according to the water 

source and the processes that occur during their displacement and its surface storage, such as 
climate of the local of the precipitation (rainfall and temperature), geographical features (distance from 
the coast, elevation) and evaporation degree. The quantitation of the isotope ratio is given in terms of 
its deviation ( ‰) in the sample compared to a standard water (standard mean ocean water – IAEA), 
Rp, and the sample isotopic ratio 18O/16O (Ra) [34]: 
 

 ‰ = [(Ra - Rp)/Rp] x 10
3 

                                                                                                        (2) 
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Fig. 3. Percentual distribution and average concentration of the major ions in the atmospheric 

particulate matter. Semiarid of Bahia, Brazil: (a) Juazeiro; (b) Morro do Chapéu 
 

 

Fig. 4. Average concentrations of Cl-, Na+, SO4
2- and NO3

- fractionated by size in the 
atmospheric particulate material in the Semiarid of Bahia, Brazil. Juazeiro and Morro do 

Chapéu 
 
The deuterium excess (d) is a function of the source of the water vapor as well as of the hydrologic 
recycling degree in the basin. Increases in d result from the additional contribution of the recycled 
water vapor from the surface water evaporation and from the captured water by interception during 
the climatic event [35].

 
According to Armengaud et al. [36],

 
d provides information on the distance of 

the evaporative sources, which originated the rains, i.e. air masses subject to several consecutive 
episodes of condensation and evaporation produces precipitations with elevated values of the 
deuterium excess. 
 
The excess of deuterium (d) is expressed by equation 3: 
 

d = D – 8 O
18 

(‰)                                                                                                                 (3) 
 
The parameter d is also dependent on the location; the average value found by Craig [34] was 10‰. 
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The data relating to the environmental isotopes oxygen
characterized the studied area, with maximum and minimum values of 28.8‰ and 
-6.81‰ and 2.55‰ for δO18 in Juazeiro
δO

18
 in Morro do Chapéu, respectively. The amounts of deuterium excess corroborate with the type of 

precipitation of air masses that represent the 
values were: 41.5 ‰ and -20.7‰ in 
The more positive values found for 
shows the daily variation of precipitation at this location as an example of the semiarid region of 
Bahia, with their isotopic ratios and the calculated deuterium excess, enabling the characterization of 
the temporal and spatial variability compared wit
the region. 
 

Fig. 5. Change in the daily total precipitation and corresponding isotopic 
excess (
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The data relating to the environmental isotopes oxygen-18 and deuterium in the precipitation 
characterized the studied area, with maximum and minimum values of 28.8‰ and -58.5‰ for 

Juazeiro and 23.3‰ and -48.6‰ for δD and - 9.49‰ and 
, respectively. The amounts of deuterium excess corroborate with the type of 

precipitation of air masses that represent the precipitation of the region maximum and minimum 
20.7‰ in Juazeiro and 43.7‰ and -1.1‰ in Morro do Chapéu

The more positive values found for Morro do Chapéu characterize waters from further afield. Fig
shows the daily variation of precipitation at this location as an example of the semiarid region of 
Bahia, with their isotopic ratios and the calculated deuterium excess, enabling the characterization of 
the temporal and spatial variability compared with the analysis of the origin of the deposited water in 

 
Change in the daily total precipitation and corresponding isotopic ratios and deuterium 

excess (Juazeiro, Semiarid of Bahia, Brazil) 

 
 
 

Current Perspectives on Chemical Sciences Vol. 2 
Investigating the Influence of the Transport of Sea Spray on the Salinization of the Semiarid Region Waters (Bahia, Brazil) 

 
 

18 and deuterium in the precipitation 
8.5‰ for δD and 

9.49‰ and -0.02‰ for 
, respectively. The amounts of deuterium excess corroborate with the type of 

precipitation of the region maximum and minimum 
Morro do Chapéu, respectively. 

characterize waters from further afield. Fig. 5 
shows the daily variation of precipitation at this location as an example of the semiarid region of 
Bahia, with their isotopic ratios and the calculated deuterium excess, enabling the characterization of 

h the analysis of the origin of the deposited water in 

 

ratios and deuterium 
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3.4 Air Mass Characterization 
 
The study of the trajectories of air masses for each rain event and during the PM sampling period 
using the NOAA HYSPLIT Model [27] showed that, in the most of the atmospheric PM sampling days, 
the air mass that arrived in the region passed over the ocean: frequency of 83% for Juazeiro and 75% 
for Morro do Chapéu. In the case of the sampled rainy events, the frequency of air masses coming 
from the ocean was relatively low for Juazeiro (29%) and it was maintained at 75% for the locality 
Morro do Chapéu. It was possible to know because for each sampling day has been generated a 
backward trajectory graph, from the beginning of the 24 h of sampling until the end. The Fig. 6 shows 
examples of backward trajectories of air masses of sampling days. 

 

 
 

Fig. 6. Examples of backward trajectories of air masses that arrive in Semiarid of Bahia, Brazil: 
(a) Juazeiro; (b) Morro do Chapéu 

 

3.5 Statistical Analysis  
 
The hierarchical cluster analysis (HCA) was applied to the data arrays of the rainwater samples for 
both seasons (Juazeiro and Morro do Chapéu) using the Statistica 10.0 program, aiming to 
complement the studies conducted to investigate the marine influence and other sources (natural 
continental and anthropogenic) in the waters salinization in the Semiarid of Bahia. Analyzing the 
dendograms obtained (Fig. 7), one can see that for Juazeiro there is the division of five groups, 
showing strong similarities between (i) Cl

-
 and K

+
, what could indicate common origin from biomass 

burning; (ii) Na+ and pH; (iii) NO3
- and NH4

+; (iv) SO4
2-, SO4

2-
nss; (v) Ca2+, Mg2+ and conductivity, which 

seems that, in this station, the crustal contribution is dominant with respect to sea spray. For Morro do 
Chapéu, there was the formation of three groups with great similarity, the first of them shows 
similarities between Cl-, Na+ and Mg2+, indicating the sea spray contribution; the second group shows 
similarities between SO4

2-
, SO4

2-
nss and pH; the third group shows similarities between NO3

-
, 

conductivity, NH4
+, Ca2+and K+. 

 

a b 
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Fig. 7. Dendrogram obtained by HCA of the variables to rainwater samples: (a)

 
The correlation matrix (Table 1) constructed with the data of the rain samples of the region, showed 
the following strong positive correlations: 
coefficient in Morro do Chapéu and high similarity according to the dendrogram, supporting the 
marine influence in this place; (ii) between nitrogen species (NH
to human activities with emission of precursors: NO
biomass burning, being NO3

- ion the major oxidation products of these compounds; NH
management of animal waste, disposal of sewage, landfills and dumps; 
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7. Dendrogram obtained by HCA of the variables to rainwater samples: (a)

(b) Morro do Chapéu 

The correlation matrix (Table 1) constructed with the data of the rain samples of the region, showed 
the following strong positive correlations: (i) Cl

-
, Na

+
 and Mg

2+
 displayed high positive correlation 

and high similarity according to the dendrogram, supporting the 
between nitrogen species (NH4

+
 and NO3

-
) in both locations, related 

to human activities with emission of precursors: NOx (NO + NO2), by more intense emiss
ion the major oxidation products of these compounds; NH

management of animal waste, disposal of sewage, landfills and dumps; (iii) SO4
2
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7. Dendrogram obtained by HCA of the variables to rainwater samples: (a) Juazeiro; 

The correlation matrix (Table 1) constructed with the data of the rain samples of the region, showed 
displayed high positive correlation 

and high similarity according to the dendrogram, supporting the 
) in both locations, related 

), by more intense emissions from 
ion the major oxidation products of these compounds; NH4

+, by 
2-

 and SO4
2-

nss 
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correlates with NO3
-
 in the rain of Juazeiro, showing common origin of these species and with ions 

derived from soil resuspension, such as Mg2+ and Ca2+. Therefore, in this station, the main source of 
SO4

2-
nss could be the continental dust. On the other hand, in Morro do Chapéu the low correlation 

coefficient between SO4
2-

nss and NO3
- 
and also the dissimilarity shown in the dendrogram indicates no 

common origin and also corroborates with the low percentual (19%) of anthropogenic contribution 
found to SO4

2-
 in the rain this location. 

 
Table 1. Correlation matrix with the data of the rain samples of the Juazeiro and Morro do 

Chapéu regions 
 

Juazeiro 
 1 2 3 4 5 6 7 8 9 10 11 
1- Cl

-
 1.0           

2- NO3
- 0.36 1.0          

3- SO4
2- 0.62* 0.72* 1.0         

4-SO4
2-

 nss 0.63* 0.70* 0.99** 1.0        
5- NH4

+ 0.42 0.76* 0.58 0.59 1.0       
6- Ca2+ 0.53 0.65* 0.93** 0.93** 0.51 1.0      
7- Mg2+ 0.51 0.70* 0.96** 0.95** 0.50 0.95** 1.0     
8- K

+
 0.58 0.44 0.57 0.59 0.29 0.48 0.53 1.0    

9- Na
+
 0.51 0.71* 0.92** 0.87** 0.48 0.84** 0.92** 0.42 1.0   

10- pH -0.010  -0.025 0.086 0.052 -0.067 0.072 0.081 0.050 0.085 1.0  
11- Cond  0.53 0.68* 0.92** 0.90** 0.60* 0.92** 0.91** 0.51 0.86** 0.12 1.0 

Morro do Chapéu 
 1 2 3 4 5 6 7 8 9 10 11 
1- Cl- 1.0           
2- NO3

- 0.41 1.0          
3- SO4

2- 0.67* 0.30 1.0         
4- SO4

2- 
nss 0.41 0.13 0.93 1.0        

5- NH4
+ 0.30 0.65* 0.24 0.09 1.0       

6- Ca
2+

 0.20 0.44 0.050 -0.090 0.46 1.0      
7- Mg

2+
 0.63* 0.57 0.45 0.22 0.50 0.77* 1.0     

8- K
+
 0.26 0.54 0.060 -0.040 0.35 0.54 0.51 1.0    

9- Na
+
 0.88** 0.49 0.73 0.44 0.42 0.32 0.73* 0.23 1.0   

10- pH -0.10 -0.30 0.11 0.22 -0.28 0.010 0.010 -0.020 0.00 1.0  
11- Cond  0.56 0.74* 0.29 0.069 0.57 0.64* 0.76* 0.57 0.62* -0.048 1.0 

r in bold: significant correlation (p < 0.05); r  with * : Strong correlation (0.60 ≤ | r | < 0.80); 
r  with** : Very strong correlation (0.80 ≤ | r | < 1.0). Cond: condutivity 

 
The principal component analysis technique (PCA) was applied to the data in the two sampling 
locations used in this study in the samples of atmospheric particulate matter. Samples were identified 
by a code that identifies the station (J: Juazeiro; M: Morro do Chapéu), the month of the collection (A: 
April; N: November), the initial date of sampling and identification of the particles (F: Fine particles: C: 
Coarse particles). 
 
Fig. 8 shows the graphs of scores and loadings using two main components to explain the results that 
are associated with each variable (Cl

-
, NO3

-
, SO4

2-
, Na

+
) for fine and coarse particles. Looking at this 

figure, the PCA showed that the first and second main components explain 81 and 14%, respectively, 
of the total variance. 
 
The ions Na+ and Cl- were the most abundant in the coarse fraction of the particles, suggesting a 
significant contribution by the sea spray in this size range of the particulate matter that comes to this 
region, especially in Morro do Chapéu. 
 
The predominance of SO4

2-
 in fine mode in both sampling stations, after a long period of drought, 

confirms its secondary source by particle - particle or gas - particle conversion through the SO2 
oxidation, emitted from burning local biomass. The main contribution of the ion NO3

-
 in fine particulate 

material supports the existence of gas phase reactions between NH3, Cl- from sea spray and nitric 
acid, with the formation of NH4Cl and NH4NO3, partially explaining the loss of chloride of the coarse 
particulate and, at the same time, nitrate gain for the fine particulate. 
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Fig. 8. (a) Graph of weights (projection of the variables in the space); (b) Graph of scores of 
PC1 versus PC2, obtained from all variables in the samples of atmospheric particulate matter 

with the projection of the variables in the space 
 

3.6 Contribution of Sea Spray to the Groundwater of the Study Area 
 
Table 2 presents the ranges of total concentration of the main ions in groundwater, which could 
originate from the sea spray, as well as nss (non sea salt) concentrations and the contribution of sea 
spray (ss) to those sampled waters from six wells in the region of Juazeiro and eight wells in the 
region of Morro do Chapéu. 
 
The estimation of the sea spray in the groundwater from Juazeiro and Morro do Chapéu showed, 
respectively, the following maximal contribution of constituents (Table 2): 4.4% and 26% Cl-, 38% and 
11% SO4

2-
, 1.4% and 17% Ca

2+
, 5.5% and 26% Mg

2+
 and 24% and 0.0% K

+
. These data show that 

the amount of sea spray that reaches the region is not sufficient to salinize the groundwaters. 
 
The municipalities of Juazeiro and Morro do Chapéu, areas considered to the atmospheric study in 
this work, are located in the Salitre river basin in semiarid region of Bahia. The research that was 
done in this work on the geological characteristics of these locations showed that this basin is under 
different hydrogeologic domains, which are entities resulting from the grouping of geologic units with 
hydrogeologic affinity, having the basis mainly the lithologic characteristics of the rocks [37]. These 
domains, in the case of the semiarid region of the state of Bahia and its relation to the increasing 
salinity of the groundwater are:  the coverage domain (freshwater), domain of the sediment and 
metasediments (freshwater and slightly brackish water), domain of the limestones (brackish water) 
and domain of the crystalline (very brackish water). The municipality Morro do Chapéu prevails largely 
in the metasediments domain, with freshwater, with a small part in the domain of the limestones, and 
few points with slightly brackish water, represented in Fig. 9 by the locality of Velame (0.72‰). 
 
The municipality of Juazeiro, which also belongs to the domain of metasediments, but only a small 
part, has waters with low salinity, for example in the locality of Paredão, 0.41‰ (Fig. 9), the 
limestones domain predominates, imprinting a strong salinization of its groundwater (2.3 to 12‰, Fig. 
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9), with the salinity varying according to local rainfall and reflecting the mineralogical composition of 
the rock. Fig. 9 shows the salinity of the water in these and other cities of t
highlighting the municipalities Morro do Chapéu and Juazeiro.
 

Table 2. Ranges of total concentration, nss (non sea salt) and sea spray contribution in the 
groundwater of the studied areas. Water basin of the Salitre r

 
Íon Juazeiro

CT Cnss 
µmol L

-1 
(%)

 

Na
+
 0.261- 304 - 

Cl
-
 253-406 253 - 388 

(95.6 - 100)
SO4

2- 47.6-70.8 29.4-70,8 
(61.7-100)

Ca2+ 151-1290 151-1274 
(98.6-100)

Mg2+ 89.7-326 89.7-308 
(94.5-100)

K
+
 25.6-76.9 25.6-58.7 

(76.3-100)

 

Fig. 9. Salinity levels of groundwater in different municipalities / locations of the Salitre river 
basin in the semiarid region of Bahia, Brazil, highlighting the municipalities of 

4. CONCLUSIONS 
 
The composition of rainwater in the two sampling stations, 
Semiarid of Bahia, Brazil, showed that the atmosphere of both localities suffers significant marine 
influence, as well as resuspended soil particles and anthropogenic sources. The results demonstrate 
the potential of certain isotopic tracers in the rain, for the understanding of the hydrological cycle in 
the two localities in the semiarid region in the studied area: in 
precipitation are mostly coming from further afield sites, while in 
although air masses often reach the coast, as shown by backward trajectories. The estimate of the 
contribution of sea spray in the rain in 
although the groundwater is sweet in this locality. 
groundwater at the study areas calculated using Na
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9), with the salinity varying according to local rainfall and reflecting the mineralogical composition of 
the rock. Fig. 9 shows the salinity of the water in these and other cities of the Salitre river basin, 
highlighting the municipalities Morro do Chapéu and Juazeiro. 

Ranges of total concentration, nss (non sea salt) and sea spray contribution in the 
groundwater of the studied areas. Water basin of the Salitre river, Semiarid of Bahia, Brazil

Juazeiro Morro do Chapéu 
Sea spray 
% 

CT Cnss 
µmol L

-1 
(%)

 

- 632-50870 - 
 

100) 
0.0-4.4 1022-147242 761-143990 

(74.5-98) 
 

100) 
0.0-38 829-18229 829-17624 

(88.6-100) 
 

100) 
0.0-1.4 1518-56000 1257-52918 

(82.8-98) 
 

100) 
0.0-5.5 984-33210 723-30158 

(73.5-92) 
 

100) 
0.0-24 51,3-659 51.3-659 

(100) 

 
Fig. 9. Salinity levels of groundwater in different municipalities / locations of the Salitre river 

basin in the semiarid region of Bahia, Brazil, highlighting the municipalities of 
Chapéu and Juazeiro 

 

The composition of rainwater in the two sampling stations, Juazeiro and Morro do Chapéu
Semiarid of Bahia, Brazil, showed that the atmosphere of both localities suffers significant marine 

resuspended soil particles and anthropogenic sources. The results demonstrate 
the potential of certain isotopic tracers in the rain, for the understanding of the hydrological cycle in 
the two localities in the semiarid region in the studied area: in Morro do Chapéu, waters of the 
precipitation are mostly coming from further afield sites, while in Juazeiro, they come from the region, 
although air masses often reach the coast, as shown by backward trajectories. The estimate of the 

the rain in Juazeiro is much less (56%) than in Morro do Chapéu (92%), 
groundwater is sweet in this locality. The contribution of the sea spray for the 

groundwater at the study areas calculated using Na
+
 as tracer showed to be small in relati
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main ions that could have this origin: Cl
-
, SO4

2-
, Ca

2+
, Mg

2+
 e K

+
. This allows to conclude that the 

amount of sea spray that interferes at the groundwater composition is insufficient to salinize waters. 
As showed by the study, the salinity of the groundwater is associated with the geological 
characteristics of these locations. Thus, the cause of the salinization of the waters in the Semiarid of 
Bahia, Brazil, must be attributed to the local geology and processes of evaporation and concentration 
of salts, due to the high temperatures to which the region is subjected. 
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ABSTRACT 
 

An organic catalyst ‘’(R, R)-1,2-diphenylethylenediamine(DPEN) derivative’’ was developed as a chiral 
bifunctional organocatalyst and applied for asymmetric Michael additions of aromatic ketones to trans-
β-nitroalkene compounds under neutral conditions. The isopropyl-substituted thiourea catalyst in 
neutral condition provides high chemical yield and enantioselectivities (ee) (up to 96% yield, 98% ee). 
The synthetic utility of the present catalytic asymmetric Michael addition was established by 
transformation to highly enantioselective products. Baclofen is used as a muscle relaxant, whereas 
Phenibut is a sleep inducer. These substances are derivatives of γ-aminobutyric acid, which is an 
inhibitory neurotransmission inhibitor acting on GABA receptors and receptors in our bodies. 
Therefore, further investigations on their synthesis are necessary because of their high applicability in 
medicine. 
 
Keywords: Organocatalyst; enantioselectivity; yield; thiourea catalyst; asymmetric. 
 

1. INTRODUCTION 
 
Metal catalysts have been used for asymmetric synthesis; however, recent research, excluding the 
metal catalysts, has attracted interest because of the high cost of metal catalysts and the instability of 
metal ions in moist air, which limits the reaction conditions [1]. In addition, metal catalysts can leave 
metal residues in the product. To identify alternatives to metal catalysts, asymmetric reactions using 
organocatalysts have been developed [2–12]. The Michael reaction is widely used as one of the most 
general methods for the formation of C–C bonds in organic synthesis. Michael Addition Reaction [13] 
is one of the most powerful methods in organic synthesis for C–C and C–X (X=O, N, S) bond 
formation [14]. Owing to the easy conversion of the electron-deficient nitro group to various functional 
groups, such as keto, amino, cyano, and carboxylic acid groups, research on asymmetric Michael 
reactions using the nitro group as the Michael acceptor has been conducted [15–23]. Jacobsen and 
Ma utilized catalysts with substituents on the thiourea of (R, R)-1,2-cyclohexyldiamine. In the Michael 
addition of aromatic ketones and trans-β-nitroalkenes, the stereoselectivity was high, but the yield 
was low [24,25]. The imidazole derivatives possess extensive spectrum of biological activities such as 
antibacterial, anticancer, antitubercular, antifungal, analgesic, and anti-HIV activities [26-28]. In 2009, 
Lao et al. reported the Michael reaction of acetone and trans-β-unsaturated nitroalkene using (R, R)-
1,2-cyclohexyldiamine derivatives as the catalyst and compared the reactivity according to the acidity 
of amine in the catalyst. For catalysts with electron-withdrawing groups, the stereoselectivity was 
lower than for catalysts with electron-donating groups. Catalysts with electron-withdrawing groups 
show higher enantioselectivity than those with electron-donationg groups in the N-aryl and N-(2-
hydroxylethyl)-(S)-prolinamide derivatives- catalyzed aldol reaction of p-nitrobenzaldehyde and 
acetone [29,30]. In addition, the reactivity increased when the electrophile was activated via double 



Focusing on Organocatalytic Asymmetric Michael Addition of Ketones to α, β

hydrogen bonding of the catalyst. The effects of the 
activity and the stereotactic properties of functional primary amino catalysts influenced the Michael C
C reaction (Scheme 1) [31–33]. 

Scheme 1. Chira
 
Shao and Kokotos [34,35] used (
catalyst and benzoic acid as the additive. During the reaction, aromatic ketones were activated by 
acid additives, leading to accelerated enamine formation of the catalyst. Asymmetric reactions of 
aromatic ketones and α, β-unsaturated nitroalkenes led to a high selectivity and high yield.
 
Nevertheless, it is necessary to develop catalysts for simple synthesis.
1,2-diphenylethylene-diamines were introduced into the ba
ketones and trans-β-nitrostyrene, which has a powerful electro
enantioselective Michael reaction. 
 

2. RESULTS AND DISCUSSION
 

2.1 Asymmetric Michael Addition of 
 
2.1.1 Catalyst screening 
 
The Michael addition was performed using acetophenone and nitrostyrene
effects of enantioselective Michael addition on k
catalysts used in the reaction are listed in (Fig
substituted amine was used with benzoic acid as an additive.
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The effects of the N–H bond and hydrogen bond acidity on catalyst 
activity and the stereotactic properties of functional primary amino catalysts influenced the Michael C

 

 
 

Scheme 1. Chiral primary amine organocatalysts 

] used (R, R)-1,2-diphenylethylenediamine thiourea derivatives as the 
catalyst and benzoic acid as the additive. During the reaction, aromatic ketones were activated by 
acid additives, leading to accelerated enamine formation of the catalyst. Asymmetric reactions of 

unsaturated nitroalkenes led to a high selectivity and high yield.

Nevertheless, it is necessary to develop catalysts for simple synthesis.
 
Therefore, in this study, (

diamines were introduced into the basic framework of a chiral catalyst. We used
nitrostyrene, which has a powerful electro-withdrawing group, to conduct an 

RESULTS AND DISCUSSION 

Asymmetric Michael Addition of α, β-unsaturated Nitroolefins and Ketones

The Michael addition was performed using acetophenone and nitrostyrene to examine the catalytic 
enantioselective Michael addition on ketones and α, β-unsaturated nitroalkenes. The 

used in the reaction are listed in (Fig. 1). First, N-mono-alkylated thiourea
benzoic acid as an additive. 
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H bond and hydrogen bond acidity on catalyst 
activity and the stereotactic properties of functional primary amino catalysts influenced the Michael C–

diphenylethylenediamine thiourea derivatives as the 
catalyst and benzoic acid as the additive. During the reaction, aromatic ketones were activated by 
acid additives, leading to accelerated enamine formation of the catalyst. Asymmetric reactions of 

unsaturated nitroalkenes led to a high selectivity and high yield. 

Therefore, in this study, (R, R)-
sic framework of a chiral catalyst. We used 

withdrawing group, to conduct an 

and Ketones 

to examine the catalytic 
unsaturated nitroalkenes. The 

alkylated thiourea with 3-pentyl-
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Fig. 1. 
 
The reaction carried out in the toluene solvent at room 
proceed, likely because the steric hindrance of secondary amine thiourea with 3
amine hindered enamine formation, making the catalyst ineffective.
carried out with N-mono-thiourea as the primary amine catalyst prior to amine alkylation
was preserved from alkylation to promote enamine formation, which was activated through 
dehydration condensation between ketones and amines. The other amine was allowed to
isothiocyanate to ensure that thiourea could create conditions suitable for double activation, thus, 
inducing hydrogen-bond formation at the nitro group. The reaction was carried out in toluene with 
benzoic acid as the additive at room temperat
thiourea catalyst led to the highest product yields and
finding indicates that the enantioselectivity and yield of the reaction are improved by the approp
steric hindrance impaired on the substituent
less steric hindrance leads to higher yields and enantioselectivity.
 

 

 
Entry Cat. 
1 1a 
2 1b 
3 1c 
4 1d 
5 1e 
6 1f 
7 1g 
8 1h 
9 1i 
10 1j 
11 1k 
[a] Isolated yield. [b] The ee values were decided by chiral phase HPLC using an AD

 
2.1.2 Solvent effects 
 
The previous experiment reported in Section 2.1.1 confirms that the use of an isopropyl
catalyst leads to the highest yield and enantioselectivity. Using this catalyst, reactivity and 
enantioselectivity in different solvents were investigated. The reaction proceeded smoothly in all 
solvents; high enantioselectivity was obtained regardless of the solvent polar
in the yield were observed. It is predicted that pola
between the reactant and the catalyst, thereby decelerating the reaction (Table 2, entry 1). In addition, 
when the reaction was performed without a solvent, the enantioselectivity decreased despite the high
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 DPEN-thiourea based catalysts 

The reaction carried out in the toluene solvent at room temperature (Table 1, entries 1 and 2) did not 
proceed, likely because the steric hindrance of secondary amine thiourea with 3-pentyl
amine hindered enamine formation, making the catalyst ineffective. Therefore, the reaction was 

thiourea as the primary amine catalyst prior to amine alkylation
was preserved from alkylation to promote enamine formation, which was activated through 
dehydration condensation between ketones and amines. The other amine was allowed to
isothiocyanate to ensure that thiourea could create conditions suitable for double activation, thus, 

bond formation at the nitro group. The reaction was carried out in toluene with 
benzoic acid as the additive at room temperature. The use of the isopropyl-substituted primary amine 
thiourea catalyst led to the highest product yields and enantioselectivities (Table 1, entry 4). This 
finding indicates that the enantioselectivity and yield of the reaction are improved by the approp
steric hindrance impaired on the substituent rather than the hydrogen acidity of thiourea. Therefore, 
less steric hindrance leads to higher yields and enantioselectivity. 

Table 1. Catalyst screening 

 

Yield [a] ee 
N.R. [c] - 
N.R. [c] - 
73 98
85 98
76 90
58 92
46 90
78 94
60 94
51 92
53 90

The ee values were decided by chiral phase HPLC using an AD-H column. 
Reaction 

The previous experiment reported in Section 2.1.1 confirms that the use of an isopropyl
catalyst leads to the highest yield and enantioselectivity. Using this catalyst, reactivity and 
enantioselectivity in different solvents were investigated. The reaction proceeded smoothly in all 
solvents; high enantioselectivity was obtained regardless of the solvent polarity, although differences 
in the yield were observed. It is predicted that polar solvents would obstruct hydrogen bond formation 
between the reactant and the catalyst, thereby decelerating the reaction (Table 2, entry 1). In addition, 
when the reaction was performed without a solvent, the enantioselectivity decreased despite the high
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temperature (Table 1, entries 1 and 2) did not 
pentyl-substituted 

Therefore, the reaction was 
thiourea as the primary amine catalyst prior to amine alkylation. The amine 

was preserved from alkylation to promote enamine formation, which was activated through 
dehydration condensation between ketones and amines. The other amine was allowed to react with 
isothiocyanate to ensure that thiourea could create conditions suitable for double activation, thus, 

bond formation at the nitro group. The reaction was carried out in toluene with 
substituted primary amine 

enantioselectivities (Table 1, entry 4). This 
finding indicates that the enantioselectivity and yield of the reaction are improved by the appropriate 

rather than the hydrogen acidity of thiourea. Therefore, 

ee [b] 
 
 

98 
98 
90 
92 
90 
94 
94 
92 
90 

H column. [c] N.R. = No 

The previous experiment reported in Section 2.1.1 confirms that the use of an isopropyl-substituted 
catalyst leads to the highest yield and enantioselectivity. Using this catalyst, reactivity and 
enantioselectivity in different solvents were investigated. The reaction proceeded smoothly in all 

, although differences 
r solvents would obstruct hydrogen bond formation 

between the reactant and the catalyst, thereby decelerating the reaction (Table 2, entry 1). In addition, 
when the reaction was performed without a solvent, the enantioselectivity decreased despite the high 
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yield (Table 2, entry 2). Among the non-polar solvents tested, toluene generated the highest 
enantioselectivity and yield (Table 2, entry 3); hence, it was selected as the reaction solvent for 
subsequent experiments. 
 

Table 2. Solvent effects 
 

 
 

Entry Solvent Yield [a] ee [b] 
1 H2O 63 88 
2 neat 91 92 
3 toluene 85 98 
4 ether 80 98 
5 CH2Cl2 79 98 
6 Tetrahydrofuran 74 94 
7 methanol 60 94 
8 CH3CN 54 94 

[a] Isolated yield [b] The ee values were decided by chiral phase HPLC using an AD-H column 
 
2.1.3 Additive effect 
 
The catalyst used in the previous experiment catalyst (1d) and toluene (solvent) were applied to the 
reaction to investigate the reactivity and stereoselectivity in the presence of different additives (Table 
3). The reaction carried out without an additive did not proceed (Table 3, entry 1); therefore, an acid 
additive was employed to facilitate enamine formation. Nonetheless, certain acid additives prevented 
the progress of the reaction (Table 3, entries 2 and 3), presumably because binding between highly 
acidic additives and the catalyst degraded the catalytic activity. In addition, water as an additive was 
conducive to the reaction progress (Table 3, entries 8 and 9). These results confirm that the use of 
benzoic acid as additive leads to improved yields and enantioselectivities (Table 3, entry 6). 
 

Table 3. Additive effects 
 

 
 

Entry Additive Yield [a] ee [b] 
1 - N.R. [c] - 
2 Trifluoroacetic acid N.R. [c] - 
3 Oxalic acid N.R. [c] - 
4 Salicylic acid 80 90 
5 Terephthalic acid 73 86 
6 Benzoic acid 85 98 
7 Acetic acid 68 94 
8 H2O 74 98 
9 H2O (1 eq.) 70 98 
[a] Isolated yield. [b] The ee values were decided by chiral phase HPLC using an AD-H column. [c] N.R. = No 

Reaction 
 

2.1.4 Equivalence effect 
 

The acetophenone equivalent (eq.) did not cause any differences in the yield and enanti-oselectivity of 
the reaction (Table 4, entries 1 and 2). The use of 5 mol% of the catalyst resulted in a decreased 
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yield, and 20 mol% of the catalyst produced a yield and enantioselectivity similar to those obtained 
with 10 mol% of the catalyst (entries 1, 3, and 4). The results obtained with 5–15 mol% of benzoic 
acid were similar (Table 4, entries 1, 5, and 6). Thus, the use of 2 eq. acetophenone, 10 mol% 
catalyst, and 5 mol% benzoic acid additives produced the optimal results (Table 4, entry 5). 
 

Table 4. Equivalence effect 
 

 
 

Entry X (equiv) Y (mol%) Z (mol%) Yield (%) [a] ee (%) [b] 
1 2 10 15 85 98 
2 5 10 15 86 96 
3 2 5 15 51 98 
4 2 20 15 88 96 
5 2 10 5 87 98 
6 2 10 10 85 98 

[a] Isolated yield. [b] The ee values were determined by chiral phase HPLC u-sing an AD-H column 

 
2.1.5 Temperature and time effects 
 
The yield varied substantially when the reaction time ranged between 24 and 48 h (Table 5, entries 1 
and 2). However, a slight difference in the yield and enantioselectivity was observed between the 
reaction times of 48 and 72 h (Table 5, entries 2 and 3). Thus, the optimal reaction time was 
determined as 48 h. Furthermore, when the temperature was increased, the rate constant increased 
with the reactivity, but the enantioselectivity decreased, indicating that the optimal result can be 
obtained when the reaction is carried out at room temperature (Table 5, entries 2, 4, and 5). 
 

Table 5. Temperature and time effects 
 

 
 

Entry Temp (℃) Time (h) Yield (%) [a] ee (%) [b] 
1 r.t. 24 55 98 
2 r.t. 48 87 98 
3 r.t. 72 88 98 
4 40 48 92 86 
5 50 48 91 80 

[a] Isolated yield. [b] The ee values were decided by chiral phase HPLC using an AD-H column 

 
2.1.6 Reaction conditions according to the type of aromatic ketones 
 
In the preceding experiments, the optimal conditions for the asymmetric Michael addition of 
acetophenone and various trans-β-nitrostyrenes were investigated. Under the optimal conditions, 
reactions between various aromatic ketones and trans-nitrostyrene were carried out (Table 6). There 
was difference in the enantioselectivity and yield according to the position of substitution in the 
aromatic ketones because of the steric hindrance (Table 6, entries 1 and 2). The enantioselectivity in 
the presence of an electron-donor substituent (Table 6, entries 4 and 5) was lower than that in the 
presence of an electron-acceptor substituted because of more nucleophilic (Table 6, entries 1, 2, and 
3). 
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Table 6. Reaction conditions according to the type of aromatic ketones 
 

 
 

Entry Ar Product Yield (%) [a] ee (%) [b] 
1 4-FC6H4 3a 89 92 
2 2-FC6H4 3b 81 96 
3 4-NO2C6H4 3c 85 94 
4 4-MeOC6H4 3d 91 86 
5 2-naphthyl 3e 84 80 

[a] Isolated yield. [b] The ee values were decided by chiral phase HPLC using an AD-H column 

 
2.1.7 Reaction by unsaturated β-nitroalkenes 
 
Under the optimal conditions established in the preceding experiments, reactions were carried out 
between acetophenone and various α, β-unsaturated nitroalkenes (Table 7). The resulting 
enantioselectivity were high when α, β-unsaturated nitroalkene was substituted with electron 
acceptors (Table 7, entry 2 and 3) as well as electron donors (Table 7, entry 4). And when α, β-
unsaturated nitroalkene was substituted with 4-Me, it has a higher yield (Table 7, entry 1). When α, β-
unsaturated nitroalkene was substituted with 2-MeO, the reactivity and enantioselectivity decreased 
compared to those observed when the substituent was 4-MeO because of the steric hindrance (Table 
7, entries 4 and 5). 
 

Table 7. Reaction by unsaturated nitroalkene type 
 

 
 

Entry Ar Product Yield (%)
 
[a] ee (%)

 
[b] 

1 4-MeC6H4 4a 95 88 
2 4-BrC6H4 4b 89 92 
3 4-ClC6H4 4c 83 92 
4 4-MeOC6H4 4d 85 94 
5 2-MeOC6H4 4e 76 82 

[a] Isolated yields [b] The ee values were determined by chiral phase HPLC using an AD-H column 
 

2.1.8 Reaction of acetone with α, β-unsaturated nitroalkenes 
 

To investigate whether the addition proceeds with aliphatic ketones, reactions were carried out 
between acetone and various α, β-unsaturated nitroalkenes under the optimal conditions determined 
in previous experiments. The reactivity of acetone was lower than that of aromatic ketones; thus, 10 
eq. acetone was used in the experiment (Table 8). The reaction between acetone and α, β-
unsaturated nitroalkenes was found to proceed well, regardless of whether the substituent was an 
electron donor or electron acceptor. Contrary to the case of aromatic ketones, no general trend in 
enantioselectivity was observed for different substituent positions in α, β-unsaturated nitroalkenes. 
 

2.1.9 Reaction mechanism to predicted transition state 
 

The stereoselective Michael reaction was conducted using ketone and trans-β-nitrostyrene. The 
results suggest the catalytic mechanism in the reaction (Scheme 2). First, via the reaction of ketone 
with the acid catalyst, the reactivity of ketone would increase, leading to the formation of enamine by 
the reaction with the primary amine thiourea catalyst [36,37]. Double hydrogen bonding of hydrogen of 
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Table 8. Reaction of acetone with 
 

Ar
NO2

0.3 mmol

Entry Ar 
1 C6H5 
2 4-MeC6H4 
3 4-MeOC6H4 
4 4-ClC6H4 
5 2-MeOC6H4 

[a] Isolated yields [b] The ee values were determined by chiral 

 

Scheme 2. Representative schematic of organocatalytic asymmetric Michael addition reactio
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the thiourea catalyst and oxygen of α, β-unsaturated nitroalkene led to selective reactions. Enamine 
trans-β-nitrostyrene, leading to the S-selective product (Fig. 2).

Reaction of acetone with α, β-unsaturated nitroalkenes 

+
O

toluene, rt, 48 h

O

NO2

Ar

10 equiv

1d (10 mol%)
PhCO2H (5 mol%)

5  
 

Product Yield (%)
 
[a] ee (%)

5a 88 94 
5b 81 86 
5c 85 82 
5d 76 86 
5e 83 94 

[a] Isolated yields [b] The ee values were determined by chiral phase HPLC using an AD-H column

 
Scheme 2. Representative schematic of organocatalytic asymmetric Michael addition reactio

 
Proposed catalytic mechanism. B3LYP/6-31G(d,p) calculated free energy diagram of 

diphenylethylenediamine(DPEN)-thiourea-catalyzed enantioselective Michael 
-calculated transi-tion state of the DPEN-thiourea

enantioselective Michael reaction. Transition state structures for the C−C bond formation, 
through which the main product (S) is possibly formed, are also shown
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2.1.10 Synthesis of (S)-GABA derivatives and pyrrolidinone derivatives 
 
We investigated the Michael reaction of the ketone compounds to various nitroolefins. Through 
oxidation and reduction of products 2a and 4c, respectively, phenibut and baclofen were formed [38].

 

The selective antagonist of the GABAB receptor in phenibut inhibited the antidepressant and anti-
adaptive effects. The optional GABAB receptor agonist baclofen has previously reversed social deficits 
in mouse models and reduced repetitive behavior [39]. The GABAB receptor blockage does not modify 
the inhibitor of ethanol ingestion induced by Hypericum perforation in rats [40,41]. 
 

3. MATERIALS AND METHODS 
 

3.1 General Information 
 

IR spectra were measured on a NICOLET 380 FT–IR spectrophotometer (Thermo Fisher Scientific 
Inc., Waltham, MA, USA). Optical rotations were performed with a Rudolph Automatic polarimeter 
(model name: A20766 APV/6w, Rudolph Research Analytical, Hackettstown, NJ, USA). 

1
H, 

13
C NMR 

spectra were operated on a Bruker Avance 500 (500, 125 MHz, Bruker BioSpin GmbH, Silberstreifen 
4, 76287 Rheinstetten, Billerica, MA, USA), Varian Mercury 400 (400, 100 MHz, Agilent, Santa Clara, 
CA, USA), or Varian Germini 300 (300, 75 MHz, Agilent, Santa Clara, CA, USA) with TMS as an 
internal reference. Chiral HPLC analysis was measured on a Jasco LC-1500 Series HPLC system 
(JASCO, 4-21, Sennin-cho 2-chome, Hachioji, Tokyo 193-0835, Japan) with a UV detector. All 
experiments were performed in dried flasks under an argon filler. Toluene and THF were dried by 
chemical (CaH2, Na, benzophenone) distillation before use. Commercial grade reagents were 
purchased from Aldrich (Louis, MO, USA), TCI (Tokyo, Japen) and were used without purification. 
 

3.2 Synthesis of Catalysts (1a-n); General Procedure 
 

3.2.1 Synthesis of monoalkylated thiourea catalysts  
 

To a solution of (R, R)-1,2-diphenylethylenediamine (1.0 equiv.) in toluene (0.1 M) was added a 
solution of 3-pentanone (1.1 equiv.), MgSO4 and the mixture was refluxed for 48 h. Then, MgSO4 was 
removed and the mixture concentrated in vacuo. NaBH4 (4.0 equiv.) and ethanol were added, and the 
mixture was stirred at ambient temperature for 1h, quenched with 1N NaOH solution and the mixture 
was extracted with 50 mL ethyl acetate (EA) (2 × 30 mL). The combined organic extracts were 
washed with brine, dried (Magnesium sulfate, anhydrous), and enriched in vacuo. The product was 
purified by chromatography on a silica-gel column (methanol/methylene chloride, 1:20). To 
monoalkylated DPEN (1.0 equiv.) in CH2Cl2 (0.1 M) thiourea (1.1 equiv.) was added, and the mixture 
was stirred at ambient temperature for 1 h and purified by flash column chromatography on silica gel 
with EA/hexane (hex) (1:5) to give the pure amide product (quantitative yield) as a white, foamy gel 
(Scheme 3). 
 

 
 

Scheme 3. Synthesis of monoalkylated thiourea catalysts 
 

3.2.2 Synthesis of arylated thiourea catalysts 
 

To a solution of (R, R)-1,2-diphenylethylenediamine (1.0 equiv.) in toluene (0.5 M) thourea (1.0 equiv.) 
was added at 0°C and the mixture product was stirred for 30 s. The product was concentrated in 
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vacuo, the products filtered, and extracted with EA. The combined organic products were washed with 
brine, dried (Magnesium sulfate, anhydrous), and enriched in vacuo. They were purified by flash 
column chromatography on silica gel with mixed solvent (methanol/methylene chloride, 1:20) to give 
the pure amide product (quantitative yield) as a white foamy gel (Scheme 4). 
 

 
 

Scheme 4. Synthesis of arylated thiourea catalysts 
 

3.3 Synthesis of Product Compounds  
 
3.3.1 General procedure of the asymmetric michael addition 
 
The trans-β-nitrostyrene (0.3 mmol), ketone (2.0 equiv.), and 10 mol% of cat. were added to toluene 
(0.1 M), 5 mol% of acid, and the reaction mixture was stirred at ambient temperature. The reaction 
conversion was monitored by TLC. After completion, ethyl acetate (0.2 mL) was added to the reaction 
product. This solution was washed twice with water (2 × 1.0 mL), dried over magnesium 
sulfate(anhydrous) and concentrated to yield the desired product. The product was purified by 
chromatography on a silica-gel column eluted with mixed solvent (hexanes/EA, 5:1). 
 
3.3.2 Synthesis of (S)-Phenibut

®
 and Baclofen

®
 

 
A solution of the Michael adducts (2a or 4c) (0.10 mmol) in dry dichloromethane (1 mL) was added to 
a pressure vessel equipped with a stirring bar and cooled at 0°C. Then, m-CPBA (0.30 mmol) and 
TFA (0.10 mmol) were added, and the mixture product was heated at 70°C for 72 h. The crude 
product was washed with water and extracted with CH2Cl2 (2 × 10 mL). The organic phase was dried 
over anhydrous MgSO4, enriched under reduced pressure, and purified by flash column 
chromatography using hexanes/ethyl acetate (8:2) to afford the desired product. Under an argon 
atmosphere, to the suspension of 6a or 6b (1.0 equiv.) and NiCl2·6H2O (1.0 equiv.) in MeOH (8.0 mL), 
NaBH4 (10 equiv.) was added at 0°C. After the crude mixture was stirred for 7.5 h in ambient 
temperature, the crude mixture was quenched with NH4Cl and diluted with CHCl3. The organic layer 
was separated and dried over MgSO4 (anhydrous), filtrated, and enriched in vacuo. The mixture 
product was purified by column chromatography on silica gel (MeOH/CHCl3 = 1/20 as eluent) to afford 
the desired product (98%) as colorless powder. The powder (1.0 equiv.) in 6N HCl (2.7 mL) was 
refluxed at 100°C. After 12 h, the pure product was enriched in vacuo to afford (S)-(–)-Phenibut® 
(95%) and Baclofen

®
 (92%) as white solids. 

 

3.4 Results of DFT Calculations and Discussion 
 
Density functional theory(DFT) calculations were performed with the Gaussian 16 and Gauss-View 
6.0 programs. DFT computations were performed to show the mechanism of the substrates and 
catalysis. The solvation effects in toluene and the energy of the optimized geometries were accounted 
for by using the CPCM continuum solvation model parametrized at the B3LYP/6-31G(d,P) level. The 
geometries of the reactants, intermediates (IM), transition states (TS), and products were fully 
optimized, followed by vibrational frequency calculations at the same levels of theory to obtain the 
zero-point energies (ZPE) and to verify whether it is a minimum or a transition state on the potential 
energy surfaces (PES). The temperature-dependent enthalpy corrections and the entropy effects are 
computed at 298 K and 1 atm of pressure (Figure. S3). 
 
4. CONCLUSIONS 
 
We developed an efficient method for the organocatalytic asymmetric Michael reaction of aromatic 
ketones to trans-β-nitro compounds and obtained excellent enantioselectivity (up to 80%–90% ee). 
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ABSTRACT 
 

In this work, the high photocatalytic activity of the TiO2/ZnO mesoporous composites for the 
degradation of Methylene Blue and Rhodamine B dyes is reported. The composites were obtained by 
the solution combustion method at different ZnO/TiO2 ratios in short synthesis times. X-Ray diffraction 
shows TiO2 in the anatase phase and a hexagonal wurtzite structure for ZnO. According to these 
results, when the incorporation of ZnO into TiO2 exceeds 32%, the zinc excess promotes the 
formation of zinc titanate. The UV-vis spectra for the composite show an absorption in the visible 
region associated with oxygen vacancies and carbon incorporated into to the ZnO during the 
combustion process. The EDS analysis shows a carbon incorporation of up to 3.47%. When the 
photocatalytic process is carried out with UV-vis radiation, the photocatalytic activity improved by up 
to 20% compared to that obtained when used UV radiation only. The highest photocatalytic activity is 
presented by the semiconductor composite whose ZnO content is 32.1%. The improvement in 
photocatalytic activity is associated with a larger surface area and a better pore size distribution. 
 
Keywords: Combustion solution method; composite; photocatalysis; mesoporosity. 
 

1. INTRODUCTION 
 
One of the best alternatives for the elimination of organic compounds in wastewater is heterogeneous 
photocatalysis, which uses oxidation-reduction reactions for the degradation of these compounds 
[1,2]. The materials most used as photocatalysts are semiconductor oxides, which, by irradiating them 
with electromagnetic energy, equal to or greater than their bandgap energy, generate electron-hole 
pairs. The photo-generated electron migrates and reaches the surface of the photocatalyst and it 
reacts with the adsorbed oxygen to produce highly reactive superoxide radicals (O2

•-
). Similarly, the 

photo-generated hole reacts at the surface of the photocatalyst with water adsorbed to produce 
hydroxyl radicals(

•
OH) [3]. These radicals are responsible for oxidation-reduction reactions that result 

in the complete degradation of the organic compounds [4]. 
 
TiO2 and ZnO are the most used materials in the studies of photocatalytic degradation processes due 
to their high photosensitivity (in the UV range), very low toxicity, high chemical and mechanical 
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stability, high availability, and low cost. Because these materials have a bandgap energy of the order 
of 3.2-3.37 eV, their use with sunlight is limited since in the solar electromagnetic radiation only 4-5% 
is UV light, so the modification or adjustment of their bandgap energy becomes essential in order to 
the absorption range becomes wider which includes the visible region. In general, two methods are 
considered to modify the absorption range of the photocatalysts towards the visible region: 
impurification within the crystalline lattice (doping process) and surface sensitization [5,6]. In relation 
to the surface modification, the formation of composites by semiconductor materials can be 
considered. The formation of this composite can modify the transfer of charger-carriers of the 
materials due to the interfacial interactions, as a result, they are able to present a better performance 
in their photocatalytic activity because of an increase in the lifetime of charger carriers (due to a 
screening in the recombination process) [5,7]. For this reason, the synthesis of the composites is an 
interesting field to investigate the interrelationship between the charger-carries transport at their 
interface and their photocatalytic activity [8]. 
 
Due to the position of the discontinuity of the energy edges of the valence and conduction bands of 
TiO2 and ZnO when they are joined this semiconductor composite form a band diagram 
corresponding to a type II heterostructure [9,10]. Therefore, they provide an attractive possibility to 
achieve a more efficient charge carries separation increasing their timelife and improving the 
efficiency of the charge transfer at the interface [11,12]. 
 
The TiO2/ZnO is a TiO2-based composite which has been synthesized by techniques such as 
hydrothermal [13-15], electrospinning [16], atomic layer deposition [17] and sol-gel [18-24], 
electrochemical and chemical bath [25]. In these works, different amounts of ZnO into TiO2 were 
incorporated with synthesis times ranging from 3 to 24 h. The TiO2/ZnO has shown a decrease in the 
process of recombination of electron-hole pairs due to the rapid transfer of electrons from the ZnO 
conduction band to the TiO2 one and the transfer of holes from theTiO2 valence band to the ZnO one 
[17,26]. This composite has shown properties such as degradation of organic compounds 
[13,18,27,28], antibacterial, gas sensor [29], cytocompatibility [30], H2 production [26], biodiesel 
synthesis [31], and piezoelectricity [32]. 
 

In this work, we present the synthesis of the TiO2/ZnO composite by the solution combustion method, 
which is a simple method with short synthesis times. The semiconductor composite has enhanced the 
photocatalytic activity in the degradation of dyes such as Methylene Blue and Rhodamine B, 
compared to the individual materials. In addition, the composite shows an improvement when it is 
irradiated with visible light. 
 

2. MATERIALS AND METHODS 
 

2.1 Synthesis of TiO2/ZnO Composite 
 
All reagents were used without any additional purification. The synthesis of the TiO2/ZnO composite is 
carried out by the solution combustion method. In a typical procedure: 5 mL of deionized water and 
500 mg of titanium dioxide (TiO2, JT Baker) are added in a beaker. This mixture is dispersed by 
stirring and once the TiO2 has been dispersed a corresponding amount of zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O, ALYT) is added to obtain the weight ratio Zn(NO3)2/TiO2 of 0.5, 1, 1.5 and 2. Then 
1.0 g of urea (CO(NH2)2, JT Baker) is added and placed under stirring for 5 min. Subsequently, the 
suspension is heated at 80°C to evaporate the maximum amount of water. Finally, the resulting paste 
is heat-treated in a preheated muffle at 600°C for 15 min, the material obtained is the photocatalyst. 
The material obtained is labeled as TZO-01, 02, 03 and 04, for the weight ratios 0.5, 1.0, 1.5 and 2.0, 
respectively. For comparison purposes, a sample of Urea-TiO2 (UTiO2) and a sample of Urea-
Zn(NO3)2·6H2O (UZnO) was synthesized. 
 

2.2 Characterization and Analytical Techniques 
 

X-Ray Diffraction (XRD) analysis was performed using a Bruker X-ray Diffraction D6-Discover 
equipment with Cu−Kα radiation at a scan rate of 0.02° s

−1
. The FTIR spectra were obtained using a 

Perkin Elmer Spectrum One spectrophotometer equipped with an ATR accessory. The SEM 



 
 
 

Current Perspectives on Chemical Sciences Vol. 2 
High Photocatalytic Activity of the TiO2/ZnO Mesoporous Composites Obtained by Solution Combustion Method 

 
 

 
69 

 

micrographs were obtained with a JSM-6610LV JEOL electron microscope. The isotherms were used 
to calculate the Brunauer–Emmett–Teller (BET) specific surface area (SBET) and the pore size 
distribution. The isotherm curve using an Autosorb 1C Quantachrome equipped with a Verlab VE-
5600UV photometer and MetaSpec Pro analysis software. Diffuse Reflectance Spectroscopy (DRS) 
using a Varian Cary 400 spectrophotometer with a Harrick RD accessory was used for the optical 
characterization of the samples. The dye degradation was monitoring by GENESYS 10S UV-visible 
spectrophotometer (Thermo Scientific). 
 

2.3 Degradation Tests 
 
In this work, degradation tests of the dyes were carried out: Methylene Blue, and Rhodamine B. For 
each test, 60 mL of a 5 ppm solution of the dye with a 15 mg of photocatalyst is used. Once the 
photocatalyst is added to the dye, the solution is placed in an ultrasonic bath for better dispersion. The 
suspension is placed in the photo-reactor with a bubbling system using air and maintained in dark 
conditions for 15 min so that the adsorption-desorption equilibrium is established. Next, the 
suspension is subjected to radiation with ultraviolet light, using a commercial UV-lamp OSRAM (20 
W), with a radiation wavelength in a range of 365-465 nm. For the case of UV-vis radiation, the UV 
lamp was combined with a LED lamp (OSRAM, 10W), which provides the visible radiation in a 
wavelength range of 450-850 nm. Degradation monitoring is carried out by UV-vis spectroscopy 
taking aliquots at regular intervals of time. 
 

3. RESULTS AND DISCUSSION 
 

3.1 FTIR Analysis 
 

The FTIR spectra of the synthesized samples are shown in Fig. 1. The peaks around 600 and 850 cm
-

1
 are associated with the symmetrical stretch vibration of the Ti-O-Ti and the vibration mode of the Zn-

O-Ti groups, respectively [33]. It can be seen that as the concentration of ZnO increases in the 
samples, the intensity of the peak at 600 cm

-1
 increases and, on the contrary, the intensity of the peak 

at 850 cm-1 decreases because the Zn-O bonds predominate. The weaker peak located at 1033 cm-1 
is attributed to the C–O–C symmetrical stretching vibrations [34]. The band around 3000 cm

-1 
is 

associated with stretching vibrations in the OH bonds, another around 2322 cm
-1

 is associated with 
atmospheric CO2 [35]. 
 

3.2 XRD analysis 
 

The x-ray diffractograms for the materials obtained are shown in Fig. 2. This figure shows the sample 
UTiO2 in anatase phase (PDF 00-021-1272), with characteristic peaks located at 2θ = 25°, 38°, 48.1°, 
54°, 55°, 62° and 75°. The samples identified as UZO also show peaks located at 2θ = 31.7°, 34° and 
36° corresponding to the ZnO in hexagonal phase (PDF 04-020-0364), the intensity of the peaks 
increases in correspondence with the increase in the amount of Zn(NO3)2·6H2O used in the synthesis 
of the composite. In the case of the diffractogram of the TZO-04 sample, it can be seen the 
appearance of peaks at 2 = 29.86°, 36.79°, 53.01° and 62.03° corresponding to the zinc titanate 
(Zn2TiO4, PDF 00-025-1164). The percentage of ZnO in the composite is 10.3%, 18.6%, 32.1% and 
27.1% for TZO-01, TZO-02, TZO-03, and TZO-04, respectively. It should also be considered that in 
the TZO-04 sample 18.7% corresponds to the zinc titanate in a cubic spinel structure (Zn2TiO4), its 
formation is in accordance with that reported by Shau et al. [36]. 
 
3.3 SEM Analysis 
 
Fig. 3 shows the SEM images of the synthesized composites. The incorporation of ZnO into TiO2 
modifies the size and morphology of the particles. Thus, for example, in the sample TZO-01 (lowest 
concentration of ZnO) spheroidal particles of 0.1 m can be seen, and for the sample TZO-04 the 
morphology shows clusters with average sizes of about 0.4 m. Synthesized ZnO (UZnO), on the 
other hand, has the sheet shape with approximately 3m wide. According to EDS analysis (Table 1) 
for the samples as-synthesized, zinc content values are 8.95, 16.85, 24.57 and 27.09 %wt for TZO-
01, TZO-02, TZO-03, and TZO-04, respectively. 
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Fig. 1. FTIR spectra as-synthetized TZO- composites 
 

 
 

Fig. 2. DRX diffractograms of the as-synthesized composites showing the presence of TiO2, 
ZnO and Zn2TiO4 (*) 
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Fig. 3. SEM image of the TZO samples 

 
Table 1. EDS analysis for the

 

Materials Zn 
TZO-01 8.95 
TZO-02 16.85 
TZO-03 24.57 
TZO-04 27.09 
UZnO 83.28 

 

3.4 Surface Area Analysis 
 
The nitrogen adsorption data on materials TZO
evidence that correlates scanning 
(according to IUPAC) presented in Fig
to the texture and morphology of the synthesized composites.
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3. SEM image of the TZO samples obtained at different amounts of Zn(NO3)2·6H

bar correspond to 1 m) 

Table 1. EDS analysis for the as-synthesized composites (% wt) 

Ti O C 
47.86 41.82 1.22 
41.07 38.61 3.47 
37.86 36.14 1.13 
35.09 34.42 3.40 
-- 16.72 -- 

I: impurities 

The nitrogen adsorption data on materials TZO-01, TZO-02, TZO-03 and TZO-04, provided important 
that correlates scanning electron microscopy (SEM). The Type II adsorption isotherms 

(according to IUPAC) presented in Fig. 4 for the materials studied show three notable features related 
to the texture and morphology of the synthesized composites. 
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Fig. 4. Nitrogen adsorption isotherms of synthesized TZO composites: a) TZO-01, b) TZO-02, c) 
TZO-03, d) TZO-04. The inset figures correspond to the pore size distribution 

 

The isotherms exhibit such a small knee in such a way that they strongly resemble to Type III 
isotherms. This suggests materials with specific surface and poorly developed porous systems, as 
well as a very weak interaction between their surfaces and N2, since high pressure is required for 
significant adsorption to occur. The graphs of the DFT methodology show a small, but well-defined 
family of micropores (inset Figures). The BET specific surface of TZO-3 shows unusual increase 
compared with other composites. This increase is due to that, unlike the other composites, TZO-03 
has more defined and better distribution of micropores, in addition to the fact that the total pore 
volume is much higher than the other photocatalyst (Table 2). Also, considering the results of the 
SEM analysis, it can be inferred that the porosity exhibited by the materials is not inherent in the 
structure of solid particles, but is determined by interconnected interstitial spaces formed among 
agglomerates (rather than aggregates) of primary spheroidal particles and, then among larger 
secondary particles, which can be reflected in reduced surface areas; SEM analysis confirms the 
presence of large particles and large and heterogeneous interstitial spaces. Table 2 shows the values 
of the textural properties of the studied composites, which were calculated using standard BET and 
BJH models. 
 

Table 2. Textural properties of TZO composites 
 

Materials SBET
a
 (m

2
/g) VT

b
(cc/g) DP

c
 (Å) DBJH

d
 (Å) 

TiO2
1
 50.46

&
 - - - 

TZO-01 13.5 0.07 192 32 
TZO-02 9.3 0.09 384 141 
TZO-3 13.6 0.12 348 36 
TZO-4 7.8 0.05 267 36 
ZnO

2
 20.804

&
 0.0546 - - 

a BET surface; b Total pore volume; c Average pore diameter; d BJH Pore diameter.1[Ref 2]. 2[Ref 37] 
 

The results in Table 2 confirm reduced surface areas, very small total pore volumes and large 
average pore size diameters but in the meso region. In general, as can be seen in the micrographs, 
the pore size distributions seem to depend on the degree of agglomeration of the primary particles 
and on the combustion temperature, rather than the semiconductor phase load ZnO (see inset of 
each isotherm of Fig. 4). This behavior as has been reported in an analogous case by 
Prasannalakshmi et al. [24]. From the Table 2, it is observed that an increase in ZnO content 
improves the pore size distributions of the TiO2/ZnO composites, while the total pore volume 
decreases, to exception of sample TZO-03 that has the highest value as well as the largest surface 
area. 
 

Another feature of the adsorption isotherms is that they appear to show two types of physisorption, 
evidenced by the appearance of a small step of adsorption that is not associated with capillary 
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nitrogen condensation. The first may be occurring on the main crystalline phase of TiO2 and the 
second on a supported phase of nanocrystalline ZnO, as the pressure increases. The shape of the 
desorption isotherms confirms this idea, since the practically monotonous decrease in the amount of 
N2 adsorbed with the pressure reduction does not show any rapid evacuation of condensate by 
evaporation from mesopores. Therefore, the non-reversibility of adsorption-desorption isotherms 
reveals a third trait that is not associated with the filling and emptying of mesoporosity. Except for the 
case of TZO-03 material, the amount of nitrogen retained by the rest of the materials, even at very low 
pressures, does not correspond to adsorbed nitrogen, but to nitrogen that most likely was 
incorporated into the structure of the phases or interfaces between aggregate primary particles. 
 
Therefore, the TiO2/ZnO composites synthetized by combustion method has an interstitial 
mesoporous composite. The spheroidal particles of the pseudo-sphere morphology composed of the 
agglomerates of ZnO nanocrystalline phase, which depends on the amount of ZnO formed during the 
synthesis as the precursor increases. The pore size distribution with spatial uniformity (TZO-01 and 
TZO-03) is the one that provides more favorable active sites in the process of adsorption and 
photocatalytic reaction, as can be seen in Table 3 and as will be shown in the next section. 
 

3.5 UV-vis Analysis 
 
Fig. 5 shows the UV-vis absorption spectra of the samples obtained. The UZnO photocatalyst show 
an absorption band in visible region, according to the EDS analysis, this material only contains Zn and 
O, so this absorption is associated to the oxygen vacancies according to the reported in the literature 
[38,39]. The absorption band around 500 nm exhibited by the composites may also be due to the 
incorporation of carbon from the fuel urea during the combustion process [40-42] as the EDS analysis 
shows in Table 1. The absorption in the visible range of TZO samples is associated with the 
incorporation of carbon into the crystalline ZnO lattice during its formation. Table 3 shows the values 
of the bandgap energy of each sample, where it is shown that as the amount of ZnO increases to the 
composite, the bandgap energy tends to the value of the synthesized ZnO. 
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Fig. 5. UV-vis absorption spectra for the TZO composites synthesized 
 

3.6 Photocatalytic Activity Analysis 
 
The photocatalytic activity with UV irradiation for the TZO composites is analyzed from the adsorption-
desorption process of the dye on the surface of the photocatalyst (Scheme 1). Once this equilibrium is 
reached, the photocatalytic process is carried out with UV irradiation for 90 min for the different dyes. 
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Table 3. Relevant characteristics of synthesized photocatalysts
 

  UTiO2 
Eg (eV) 3.25 
Methylene 
Blue 

Ads
e
 (%) 30.12 

Degf (%) 72.80 
TR

h
(%) 81.00 

kg (mg/L 
min)-1 

0.0517 

R 0.88743
Rodamina 
B 

Ads (%) 22.80 
Deg (%) 85.50 
TR(%) 88.80 
k (min)-1 0.0222 
R 0.99589

e Adsorption, f Degradation, 
 

Scheme 1. Photocatalytic degradation process of dyes on the surface 

 
The degradation mechanism is illustrated by Fa
band are initially trapped by molecular oxygen to form 
trapped by -OH of dissociation of water. These highly reactive radicals react with the dye to degrade it 
(Scheme 2). 
 

Scheme 2. Possible mechanism of dye degradation under UV irradiation using the synthesized 
photocatalysts (
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Table 3. Relevant characteristics of synthesized photocatalysts 

 TZO-01 TZO-02 TZO-03 TZO-04
3.19 3.18 3.18 3.18 
25.391 20.526 25.974 48.607 
87.8 92.9 89 72.1 
91 94.3 91.9 85.7 

 0.12754 0.15559 0.11084 0.04691

0.88743 0.96725 0.96898 0.98635 0.96522
14.7 11.7 11.9 20.1 
88.7 68.2 85.5 84 
90.3 71.9 87.2 87.2 

 0.02323 0.01118 0.0228 0.02081
0.99589 0.9947 0.95586 0.99681 0.99748

Degradation, g Kinetic constant, h Total Remotion. R: Correlation coefficient

 
 

1. Photocatalytic degradation process of dyes on the surface of TZO semiconductor 
composites 

The degradation mechanism is illustrated by Fa-tang Li et al. [43] where electrons in the conduction 
band are initially trapped by molecular oxygen to form �∙�� and the holes in the valence band are 

of dissociation of water. These highly reactive radicals react with the dye to degrade it 

 
Scheme 2. Possible mechanism of dye degradation under UV irradiation using the synthesized 

photocatalysts (Vo, oxygen vacancies) 
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Fig. 6 shows the UV-vis normalized absorption characteristic spectra of the monitoring of the 
degradation process. In Fig. 6a, b the degradation of methylene blue is compared by using UV and 
UV-vis radiation. As can be seen in these figures neither absorption spectrum undergoes a shift in the 
wavelength of the peak of maximum absorption (664 nm), which indicates that the degradation 
process is due only to the cleavage mechanism of the molecule [44]. 
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Fig. 6. Normalized absorption spectra during the degradation process for a) Methylene blue 

with UV irradiation, b) Methylene blue with UV-vis irradiation, c) Rhodamine B with UV 
irradiation, d) Rhodamine B with UV-vis irradiation 

 
In Fig. 6c, d, the representative normalized absorption spectra for the degradation of Rhodamine B 
are compared when the photocatalyst is irradiated with UV and UV-vis light. These figures show a 
slight left-shift of the wavelength of the peak of maximum absorption (smaller wavelength) almost at 
the end of the degradation process. This means that at the beginning of the degradation process the 
main mechanism is the cleavage of the molecule and by decreasing the concentration of Rhodamine 
B the degradation mechanism changes slightly from cleavage to a de-ethylation process. In the case 
of Fig. 6c, the shift occurs from 554 nm (Rhodamine B) to approximately 530 nm, indicating the 
beginning of the formation of N, N'-ethyl Rhodamine (522 nm) and in the Fig. 6d, the shift goes from 
Rhodamine B to N, N, N'-triethyl Rhodamine (540 nm) [44]. 
 
Fig. 7a shows the variation profile of the normalized concentration of methylene blue for the different 
photocatalysts. This figure shows that the material with the highest photocatalytic activity, using UV 
radiation, for the degradation of methylene blue corresponds to the TZO-02 photocatalyst which as 
approximately 94.33%. The adsorption values of the dye and its degradation with each of the 
synthesized materials are shown in Table 3. In Table 3, the Adsorption row (Ads) refers only to the 
percentage of adsorption of the dye in dark conditions and the degradation row (Deg) refers to the 
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percentage of degradation of the dye (without taking adsorption into account). RT is the total 
elimination of the dye in the solution, considering its adsorption and the degradation. 
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Fig. 7. a) Degradation of the methylene Blue dye, using different photocatalysts and UV 
irradiation. b) Kinetics constant of degradation of methylene blue, using UV irradiation 

 
The apparent rate constant (k) were adjusted to a second-order kinetic equation of Langmuir-
Hinshelwood [45], in accordance with 
 

��

��
= −���                                                                                                                        (1) 

 
for t=0, C=C0 we obtain C1=-1/C0 
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Table 4. Publications about the performance of the TiO2/ZnO composite in the degradation of Methylene Blue and Rhodamine B 
 

Synthesis 
method 

Synthesis time Dye Morphology of 
catalyst 

Degradation time 
(min) 

Degradation 

(%) 

Irradiation Reference 

Solution 
combustion 
method 

15 min MB  

(5 ppm) 

Spheroidal with 
nanocrystal aggregates 

(200 mg/L) 

90 94.3 (97.5) UV 20 W (UV-
vis) 

this work 

Rh B  

(5 ppm) 

90 90.3 UV this work 

Sol-gel 19 h MB  

(10 ppm) 

Nanocom-posites 

(5 mg/L) 

75 90 100 W tungsten 
bulb 

Upadhyay G. 
K. et. al. 
(2019) [21] 

Electrochemical 
and chemical 
bath 

5 h Rh B 

(5 mg/L) 

Nanotubes   decorated 
of nanorices 

(Films) 

240 94 UVA Cirak B. B. et. 
al. 2019 [25] 

Sol-gel spin 
coating 

26 h MB (240 
mg/40 mL) 

Thin films 240 94 UVC (6W) Upadhyay D. 
et. al. 2019 
[24] 

Hydrothermal 10 h Rh B  

(10
-5

 mol/L) 

Microtubes- 

Nanosheets 

80 90 Vis-lamp Quin R. et. al. 
2019 [48] 

Waterbath reflux 55 h Methylene 
Blue  

(10 mg/L) 

Nanowires decorated of 
nanoparticles 

(10 mg) 

70 98 Vis-lamp Sun C. et. al. 
2018 [49] 

Rh B  

(10 mg/L) 

60 98 

Sol-gel  16 h MB  

(1 mg/L) 

Nanorods decorated of 
nanoparticles 

(1 mg) 

25 98 Sunlight Prasannala-
kshmi P. et. al. 
2107 [22] 

Hydrothermal 
growth  

5 h MB  

(68.4 µM)  

Nanowires 

(1.5 mg) 

210 95 UV-light  

Ghobadi A. et. 
al. 2016 [14] 

One-pot 
solvothermal 

25 h Rh B 

(20 µM/L)  

Spheres deco-rated of 
clus-ters (1 mg) 

45 80 UV-light Pan L. et. al. 
2015 [15] 
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Synthesis 
method 

Synthesis time Dye Morphology of 
catalyst 

Degradation time 
(min) 

Degradation 

(%) 

Irradiation Reference 

Hydrothermal 50 h MB 

(20 ppm) 

 

 Nanorods decorated of 
nanoparticles 

60 99 UV Cheng et. al. 
2014 [46] 

Combustion sol-
gel 

 

4.35 Rhodamine 5 
(10 mg/L)  

Inhomogeneous 

(150 mg/L) 

60 95 UV-lamp Bachvarova 
et. al. 2013 
[23] 

100 95 Vis-lamp 

Two-step 
anodization-
pyrolysis 

6 h Rh B  

(5 mg/L) 

Films 160 70 Xenon Lamp 
(300 W) 

Xiao 2012 [47] 
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�

��
−

�

�
= −��                                                                                                                    (2)

  

Thus, a graph of -(
�

��
−

�

�
) vs t gives us a linear fit whose slope is k. 

 
It is known that the reaction rate is directly proportional to the concentration of the reagents, therefore, 
due to the fact that the molecule of methylene blue is smaller than that of Rhodamine B, when these 
are adsorbed on the same surface area, a higher concentration of Methylene blue will be on the 
surface of the catalyst, so that, when reacting with photogenerated charge-carriers, the degradation 
rate of methylene blue is very high at the start, adjusting to an apparent second order reaction. For 
the different photocatalyst systems, the adjustment is shown in Fig. 7b. 
 
Fig. 8a shows the degradation profiles of Rhodamine B. In this figure, we can see that with UV 
irradiation a greater photocatalytic activity is obtained with the TZO-01 photocatalyst with a 
degradation percentage of 88.7%.The degradation kinetics obtained is presented with the adjustment 
of the degradation data of the dye to a Langmuir-Hinshelwood pseudo-first order kinetics [45] showed 
in Fig. 8b. 
 
According to the analysis of the photocatalytic activity of the synthesized materials when using UV 
irradiation, we can observe that the materials TZO-01 and TZO-03 are those that present the highest 
photocatalytic activity in the degradation of methylene blue with a degradation percentage of up to 
91.85% and 90.92%, respectively. The two degradation mechanisms of the dye are cleavage and 
elimination of radicals. In the case of the simplest molecule (Methyl Blue), the dominant mechanism is 
that of cleavage. For a more complex molecule, such as Rhodamine B, the two aforementioned 
mechanisms are present, starting with the cleavage and ending with the elimination of radicals (de-
ethylation), this sequence of mechanisms has already been reported in other works [14,15,21-23,25, 
46,47]. Table 4 shows different publications of the performance of the TiO2/ZnO composite in its 
photocatalytic activity for the degradation of Methylene Blue and Rhodamine B obtained with different 
synthesis methods. Our method turns out to be easy to make and cheaper in time than others and 
with an acceptable efficient. 
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Fig. 8. a) Degradation of Rhodamine B dye, using different photocatalysts and UV irradiation, 
b) Kinetics constant of Rhodamine B degradation, using UV radiation 

 
A comparison of the degradation of dyes according to their molecular structure for some materials 
synthesized in this work is presented in Fig. 9a, b. As can be seen in Fig. 9a, the photocatalytic 
activity of TZO-02 is diminished for more complex molecules, but not for the TZO-03 catalyst, where it 
practically presents the same degradation percentage for both Methylene Blue and Rhodamine B (see 
Fig. 9b), which is associated with its surface characteristics, as discussed above. 
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Fig. 9. a) Comparison in the degradation of dyes using the photocatalyst TZO-02, 

b) Comparison in the degradation of dyes using the photocatalyst TZO-03 
 
According to the UV-vis absorption spectra of the photocatalysts (Fig. 4), they show absorption in the 
visible range. Fig. 10 shows the comparison in the degradation of Methylene Blue and Rhodamine B 
dyes using UV and UV-vis radiation. In the Fig. 10a an increase of 10% in the degradation of the 
Methylene Blue is registered and in the case of Rhodamine B (Fig. 10b) an increase until 20% can be 
appreciated. The degradation mechanism with visible irradiation has been previously explained [22]. 
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Fig. 10. a) Difference in the degradation of methylene blue when using UV and UV-vis 
radiation, b) Difference in the degradation of Rhodamine B when using UV and UV-vis 

radiation 
 
Therefore, high photocatalytic activity is triggered by the photoelectric effect with origin in the actives 
sites of the porosity distribution with greater spatial uniformity (TZO-01 and TZO-03 samples) due to 
their reduced surface areas, very small total pore volumes and large average pore-size diameters. An 
analogous case has been reported in elsewhere [50] with ZnO/Burkeite composite where a very low 
surface area, has an improvement photocatalytic activity compared with ZnO nanoparticles 

 
4. CONCLUSIONS 
 
The synthesis of the TiO2/ZnO semiconductor composite is presented by a simple method, the 
solution combustion method which, in addition, uses very short synthesis times. The semiconductor 
composite has favored and improved the photocatalytic activity due to a good attachment at the 
interface of the two materials that enriches the transfer of the charge carriers and, also, due to the 
oxygen vacancies and incorporation of carbon into to the structure of ZnO. The compound enhanced 
its photocatalytic activity by the use of irradiation including the visible range, in the degradation of the 
dyes. 
 
The TiO2/ZnO composites synthetized by combustion method have an interstitial mesoporous 
composite. The particles of spheroidal morphology composed of the agglomerates of nanocrystalline 
phase ZnO depend on the amount of ZnO formed during the synthesis as the precursor increases. 
This gives rise to a pore size distribution (TZO-02 and TZO-03) that provides more favorable active 
sites in the photocatalytic reaction, which is due to photoexcitation of charge carriers (photoelectric 
effect, where the low surface area is offset by an increase in transfer rate of charge carriers to carry 
out redox reactions) from the interface localized in the mesoporosity of the TiO2/ZnO composites. 
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ABSTRACT 
 

A study on the preparation of hydrazinated metal complexes of isomeric acetamido benzoic acids with 
Co, Ni, Zn and Cd metals and characterization using analytical, FT IR, UV reflectance, micro 
elemental analysis, simultaneous TG-DTA, powder XRD, magnetic susceptibility measurements and 
SEM-EDX studies have been made and reported here. The complexes have the formulae,                                                    
[Ni(2-acamb)2(Hz)].2H2O; [M(2-acamb)2(Hz)].H2O, where M = Co, Cd and Zn; [M(3-acamb)2(Hz)].H2O, 
where M = Ni and Co and [M(3-acamb)2(Hz)].2H2O where M = Cd and Zn; [Co(4-acamb)2(Hz)].H2O 
and [M(4-acamb)2(Hz)].2H2O where M = Ni, Cd and Zn, 2-acambH = 2-acetamido benzoic acid, 3-
acambH = 3-acetamido benzoic acid , 4-acambH = 4-acetamido benzoic acid and Hz= N2H4. Among 
them Ni, Co and Cd complexes of 2-acambH and 4-acambH were obtained at pH 5 and 6 
respectively, whereas Zn complexes of both acids were formed at pH 3. 3-acambH complexes were 
prepared at pH 5. The IR spectra of the compounds show the N-N stretching frequency absorptions in 
the range of 984-926 cm-1, implying the bridging bidentate coordination of hydrazine. The compounds 
show ν(C=O) (asym) values in the range 1611-1582 cm

-1
 and the ν(C=O) (sym) values at 1555-1422 

cm
-1

. The difference of ν(C=O) (asym) and ν(C=O) (sym), which is found to be 48-162 cm
-1

, indicates 
that the carboxylate anion is coordinated to the metal ion in the bidendate fashion. These complexes 
eliminate water molecules in the range of 140-177ºC first and then undergo oxidative decomposition 
showing exotherms in the range of 200-278ºC and in the range of 400-682ºC to their metal oxides. 
Cadmium and zinc complexes indicate their intermediates as carbonates. The electronic spectra and 
the magnetic susceptibility values suggest that the coordination number of the complexes is 6 with 
distorted octahedral geometry. XRD patterns show isomorphism among the complexes with similar 
molecular formulae. The SEM-EDX studies reveal the presence of respective metal oxides. 
 

Keywords: IR; simultaneous TG-DT88A; acetamido benzoate; electronic spectra. 
 

1. INTRODUCTION 
 
Hydrazine due to its basic nature, forms variety of compounds with more number of carboxylic acids, 
such as simple aliphatic mono and di carboxylic acids [1,2] aromatic mono and di carboxylic acids 
[3,4] tri and tetra carboxylic acids [5,6], which have been reported in the literature. Hydrazine is 
thermodynamically unstable, but the thermodynamic properties of hydrazine [7,8,9] per se are not 
useful in predicting the nature of the organic products obtained when hydrazine is used as a reducing 
agent [10]. Many bis-hydrazine and hydrazinium metal carboxylates are used as precursors for metal 
oxides and mixed metal oxides [11,12,13,14,15,16,17,18,19]. Though studies have been done on 4-
acetamido benzoate, synthesis of lanthanide coordination polymers using 4-acetamido benzoic acid 
and various modes of coordination of 4-acetamido benzoate (monodentate, chela-ting, multidentate 
bridging nature and crystal structure of Zinc complex) [20,21,22,23], triboluminescent and crystal 
structure of Copper complex of 2-acetamido benzoate [24,25], catalytic synthesis and thermodynamic 
properties in relation with crystal structure of isomers of acetamido benzoic acid [26,27,28], a detailed 
study of transition metal complexes of isomeric acetamido benzoic acids in the presence of hydrazine 
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has not been attempted so far. In this paper, we report the synthesis, spectral and thermal studies of 
some transition metal complexes of 2-acetamido, 3-acetamido and 4-acetamido benzoates with 
hydrazine. The structures of the isomeric forms acetamido benzoic acids are given in the Figs. 1-3. 
 

  

,  
 

Fig. 1. 2-Acetamido benzoic 
acid (2-acambH) 

 
Fig. 2. 3-Acetamido benzoic acid 

(3-acambH) 

 
Fig. 3. 4-Acetamido 

benzoic acid (4-acambH) 
 

2. EXPERIMENTAL 
 
The chemicals and solvents used were of AR grade received from Fluka chemicals. The double 
distilled water was used for the preparation and chemical analyses. Hydrazine hydrate 99.99% pure 
was used as such. 
 
Preparation of [M{(2-),(3-) and (4-) acamb)}2(Hz]. xH2O, where Hz= N2H4,  2-acambH =2-
acetamido benzoic acid, M = Ni and x = 2 and M = Co, Cd and x = 1; where 3-acambH = 3-
acetamido benzoic acid, M = Ni, Co and x = 1 and M = Cd and x = 2; where 4-acambH = 4-
acetamido benzoic acid M = Ni, Cd and x = 2 and M = Co and x = 1. 
 
The complexes were prepared by adding metal nitrate [e.g., Ni(NO3)2.6H2O, 0.291 g, 1 mmol in 20 mL 
of H2O] solution, to a solution obtained by mixing hydrazine hydrate (99.99% pure, 0.1 g, 2 mmol) with 
a slurry of acetamido benzoic acid (0.1792 g, 1 mmol in 60 mL of hot water). Crystalline products of 
complexes were formed when the solution mixture was heated over a hot water bath at 80ºC. 
 
2-Acetamido benzoic acid complexes were formed at pH 5 immediately whereas 3-acetamido and 4-
acetamido benzoic acid complexes formed at pH 5 when the reaction mixture is heated for 90 min and 
at pH 6 when heated for 2h 30 min respectively. 
 
The complexes formed were filtered through filter paper, washed with distilled water, ethanol then with 
ether and dried in a desiccator. 
 
Preparation of [Zn(acamb)2(Hz)].xH2O, where Hz = N2H4, 2-acambH = 2-acetamidobenzoic acid 
and x = 1 and 3-acambH = 3-acetamido benzoic acid, 4-acambH = 4-acetamidobenzoic acid and 
x = 2. 
 
These complexes were also prepared by the same procedure in absolute alcohol medium. As 
mentioned above, complexes of 2 isomer were formed immediately at pH 3 and those of 3 and 4 
isomers were formed at pH 5 and 3 in 90 min and 2 h 30 min respectively. 
 
The complexes were filtered, washed and dried as mentioned above. 
 
Physico-chemical techniques: The composition was established by chemical analysis. Hydrazine 
content was determined by titrating against standard KIO3 solution (0.025 mol L-1) under Andrew's 
conditions [29]. The metal content was determined by EDTA (0.01 mol L

-1
) complexometric titration 

[29] after decomposing a known weight of the sample with 1:1 HNO3. Magnetic measurements were 
carried out by using Guoy balance and Gauss meter DGM102 (Besto) keeping Hg[Co(NCS)4] as 
calibrant. The electronic spectra for solid state complexes were obtained using a Varian, Cary 5000 
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recording spectrophotometer. Infrared spectra were recorded using KBR disc (4000-400 cm
-1

) on a 
Shimadzu FTIR-8201 (PC)S spectrophotometer. The simultaneous TG-DTA studies were done on a 
Perkin Elmer, Diamond TG/DTA analyzer and the curves were obtained using 5-10 mg of the samples 
at the heating rate of 10ºC per min in air atmosphere. Platinum cups were employed as sample 
holders and alumina as reference and the temperature range was ambient to 700ºC. The XRD 
patterns were recorded on a Bruker AXS D8 advance diffractometer with an X-ray source Cu, wave-
length 1.5406 Å using a Si (Li) PSD detector. The elemental analysis was carried out using an 
Elementar Vario ELIII CHNS elemental analyzer. The SEM with EDS analysis was obtained using 
JEOL model JSM-6390 LV and JEOL model JED-2300 instrument. 
 

3. RESULTS AND DISCUSSION 
 
Electronic spectra and magnetic susceptibility: The absorption maximum and assignments are 
summarized in Table 1. Since the complexes were insoluble in water and organic solvents, the 
electronic reflectance spectra were recorded in solid-state. Based on the absorptions term states 
assigned are 4T1g (P) → 4T2g and 4A2g for cobalt and 3T2g → 3T1g and 1Eg for nickel complexes. These 
assignments evidence the distorted octahedral geometry of the complexes [30]. The magnetic 
moment values obtained for the cobalt and nickel complexes were 5.20 and 3.31 BM respectively, 
which supports the geometry of cobalt and nickel compounds. 
 

Table 1. Electronic spectra values of the complexes 
 

Complex Absorption maximum (cm-1) Assignment 
[Ni(2-acamb 2(Hz)].2H2O 
 

20534, 16807 and 15408 
8313, 7257 and 6725 

3
T1g 

3
T2g 

[Ni(3-acamb 2(Hz)].H2O 
 

20000, 16447, 13459 and 12136 
8224 and 7257 

3
T1g 

3
T2g 

[Ni(4-acamb 2(Hz)]2.H2O 
 

20000 and 13459 
11933 
7955 and 6064 

3
T1g 

1
E1g 

3T2g 
[Co(2-acamb 2(Hz)].H2O 
 

21186, 
11806 
8467, 7348 and 6667 

4
T1g(P) 

4
A2g 

4
T2g 

[Co(3-acamb 2(Hz)].H2O 
 

23148 
11561 
8313, 7117, 6489 and 5780 

4
T1g(P) 

4
A2g 

4
T2g 

[Co(4-acamb 2(Hz)].H2O 
 

12755 
8224, 7184, 6667 and 6017 

4
A2g 

4
T2g 

 
IR spectra of complexes: The IR spectral data of the complexes are summarized in Table 2. The 
pka values of 2-acambH, 3-acambH and 4-acambH were found to be 3.63, 4.07 and 4.28 
respectively. These indicate that 4-isomer is least acidic and the lowest value of ν(C=O) 1672 cm

-1
 of 

the same may be due to its highest pka value. 
 
The IR spectra of pure acids show absorption at 1707, 1694 and 1672 cm-1 corresponding to ν(C=O) 
(acid). But the spectra of complexes show ν(C=O) asym (acid) at 1582-1611 cm

-1
 and ν(C=O) sym 

(acid) in the range 1555-1422 cm-1 with the difference of 48-162 cm-1 between ν(C=O) (asym) and 
ν(C=O) (sym), which supports the bidental coordination of carboxylate ions to metal. The absorption 
at 984-926 cm

-1
 observed in IR spectra of complexes is assigned to ν(N-N) stretching of hydrazine 

present in the complexes, which reveals that N2H4 is coordinated to metal ion in bridged bidentate 
fashion. The O-H stretch of water molecules are noticed at 3543-3304 cm

-1
 in all complexes. An 

additional band observed at 594-518 cm-1 also supports the presence of lattice water molecules [31]. 
The C=O frequency of amide group of the compounds is observed at 1709-1635 cm

-1
. The N-H 

stretching frequencies of amide and that of hydrazine are found to be a merged broad band at 3281-
3173 cm-1. 
 
Thermal data of all the complexes are given in Table 3. 
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Table 2. Analytical and IR data of complexes 
 

Analytical data  IR data (cm
-1

) b= broad; s = sharp ; m = medium 

Molecular 
formula of the 
Complexes 

C 

Fd (calc.) 

H 

Fd 
(calc.) 

N 

Fd (calc.) 

N2H4(Hz) 

Fd (calc.) 

M 

Fd (calc.) 

ν(C=O) 
(asym) 

ν(C=O) 
(sym) 

ν(N-N) ν(OH) ν(N-H) ν(C=O) 
(amido 
gp) 

ƥr 

H2O 

ν(M-O)  

2-acambH complexes 

[Ni(2-acamb)2 

(Hz)].2H2O 
45.6(44.7) 4.4(5.0) 12.0(11.6) 6.4(6.6) 12.9(12.2) 1595 b 1433 b 964 s 3464 b 3233 b 1684 m 527 s 422 m 

[Co(2-acamb)2 

(Hz)].H2O 
46.0(46.4) 4.3(4.8) 12.1(12.0) 6.4(6.9) 12.4(12.7) 1589 s 1439 s 966 s 3304 m 3175 m 1661 s 594 s 438 s 

[Cd(2-acamb)2 

(Hz)].H2O 

41.8(41.6) 

 

4.3(4.3) 10.7(10.8) 6.3(6.2) 21.3(21.7) 1584 b 1422 b 959 s 3543 s 3235 b 1676 m 594 s 509 s 

[Zn(2-acamb)2 

(Hz)].H2O 

45.3(45.8) 4.5(4.7) 11.8(11.9) 6.8(6.8) 13.7(13.9) 1599 s 1447 s 970 s 3320 s 3219 b 1661 s 567 s 463 s 

3-acambH complexes 
[Ni(3-acamb)2 

(Hz)]. H2O 
46.5(46.4) 4.5(4.8) 12.0(12.0) 6.7(6.9) 12.4(12.6) 1582 s 1460 s 984 s 3392 b 3277 b 1709 b 525 s 476 m 

[Co(3-acamb)2 

(Hz)].H2O 
46.4(46.4) 4.7(4.8) 12.1(12.0) 6.9 (6.9) 12.6(12.7) 1611 m 1487 s 980 s 3339 s 3271 b 1635 b 552 s 459 s 

[Cd(3-acamb)2 

(Hz)]. 2H2O 

41.3(40.2) 

 

4.2(4.5) 10.9(10.4) 6.5(6.0) 20.1(20.9) 1611 s 1462 s 926 m 3376 b 3281 s 1659 s 559 s 459 s 

[Zn(3-acamb)2 

(Hz)]. 2H2O 

43.9(44.1) 4.7(4.9) 11.6(11.4) 7.0(6.5) 14.3(13.4) 1607 s 1487 s 974 s 3305 s 3215 b 1607 b 559 s 430 s 

4-acambH complexes 
[Ni(4-acamb)2 

(Hz)].2H2O 

44.4(44.7 4.5(5.0) 11.8(11.6) 7.4(6.6) 13.2(13.1) 1582 b 1530 b 964 s 3360 m 3183 b 1672 m 544 s 500 s 

[Co(4-acamb)2 

(Hz)].H2O 
46.2(46.4) 4.7(4.8) 12.0(12.0) 6.7 (6.9) 12.8(12.7) 1601 b 1528 b 968 s 3335 b 3173 b 1680 b 546 s 500 s 

[Cd(4-acamb)2 

(Hz)].2H2O 

41.2(40.2) 

 

3.8(4.5) 11.3(10.4) 6.2(6.0) 21.3(20.9) 1603 b 1555 b 964 s 3377 b 3260 b 1668 b 581 s 500 s 

[Zn(4-acamb)2 

(Hz)].2H2O 

44.7(44.1) 4.1(4.9) 12.4(11.4) 7.0(6.5) 14.4(13.4) 1597 b 1521 s 972 s 3315 s 3270 b 1672 m 518 s 503 s 
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Table 3. Thermal data of complexes 
 

Complex DTA  

Temp  

Thermogravimetry Nature of the Reaction 

 Weight Loss % 
Obsd. Cacd 

[Ni(2-acamb)2(Hz)].2H2O 150(+) 
278(-) 
420(-) 

60-200 
 
200-700 

7.1    
                           
7.2 

7.1     
                          
7.2 

Dehydration 
 
Formation of metal oxide 

[Co(2-acamb)2(Hz)].H2O 177(+) 
214(-) 
400(-) 

60-190 
190-300 
300-700 

4.0                  
3.9 
82.6 

4.0                               
3.9 
82.8 

Dehydration  
Dehydrazination 
Formation of cobalt oxide (Co3O4) 

[Cd(2-acamb)2(Hz)].H2O 160(+) 
275(-) 
400(-) 
490(-) 
556(-) 

40-180 
180-300 
300-480 
480-700 

3.6 
9.8 
57.1 
75.0 

3.5 
9.6 
57.1 
75.2 

Dehydration 
Dehydrazination 
Formation of cadmum carbonate 
Formation of cadmium oxide 

[Zn(2-acamb)2(Hz)].H2O 140(+) 
274(-) 
500(-) 

100-180 
180-700 

3.9 
83.0 

3.8 
82.7 

Dehydration 
Formation of Zinc oxide 

[Ni(3-acamb)2(Hz)]. H2O 140(+) 
260(-) 
500(-) 
590(-) 

100-200 
200-400 
 
400- 700 

3.6 
10.7 
 
84.7 

3.9 
10.8 
 
84.9 

Dehydration 
Dehydrazination 
 
Formation of nickel oxide 

[Co(3-acamb)2(Hz)].H2O  
160(+) 
 

120-200 
200-340 
340-700 

3.8 
10.5 
83.8 

3.9 
10.7 
83.9 

Dehydration 
Dehydrazination 
Formation of cobalt  oxide 

[Cd(3-acamb)2(Hz)]. 2H2O 122(+) 
210(-) 
317(-) 
494(-) 

80-200 
200-400 
400-700 

6.6 
55.2 
76.1 

6.7 
55.0 
76.0 

Dehydration 
Formation of cadmium  carbonate 
Formation of cadmium oxide 

[Zn(3-acamb)2(Hz)]. 2H2O 145(+) 
240(-) 
468(-) 
553(-) 

100- 200 
 
200- 700 

7.2 

83.4 

7.5 

83.3 

Dehydration 

Formation of Zinc  oxide 

[Ni(4-acamb)2(Hz)].2H2O 175(+) 
251(-) 
401(-) 
486(-) 

50-190 
190- 390 
390 -700 

7.4 
14.0 
85.3 

7.5 
14.1 
85.5 

Dehydration 
Dehydrazination 
Formation of nickel oxide 

[Co(4-acamb)2(Hz)].H2O 120(+) 
239(-) 
324(-) 
390(-) 
450(-) 

 60-180 
180-280 
 
280-700 
 

       4.0 
10.6 

82.6 
 

3.9 
10.7 

82.8 

Dehydration 
Dehydrazination 

Formation of cobalt oxide (Co3O4) 

[Cd(4-acamb)2(Hz)]. 2H2O 150(+) 
240(-) 
401(-) 
625(-) 
682(-) 

 50-180 
180-320 
320-460 
460-800 

6.8 
12.9 
55.0 
75.8 

6.7 
12.7 
55.2 
76.0 

Dehydration 
Dehydrazination 
Formation of cadmum carbonate 
Formation of cadmium oxide 

[Zn(4-acamb)2(Hz)]. 2H2O 145(+) 
236(-) 
350(-) 
533(+) 

75-160 
 
160-400 
400-600 

7.2 
 
63.8 
84.0 

7.4 
 
64.0 
84.0 

Dehydration 
 
Formation of zinc carbonate 
Formation of zinc oxide 

 
Thermal data of [M(2-acamb)2(Hz)2].xH2O complexes, where M = Ni and x = 2, where M = Co, Cd 
and Zn and x = 1 
 
The 2-acambH complexes show endothermic dehydration in the range 140-177ºC. The high 
temperature dehydration reveals that these lattice water molecules are held up strongly [31]. Co and 
Cd complexes show exothermic dehydrazi-nation at 214-275ºC, whereas the dehydrazination was not 
clearly visible in Ni and Zn compounds. 
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The cadmium complex shows a broad exotherm at 400ºC indicating the formation of metal carbonate 
intermediate [32] and the corresponding weight loss is observed between 300-470ºC in its 
thermogravimetric curve. It is also inferred that the complex undergoes oxidative decomposition to 
form the metal oxide residue, which is accompanied by an exothermic doublet at 490 and 556ºC 
indicating the weight loss temperature of 470-700ºC. 
 
The TG-DTA curves of Ni, Co and Zn complexes show that the dehydrazinated metal carboxylates 
decompose to give the metal oxide as their final residue. As the intermediates are highly unstable and 
they could not be isolated. They show exotherms in the range 420-500ºC attributing the formation of 
metal oxide residue with the mass loss temperature in the range of 200-700ºC is observed in their TG. 
 
Reaction Scheme-I 
 
The reaction scheme of the 2-acambH complexes is given below: 
 

 
 
Thermal data of [M(3-acamb)2(Hz)2].xH2O; where M = Ni, Co and x = 1; M = Cd, Zn and x = 2 
 
Similar to 2-acambH complexes, 3-acambH complexes show an endothermic dehydration at 122-
160ºC. Ni and Co complexes show exothermic dehydrazination in the range of 230-260ºC, while Cd 
and Zn complexes do not. The inter-mediates of Ni, Co and Zn compounds were unstable and could 
not be identified. They further decompose to their respective metal oxides at 500-600ºC. In case of 
cadmium oxidative decomposition occurs via its carbonate intermediate. Its decomposition 
temperature, 494ºC was comparable to that of the reported [6], with the corresponding weight loss 
between 400-700ºC. 
 
Reaction Scheme-II 
 
The reaction scheme of 3-acetamidobenzoate complexes is given as follows: 
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Thermal data of [M(4-acamb)2(Hz)2].xH2O; where M = Ni, Cd, Zn and x = 2; M = Co and x = 1 
 
4-acambH complexes show endothermic dehydration at 120-175ºC. Exothermic dehydrazination is 
observed between 239-251ºC for Ni, Co and Cd complexes and no distinct step was observed in case 
of Zn complex. 
 
Ni and Co complexes undergo oxidative decomposition to their metal oxide as final residue 
accompanied by the exotherms in the range 324-486ºC with a corresponding weight loss between 
230-700ºC. 
 
In the final step, cadmium and zinc show exothermic decomposition at 350 and 401ºC via the 
carbonate intermediate [32], which decompose further to their metal oxides showing broad exotherms 
in the range of 533-682ºC showing the mass loss between 400-800ºC, to 75.8% for cadmium and 
83.9% for zinc. 
 
The TG-DTA of [Ni(2-acamb)2(Hz)].2H2O, [Cd(3-acamb)2(Hz)].2H2O and [Zn(4-acamb)2(Hz)]. 2H2O 
complexes are shown as representative examples in Figs. 4-6. 
 

 
 

Fig. 4. TG-DTA of [Ni(2-acamb)2 (Hz)·2H2O 
 

 
 

Fig. 5. TG-DTA of [Cd(2-acamb)2(Hz)·2H2O 
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Fig. 6. TG-DTA of [Zn(4-acamb)2(Hz)]·2H2O 
 

Reaction Scheme-III 
 

The reaction scheme of 4-acetamidobenzoate complexes are given as follows: 
 

 
 

 
 

Fig. 7. SEM image of CoO obtained from [Co(2-acamb)2(Hz).H2O 
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XRD-data of complexes: The powder XRD patterns with their d-spacings are given in Table 4. They 
imply that each set of complexes with similar composition possesses isomorphism among them. 
 
All the complexes were found to be crystalline even though compounds of 2-acambH show more 
crystallinity. 
 
SEM-EDX studies: The SEM-EDX images of metal oxides of the complexes [Co(2-
acamb)2(Hz)]·H2O, [Cd(3-acamb)2(Hz)]·2H2O and [Zn(4-acamb)2(Hz)]·2H2O are given as 
representative examples in Figs. 7-12. These metal oxides are obtained by incinerating the 
corresponding complexes at their decomposition temperature followed by sintering them for 0.5 h. 
They have yielded probably nanosized metal oxides. 
 

 
 

Fig. 8. SEM-EDX picture of CoO 
 

 
 

Fig. 9. SEM image of CdO obtained from [Cd(3-acamb)2(Hz)].2H2O 
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Table 4. XRD data of complexes (d-spacing in Å units and intensity in parentheses) 
 

[M (2-acamb)2(Hz)].xH2O 
(where M = Ni & x = 2 and M=Co,Cd, Zn & x = 1) Hz = N2H4 

2-acambH = 2-acetamido benzoic acid 

[M(3-acamb)2(Hz)].xH2O 
(where M=Ni, Co & x = 1 and 
M = Cd, Zn & x = 2) Hz = N2H4 

3-acambH = 3-acetamido benzoic acid 

[M (4-acamb)2(Hz)].xH2O 
where M =Co & x =1 & M = Ni, Cd, Zn & x = 2) Hz = N2H4 

4-acambH = 4-acetamido benzoic acid 

Ni Co Cd Zn Ni Co Cd Zn Ni Co Cd Zn 

 15.30 
(22.20) 

22.34 
(3.23) 

     20.17 
(41.67) 

20.57 
(65.00) 

 21.92 
(100.00) 

13.79 
(29.10) 

13.30 
(40.00) 

11.37 
(100.00) 

11.35 
(5.56) 

   9.43 
(33.00) 

11.11 
(19.00) 

10.45 
(32.00) 

11.30 
(34.00) 

12.44 
(42.00) 

10.51 
(100.00) 

10.12 
(100.00) 

10.25 
(12.90) 

9.46 
(100.00) 

        

8.95 
(38.20) 

8.95 
(15.56) 

9.19 
(6.45) 

9.05 
(29.63) 

   8.00 
(10.00) 

 8.57 
(68.00) 

  

8.30 
(45.50) 

7.47 
(35.56) 

7.12 
(4.84) 

7.48 
(94.44) 

   7.30 
(8.33) 

7.44 
(100.00) 

 7.57 
(50.00) 

7.54 
(13.00) 

6.40 
(54.50) 

6.76 
(4.44) 

6.47 
(6.45) 

6.05 
(85.19) 

  6.49 
(98.3) 

6.70 
(20.00) 

6.44 
(19.00) 

6.36 
(47.00) 

6.18 
(12.00) 

6.91 
(9.00) 

5.55 
(32.70) 

6.19 
(40.00) 

5.73 
(29.00) 

5.77 
(18.52) 

5.48 
(71.19) 

 5.64 
(71.67) 

5.65 
(30.00) 

5.99 
(10.00) 

5.83 
(100.00) 

6.48 
(22.00) 

6.45 
(36.00) 

5.32 
(38.20) 

5.41 
(37.78) 

5.53 
(22.58) 

   5.34 
(30.00) 

5.37 
(100.00) 

 5.29 
(63.00) 

 5.35 
(15.00) 

4.44 
(5.50) 

5.11 
(35.56) 

5.07 
(16.67) 

4.96 
(29.63) 

 3.32 
(87.50) 

4.71 
(15.00) 

4.73 
(48.33) 

4.44 
(31.00) 

4.44 
(58.00) 

4.56 
(38.00) 

4.83 
(58.20) 

 4.86 
(17.78) 

4.58 
(3.23) 

4.75 
(29.63) 

4.04 
(100.00) 

2.50 
(100.00) 

4.25 
(51.66) 

4.17 
(28.33) 

   4.42 
(9.00) 

3.98 
(27.30) 

4.47 
(2.20) 

3.95 
(3.23) 

4.63 
(33.33) 

  3.96 
(40.00) 

3.93 
(18.30) 

 3.78 
   (42.00) 

3.71 
(12.00) 

4.11 
(16.00) 

3.42 
(25.50) 

4.13 
(4.44) 

3.83 
(4.84) 

4.39 
(3.50) 

  3.73 
(50.00) 

3.69 
(76.66) 

3.65 
(13.00) 

3.31 
(53.00) 

3.32 
(20.00) 

3.95 
(11.00) 

 3.96 
(13.33) 

3.72 
(3.23) 

4.13 
(22.22) 

  3.40 
(46.00) 

3.42 
(36.00) 

  3.10 
(16.00) 

3.66 
(100.00) 

 3.59 
(8.89) 

3.56 
(6.45) 

4.05 
(16.67) 

  3.17 
(26.66) 

3.17 
(70.00) 

  2.84 
(14.00) 

3.40 
(60.00) 

2.81 
(16.40) 

3.41 
(6.67) 

3.39 
(4.84) 

3.94 
(57.41) 

  2.92 
(41.67) 

3.07 
(33.00) 

   3.11 
(16.00) 

2.63 
(9.10) 

3.11 
(4.44) 

3.21 
(3.23) 

3.87 
(2.60) 

  2.89 
(100.00) 

2.91 
(6.60) 

   2.99 
(11.00) 
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2.50 
(7.30) 

 3.06 
(3.23) 

3.76 
(2.60) 

  2.81 
(18.30) 

2.83 
(10.00) 

 2.66 
(47.00) 

 2.84 
(27.27) 

 
 

 2.89 
(3.23) 

3.67 
(9.26) 

  2.72. 
(23.33) 

2.59 
(15.00) 

 2.60 
(63.00) 

 2.75 
(7.00) 

   3.39 
(57.41) 

  2.60 
(13.33) 

2.48 
(18.30) 

 2.54 
(63.00) 

 2.58 
(7.00) 

   3.35 
(29.63) 

  2.44 
(20.00) 

2.24 
(10.00) 

 2.30 
(47.00) 

 2.40 
(15.00) 

   3.25 
(33.33) 

  2.24 
(13.33) 

2.19. 
(10.00) 

 2.14 
(37.00) 

 2.28 
(6.00) 

   3.17 
(7.40) 

  2.17 
(20.00) 

2.04 
(15.00) 

 2.05 
(42.00) 

1.90 
(14.00) 

2.22 
(9.00) 

   2.90 
(11.11) 

  2.09 
(15.00) 

1.85 
(5.00) 

 1.97 
(47.00) 

 2.17 
( 7.00)                                  

   2.84 
(9.26) 

  2.03 
(16.66) 

1.80 
(5.00) 

 1.91 
(74.00) 

 2.05 
(7.00) 

   2.49 
(7.40) 

  1.96 
(20.00) 

1.61 
(5.00) 

 1.84 
(58.00) 

 1.89 
(7.00) 

   2.36 
(11.11) 

  1.87 
(23.33) 

  1.73 
(37.00) 

 1.82 
(4.00) 

   2.22 
(12.96) 

  1.79 
(6.66) 

    1.77 
(6.00) 

   2.18 
(7.40) 

  1.67 
(8.33) 

    1.65 
(4.00) 

   1.98 
(7.40) 

  1.61 
(8.33) 

    1.55 
(4.00) 

            
[M (2-acamb)2(Hz)].xH2O 

(where M = Ni & x = 2 and M=Co, Cd, Zn & x = 1) Hz = N2H4 
2-acambH = 2-acetamido benzoic acid 

[M(3-acamb)2(Hz)].xH2O 
(where M=Ni, Co & x = 1 and 
M = Cd, Zn & x = 2) Hz = N2H4 

3-acambH = 3-acetamido benzoic acid 

[M (4-acamb)2(Hz)].xH2O 
where M =Co & x =1 & M = Ni, Cd, Zn & x = 2) Hz = N2H4 

4-acambH = 4-acetamido benzoic acid 

Ni Co Cd Zn Ni Co Cd Zn Ni Co Cd Zn 
      1.56 

.(5.00) 
  1.55 

(47.00) 
 1.45 

(4.00) 
      1.52 

(5.00) 
  1.46 

(53.00) 
  

      1.45 
(6.66) 

  1.42 
(53.00) 

  

      1.42 
(5.00) 

  1.38 
(42.00) 
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         1.37 
(32.00) 

  

         1.34 
(42.00) 

  

         1.32 
(32.00 

  

         1.29 
(47.00) 

  

         1.27 
(53.00) 

  

         1.25 
(53.00) 

  

         1.22 
(47.00) 
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Fig. 10. SEM-EDX picture of CdO 
 

 
 

Fig. 11. SEM image of ZnO obtained from [Zn(4-acamb)2.(Hz)]2H2O 
 

 
 

Fig. 12. SEM-EDX picture of ZnO 
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Fig. 13. Proposed structures of transition metal complexes of 2-acetamido benzoate with 
formula [M(2-acamb)2(Hz)].xH2O, where M = Ni and x = 2; M = Co, Cd, Zn and x = 1 

 

 
 

Fig. 14. Proposed structures of transition metal complexes of 3-acetamido benzoate with 
formula [M(3-acamb)2(Hz)].xH2O, where M = Ni, Co and x = 1; M = Co, Cd, Zn and x = 2 

 

 
 

Fig. 15. Proposed structures of transition metal complexes of 4-acetamido benzoate with 
formula [M(4-acamb)2(Hz)].xH2O, where M = Ni, Cd, Zn and x = 2; M = Co and x = 1 

 

4. CONCLUSION 
 
All the three isomeric acetamido benzoic acids have formed two categories of hydrated neutral 
hydrazine complexes with the formulae [M{(2-),(3-) and (4-) acamb)}2(Hz)].xH2O where 2-acambH = 
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2-acetamido benzoic acid, M = Ni and x = 2; M = Co, Cd and Zn and x = 1, 3-acambH = 3-acetamido 
benzoic acid, M = Ni, Co and x = 1; M = Cd and Zn and x = 2 and 4-acambH = 4-acetamido benzoic 
acid, M = Co and x = 1; M = Ni, Cd and Zn and x = 2. The NHCOCH3 group is both larger and less 
strongly electron donating than the NH2 group and hence has not involved in complexation. 
 
The IR frequencies reveal the coordination of the hydrazine with metal and the coordination mode of 
the carboxylate ion to metal. XRD patterns show isomorphism among the 88 complexes with similar 
molecular formulae. The SEM-EDX studies confirm the formation of respective metal oxides. The 
thermal data reveals that various steps of decomposition of the compounds to form their metal oxide. 
The electronic spectra and the magnetic susceptibility values reveal the coordination and geometry. 
They suggest that Ni, Co, Cd and Zn complexes possesses distorted octahedral geometry                        
with coordination number [30]. The proposed structures of these complexes are represented in the 
Figs. 13-15. However, they may be confirmed by single crystal XRD only. 
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ABSTRACT 
 

The objective of the present study was to develop a sustained release system of the hypnotic agent 
zolpidem useful for the treatment of insomnia. Matrix tablet is the least complicated device to sustain 
the release of drug candidates. Two polymers HPMCK4M and HPMCK15M were selected to sustain 
the release up to 12 h. Optimization techniques using factorial design for two factors at three levels 
(32) was selected to optimize varied response variables viz., release rate exponent (n), t50 %, k, 
amount of drug released in 12 h and mean dissolution time. Software Zorel was used to calculate the 
release kinetics. The design expert software was used to generate ANOVA for selected five 
responses Furthermore, the in vitro and in vivo studies were performed with newly formulated 
sustained- release zolpidem tablets and were compared with conventional marketed tablet (zoldem). 
In vivo investigation in rabbits showed sustained- release pharmacokinetic profile of zolpidem from the 
matrix tablets formulated using combination of HPMCK4M and HPMCK15M. In conclusion, the results 
suggest that the developed sustained-release matrix tablets could provide quite regulated release of 
zolpidem tartrate up to nearly 12 h. Conclusively, the current study attained the successful design, 
development and optimization of formulation of zolpidem tartrate matrix tablets. 
 
Keywords: Zolpidem tartrate; matrix tablets; sustained release; HPMC; polymer; factorial design. 
 

1. INTRODUCTION 
 
A computer optimization technique, based on response-surface methodology has proven to be a 
useful approach for selecting pharmaceutical formulations. Factorial designs are the most popular 
response surface designs [1-3]. A factorial design for two factors at three levels (3

2
) which is 

equivalent to a central composite design (CCD) for two factors was selected to optimize varied 
response variables viz., release rate exponent (n), t50 %, k, amount of drug released in 12 h and mean 
dissolution time (MDT) [4,5]. Extended-release drug delivery system releases the drug over a longer 
period of time or the drug is penetrated or absorbed over an extended period of time [6,7]. 
 
In particular zolpidem (ZP), N,N,6-trimethyl-2-p-tolylimidazol[1,2-a]pyridine- 3-acetamide-L-(+)-tartrate 
(2:1), exhibits strong hypnotic and sedative action with negligible anxiolytic, muscle relaxant or 
anticonvulsant properties and is widely prescribed for the treatment of the insomnia and sleep 
disorders. It binds in the central nervous system to GABA a receptors. The pharmacokinetic profile of 
zolpidem is characterized by rapid absorption from gastro intestinal tract and a short elimination half-
life (2.5 h). Due to the short elimination half-life, the plasma drug concentration cannot be achieved 
during late hours of sleep. It could be useful to develop formulations enabling sustained release of this 
drug for elucidating the potential of zolpidem in the treatment of different insomnia categories. 
Zolpidem is used in decreasing the time to sleep, onset and increasing total sleep time; but, its effect 
on sleep maintenance has not been systematically explained [8,9]. 
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Zolpidem is marketed in US, India and elsewhere in immediate release tablets. More recently, 
controlled release tablets have been introduced into the US market, which are two layer tablets and 
require use of specialized equipment. Therefore, the object of the present study is to develop matrix 
tablets to provide sustained release of the drug content up to 12 h [10-15]. 
 
Matrix tablet is the least complicated approach in devising a sustained release dosage form. This 
involves the direct compression of blend of drug, retardant material and additives to form a tablet in 
which the drug is embedded in a matrix core of the retardant. Hydrophilic matrices are well mixed 
composite of one or more drugs with a hydrophilic polymer. Hydrophilic matrices possesses major 
advantages over other alternatives in developing oral controlled release drug delivery as they have a 
capacity to incorporate large doses of drugs, these can't be disintegrated throughout the GI tract so 
the dose dumping is not there [16-19]. 
 
In the current study different grades of HPMC like methocel K4M, K15M and K100M were selected 
during preliminary studies for regulating the release of zolpidem tartrate. Two polymers HPMCK4M 
and HPMCK15M were further selected for optimization studies [20,21]. 
 

2. EXPERIMENTAL 
 
Zolpidem tartrate was obtained as a gift sample from Ranbaxy Labs. Ltd., Dewas, (M.P.), methocel 
(K4M, K15M, K100M) were provided by Colorcon India Ltd., Goa, dicalcium phosphate, 
microcrystalline cellulose (Avicel), talc, magnesium stearate and all other reagent used were of 
analytical grade. 
 

2.1 Pre-Optimization Studies 
 
Nine formulations employed for pre-optimization investigations containing different ratios of HPMC of 
different grades, keeping the total tablet weight constant at 120 mg. The tablets were prepared by 
direct compression. The values of response variables viz. n, released in 12 h, mean dissolution time, 
t50, t70 and t80 % were studied to help in choosing the best possible combination for further 
optimization studies. 
 

2.2 Factorial Design 
 
The 3

2
 factorial design was selected using two factors (polymers) at three levels and the factor levels 

were suitably coded. Nine formulations were prepared as per the design and coded F1, F2, F3, …, 
F9. The two polymers HPMCK4M and HPMCK15M were selected and their limits were chosen for 
subsequent detail studies using the factorial design. The amount of drug, magnesium stearate and 
talc were kept constant while dicalcium phosphate was taken in sufficient quantity to maintain a 
constant tablet weight of 120 mg. The translation of the coded factor level as amount of ingredients is 
listed in Table 1. 
 

Table. 1. Translation of experimental conditions into physical units 
 

Coded factor Level Factor(X1) Factor (X2) Units 
HPMC K4M HPMC K15M 

-1 Low 15 10 mg 
0  Intermediate 20 15 mg 
1 High 25 20 mg 

 

2.3 Preparation of Tablets and Physical Evaluation 
 
Tablet batches consisting of 100 tablets were prepared by direct compression method. All the product 
and process variables (other than the concentration of two polymers) like mixing time, compaction 
force, etc., were kept constant. Ten tablets from each batch were weighed individually and subjected 
to physical evaluation. 
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2.4 Dissolution Studies 
 
Dissolution studies were carried out for all the nine formulations in triplicate, employing dissolution 
apparatus, using distilled water pH 6.3 as the dissolution medium at 50 rpm and 37 ± 0.5ºC. An 
aliquot of sample was periodically withdrawn at suitable time intervals and volume replaced with 
equivalent amounts of plain dissolution medium. The samples were analyzed at 245 nm. 
 

2.5 Data Analysis 
 

The raw data obtained from in vitro dissolution was analyzed using the ZOREL software. The software 
has in built provisions for calculating the values of amount of drug release, percentage of drug 
release, log fraction released at various time interval, log time, mid-point of time intervals and rate of 
drug release [22-24]. 
 

The software also calculates the kinetic constant (K), the diffusional release exponent (n) using 
logarithmic transformation, based on phenomenological analysis, the type of release, whether Fickian, 
non-Fickian (anomalous) or zero-order, was predicted. The software also calculates coefficient of 
determination (R

2
), standard error of estimation (SEOE), significance test 't' values and 'p' values. The 

response variables, which were considered for optimization included, n, mean dissolution time (MDT), 
release at 12 h, t50 %. 
 

The design expert software generates the second order polynomial equation with added interaction 
terms to correlate the studied responses with the examined variables. The polynomial regression 
results were demonstrated using 3-D plots and contour plots. Finally, the prognosis of optimum 
formulation was conducted in two stages. First, a feasible space was located and second, an 
exhaustive grid search was conducted to predict the possible solutions. Six optimum formulations 
were selected by the critical evaluation of the tabulated grid search values. 
 

2.6 Validation of the Predicted Formulation 
 
The tablet formulations were compressed using the chosen optimal composition and evaluated for 
physical test, tablet assay and dissolution performance. The observed and predicted responses were 
critically compared. 
 

2.7 In vivo Evaluation 
 

In vivo evaluation was carried out in rabbits for selected optimized formulation of zolpidem tartrate 
tablet in comparison with one marketed conventional formulation. Evaluation was carried by 
established HPLC method to check the bioavailability of the formulation [25,26]. Analyses were 
performed on a Shimadzu (Japan) liquid chromatographic system composed of SPD-M 10 AVP 
variable wavelength detector, LC-10 ATVP pump and analytical column C18. 
 
Rabbits of either sex weighing (2.2-2.6 kg) were divided into two groups each consisting of three 
animals. First group received marketed tablets and second group received the formulated optimized 
tablets. Food was withdrawn from the rabbit 12 h before drug administration. All rabbits had free 
access to water throughout the study. The institutional animal ethical committee approved the protocol 
for this study. 
 

2.8 HPLC Assay 
 

The quantitative determination of drug in plasma was performed by HPLC assay using the mobile 
phase acetonitrile and disodium hydrogen phosphate in the ratio 40:60. Before analysis, the mobile 
phase was filtered and degassed. The flow rate was adjusted at 1.2 mL/min. All determination was 
performed at 245 nm wavelengths at room temperature. 
 

2.9 Bioavailability Studies 
 

Blood samples were collected in tubes from marginal ear vein at defined time intervals. Collected 
blood was centrifuged at 5000 rpm for 5 min (Remi equipment, Mumbai, India). Plasma was 
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separated then acetonitrile was added for protein precipitation. The tubes were centrifuged for 5 min 
at 5000 rpm. The supernatant layer was filtered through 0.45 µm filter and the sample was 
reconstituted with 500 µL of mobile phase and again agitated for 30 s. The drug concentration in the 
sample was then determined by assay. 
 
2.10 In vitro-in vivo Correlations 
 
Model independent pharmacokinetic parameters were computed from blood level data. Subsequently 
by plotting per cent of drug release versus per cent of drug absorbed the in vitro-in vivo correlation 
performed. 
 

3. RESULTS AND DISCUSSION 
 
3.1 Pre-Optimization Studies Results 
 
The data obtained during the pre-optimization studies reveals that as the molecular weight or the 
viscosity of the polymer increases, release rate of the drug from the formulation decreases.                 
These studies help in the selection of the appropriate range of polymer for the further optimization 
studies. 

 
Fig. 1a and 1b shows the swelling behavior of zolpidem matrix tablet formulations at different time 
intervals, the top view and side view, respectively. The top view shows the radial swelling increase 
and the side view indicates the axial swelling increase with the increase in dissolution time (coded in 
Fig. 1 as A-G from 1-12 h time intervals). 
 

 
 

Fig. 1(a). Top view (swelling behavior of Zolpidem, matrix tablet formulations at different time 
intervals) 

 

 
 

Fig. 1(b). Side view, (swelling behavior of Zolpidem, matrix tablet formulations at different time 
intervals) 

 
3.2 Physical Evaluation and Assay of Tablet 
 
The tablet weights of all the nine batches vary between 120 and 125 mg, diameter between 6.8-6.81 
mm, thickness between 2.8-2.81 mm and tablet hardness between 5.5-5.9 Kg. 
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The assay values varied between 95.83-98.75%. The tablet friability ranged between 0.5-0.8%. The 
physical parameters of the manually compressed tablets were found within control. 
 

3.3 Release Profile Studies 
 
The dissolution parameters of nine formulations as per design containing HPMCK4M and 
HPMCK15M polymer combination with different ratios, obtained are shown in the Table 2. Fig. 2 
shows the release pattern between per cent drug releases versus time. 
 
Table 2. Dissolution parameters of (K4-K15) polymer combinations with different ratios during 

Optimization studies using 32 factorial design 
 

Formulation 
code 

n k MDT Rel 12 hr Rel 24 hr t 50% t 60% t 80% t 90% da/dt 

F1 0.5565 0.2983 3.148 103.35 _ 2.529 3.509 5.885 7.272 1.457 

F2 0.5299 0.2799 3.8268 93.71 _ 2.987 4.214 7.251 9.056 1.244 

F3 0.5144 0.2433 5.302 89.9 _ 4.057 5.782 10.116 12.719 1.013 

F4 0.5011 0.2522 5.2197 91.25 _ 3.918 5.639 10.019 12.677 1.167 

F5 0.4768 0.25 5.9073 88.08 _ 4.268 6.261 11.464 14.686 1.009 

F6 0.4711 0.2467 6.2476 84.47 102.62 4.479 6.597 12.149 15.6 0.955 

F7 0.4698 0.2509 6.0634 86.23 103.34 4.338 6.395 11.797 15.158 0.977 

F8 0.4548 0.2295 7.9448 75.26 86.18 5.536 8.266 15.559 _ 0.834 

F9 0.428 0.2506 7.5954 74.39 94.5 5.018 7.683 15.045 19.811 0.862 
 

 
 

Fig. 2. Plot between percent drug release and time for combinations as per factorial design 
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3.4 Response Surface Analysis-Calculation of Coefficient 
 
The coefficients of the polynomial equations for five responses n, k, released in 12 h, mean 
dissolution time and t50 % are listed Table 3 along with their values of R2. Five coefficients (B1-B4) 
were calculated with B0 as the intercept. Since the values of R

2
 are quite high for released in 12 h, t50 

%, n and mean dissolution time, so for these responses, the polynomial equations form excellent fits 
to all the experimental data and statistically valid.Further the model diagnostic plots are plotted to 
investigate the goodness of fit of the proposed model. Actual versus predicted, graph was plotted 
between the actual and the predicted response values. Residual versus predicted, graph was also 
plotted. Residual (or error) is the magnitudinal difference between the observed and the predicted 
response(s). These plots were obtained by use of software and shown in Fig. 3 for various responses. 
 

3.5 Search for Optimum Formulations 
 
The criterion for selection of suitable feasible region (shown with highlighted cells) was primarily 
based on highest possible values of n, released in 12 h, mean dissolution time and t50 %. Two regions 
were selected on the basis of following criteria. 
 
Region 1 
 

rel 12 hr >95%; n > 0.50; MDT > 3.1; t50% > 2.5 hr. 

 
Region 2 

 

rel 12 hr >96.9; n > 0.52; MDT > 4.1; t50% > 3.5 hr 

 
The response surface plot and contour plots known to facilitate an understanding of the contribution of 
the variables and there interactions are shown in Fig. 4. 

 
3.6 Validation of Optimum Formulation 
 
The results of the physical evaluation and tablet assay of the optimized formulation were within limits. 
Dissolution parameters like n, k, mean dissolution time, released in 12 h and k were tabulated for six 
optimized matrix tablets formulation coded A-F and shown in Table 4. 

 
Table 3. Values of the coefficient for the polynomial equations and R2 for various response 

variables of the formulations 

 
Coefficient n MDT Rel 12th Hr. t 50 k 

B0 0.490 5.700 87.400 4.130 0.260 

B1 -0.038 1.510 -8.780 0.840 -0.012 

B2 -6.156 0.097 0.530 0.096 -6.078 

B3 -0.018 0.690 -4.480 0.390 -8.844 

B4 -1.989 0.200 -1.720 0.140 -2.578 

Rsquare 0.989700 0.943800 0.966600 0.891000 0.637500 
 
Actual versus predicted and residual versus observed, graph was also plotted between the actual and 
the predicted responses of optimized formulations Fig. 5a-5d. Comparisons of the observed 
responses with that of the anticipated responses along with percentage error were done (Table 5). As 
per cent error in prognosis was minimum, hence the prognostic ability of matrix tablet formulations of 
zolpidem tartrate using RSM optimization validated. 
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Fig. 3. Plots between actual and predicted responses 
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Response surface and contour plots for values of Rel 12 h 
 

 
 

Response surface and contour plots for values of n 
 

 
 

Response surface and contour plots for values of t 50% 
 

 
 

Response surface and contour plots for values of MDT 
 

Fig. 4. Response surface and contour plots for various responses 
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Table 4. Values of release parameters of six optimized matrix tablet formulations of Zolpidem 
tatrate using different amounts of HPMCK4M and HPMCK15M 

 
Formulation composition n k MDT Rel 12h  t50% 

HPMC K4 HPMC K15 Code 
14.4 12 A 0.5219 0.260 4.090 97.80 3.859 
14.4 11.2 B 0.5210 0.2490 4.1179 96.94 3.777 
15 4 C 0.5330 0.2417 4.2706 94.65 3.557 
15 4.8 D 0.5310 0.237 4.2460 95.45 3.589 
13.8 12 E 0.538 0.2466 4.149 96.79 3.675 
13.8 11.2 F 0.519 0.2530 4.175 96.60 3.80 

 

 
 

Fig. 5(a). Linear and residual plots between observed and predicted values of Rel12 
 

 
 

Fig. 5(b). Linear and residual plots between observed and predicted values of t50% 
 

 
 

Fig. 5(c). Linear and residual plots between observed and predicted values of n 
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Fig. 5(d). Linear and residual plots between observed and predicted values of mdt 
 

3.7 In-vivo Evaluation 
 

Plasma concentration and pharmacokinetic parameters after oral administration of one optimized 
matrix tablets and conventional tablets were summarized (Table 6). Chromatogram and peak reports 
of plasma concentration were obtained by HPLC at different intervals [Fig. (6a-6e)]. The following 
parameters were calculated using non compartmental model: area under the plasma concentration- 
time curve from zero to last measurable zolpidem concentration sample time, maximum plasma drug 
concentration (Cmax) and time to reach Cmax (Tmax). The values of Cmax and Tmax were obtained directly 
from the concentration curve and AUC was calculated (Fig. 7). 
 

3.8 In-vitro-in-vivo Correlation 
 

A good correlation between the dissolution profile and bioavailability was observed. In vitro-in vivo 
correlation was determined by plotting a graph showing the fraction of drug absorbed versus the 
fraction of drug released in vitro (Fig. 8). 
 

The dissolution data indicates that as the content of HPMCK4M and HPMCK15 increased, the value 
of n was found to decrease, except when HPMCK4M content increased from intermediate to high 
level. In general the release pattern tends to approach Fickian release with increase in polymer 
content. 
 

The values of k showed however no distinct trend with increase in concentration of polymers. The 
value remained practically invariant ranging from 0.2295-0.2983. This is in accordance with the 
characteristic nature of the kinetic constant, which is a function of the proportion of the matrix polymer 
viz., solubility, molecular weight, viscosity, etc. It depicts insignificant change in overall polymer 
characters. 
 

Table 5. Comparison of experimental results with predicted responses for Zolpidem tablets 
 

Composition 
HMPCK4/HPMCK15M 

Response  Predicted value Experimental value Percentage error 

 Rel 12h 97.78 97.800 -0.020 
14.4/12 t50% 3.803 3.8590 -1.451 
 n 0.5221 0.5219 0.038 
  MDT 4.095 4.0900 0.122 
 Rel 12h 96.949 96.940 0.009 
14.4/11.2 t50% 3.780 3.7770 0.079 
  n 0.523 0.5210 0.384 
  MDT 4.1181 4.1179 0.005 
  Rel 12h 95.462 94.650 0.858 
15/4 t50% 3.544 3.5570 -0.365 
  n 0.534 0.5330 0.188 
  MDT 4.2714 4.2706 0.019 

R² = 0.9985
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Response  Predicted value Experimental value Percentage 

Rel 12h 95.663 95.450 0.223
t50% 3.566 3.5890 -0.641

0.533 0.5310 0.377
 4.247 4.2460 0.024

Rel 12h 96.812 96.790 0.023
t50% 3.386 3.3960 -0.294

0.520 0.5150 0.971
 4.157 4.1490 0.193

Rel 12h 96.626 96.600 0.027
t50% 3.812 3.8000 0.316

0.521 0.5290 -1.512
 4.178 4.1750 0.071

 

 
Fig. 6(a). 
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The values of drug released in 12 h showed that with an increasing total polymer content resulted in 
the decrease in the drug release. The inverse relationship is there between the total polymer 
and drug release. 
 
The value of overall rate of release decreases with increasing concentration of HPMCK4M and 
HPMCK15M from low to intermediate levels. Increasing the concentration to high level of HPMCK4M 
and HPMCK15 did not have any significant 
reports, wherein a saturation effect occurred at high concentration. The general pattern was a 
decrease in release rate with an increase in amount of total polymer content. This is in clear 
accordance with earlier findings. 
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Fig. 6(b). 

The values of drug released in 12 h showed that with an increasing total polymer content resulted in 
the decrease in the drug release. The inverse relationship is there between the total polymer 

The value of overall rate of release decreases with increasing concentration of HPMCK4M and 
HPMCK15M from low to intermediate levels. Increasing the concentration to high level of HPMCK4M 
and HPMCK15 did not have any significant effect or release rate, in accordance with the previous 
reports, wherein a saturation effect occurred at high concentration. The general pattern was a 
decrease in release rate with an increase in amount of total polymer content. This is in clear 
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The values of drug released in 12 h showed that with an increasing total polymer content resulted in 
the decrease in the drug release. The inverse relationship is there between the total polymer content 

The value of overall rate of release decreases with increasing concentration of HPMCK4M and 
HPMCK15M from low to intermediate levels. Increasing the concentration to high level of HPMCK4M 

effect or release rate, in accordance with the previous 
reports, wherein a saturation effect occurred at high concentration. The general pattern was a 
decrease in release rate with an increase in amount of total polymer content. This is in clear 
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The values of mean dissolution time showed that with increasing total polymer content resulted in the 
increase of mean dissolution time. Mean dissolution time is used to characterize drug release rate 
from a dosage form and indicates the drug release retarding efficiency of polymer. The 3D response 
surface plots and contour plots demonstrated the graphical representation of results.
 

 
Comparisons of the observed responses with that of the anticipated responses along w
error for dissolution parameters like n, k, mean dissolution time, drug released in 12 h and k of six 
optimized matrix tablets formulation shows the prognostic ability of matrix tablet formulations of 
zolpidem tartrate using RSM optimization
 
Bioavailability studies shows that no sustained blood level of zolpidem was evident after oral 
administration of the conventional formulation. Although, plasma concentration time was 
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The values of mean dissolution time showed that with increasing total polymer content resulted in the 
increase of mean dissolution time. Mean dissolution time is used to characterize drug release rate 

s the drug release retarding efficiency of polymer. The 3D response 
surface plots and contour plots demonstrated the graphical representation of results. 

 
Fig. 6(c). 

Comparisons of the observed responses with that of the anticipated responses along w
error for dissolution parameters like n, k, mean dissolution time, drug released in 12 h and k of six 
optimized matrix tablets formulation shows the prognostic ability of matrix tablet formulations of 
zolpidem tartrate using RSM optimization method and is validated. 

Bioavailability studies shows that no sustained blood level of zolpidem was evident after oral 
administration of the conventional formulation. Although, plasma concentration time was 
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Comparisons of the observed responses with that of the anticipated responses along with percentage 
error for dissolution parameters like n, k, mean dissolution time, drug released in 12 h and k of six 
optimized matrix tablets formulation shows the prognostic ability of matrix tablet formulations of 

Bioavailability studies shows that no sustained blood level of zolpidem was evident after oral 
administration of the conventional formulation. Although, plasma concentration time was 
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characterized significantly by higher plasma c
decline in plasma concentration. 
 

The formulated matrix tablets showed significantly lower C
significantly more time to reach Cmax

However the tablets maintained extended constant plasma concentration up to 12 h.
 
A high value of correlation R2 (0.9037) suggested good correlation between 
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characterized significantly by higher plasma concentration after 2 h of administration followed by 

 
Fig. 6(d). 

 
The formulated matrix tablets showed significantly lower Cmax then conventional tablet and required 

max (Tmax 2.5 h) as compared with conventional tablets (T
However the tablets maintained extended constant plasma concentration up to 12 h. 

(0.9037) suggested good correlation between in vitro-in vivo 
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then conventional tablet and required 
2.5 h) as compared with conventional tablets (Tmax 1.8 h). 

in vivo data. 
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Table 6. Pharmacokinetic parameters

 

 AUC 

Conventional tablet 0.154 ± .01

Optimized tablet 0.179  ± 0.2

 

Fig. 7. Plasma concentration time profile of optimized batch of matrix
tablet after oral administration
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Fig. 6(e). 

Table 6. Pharmacokinetic parameters 

 Cmax Tmax

0.154 ± .01 0.305 ± 0.3 1.8 ± 0.2

0.179  ± 0.2 0.296 ± 0.1 .5  

 
 

Fig. 7. Plasma concentration time profile of optimized batch of matrix tablet and 
tablet after oral administration 
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Fig. 8. Fraction of drug absorbed versus fraction of drug release (In vitro- In vivo) co-relation 
for optimized batch of matrix tablets 

 

4. CONCLUSION 
 
Zolpidem tartrate matrix tablets containing combination of polymers HPMCK4M and HPMCK15M, 
confirms excellent promises for drug release prolongation. Results of the dissolution studies for 
optimized formulation fulfilled maximum requisites because of better regulation of release rate. 
Rational use of optimization methodology helped to predict the best possible formulations and 
confirms the prognostic ability of RSM optimization method and validated. Results of bioavailability 
studies confirm lower Cmax and significant more Tmax (2.5 h) of formulated matrix tablets in comparison 
to conventional tablets. A high value of R

2
 0.9037 confirms the in-vivo-in-vitro correlation at level A 

between fraction of drug absorbed and fraction of drug release. 
 
Conclusively, the current study attained the successful design, development and optimization of 
formulation of zolpidem tartrate matrix tablets. 
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ABSTRACT 
 

The synthesis, spectroscopic (including X-ray for 2a and 4a) and optical properties of a series of 
binuclear complexes [{Pt(pq)(C≡CtBu)}2{μ-(N-N)}] (1a–5a), having ditopic dinitrogen linker ligands 
(NN) and of a trinuclear [{Pt(pq)(C≡CtBu)}3(μ-L)] (6a) featuring a 1,3,5-tris(pyridine-4-
ylethynyl)benzene as a central core are presented. In this chapter particular attention is devoted to the 
unusual behavior of the binuclear complexes illustrated with complex [{Pt(pq)(C≡C

t
Bu)}2{μ-4,4’-bpy)}] 

(2a). Thus, upon solution, complexes 1a-5a establish a fast dynamic equilibrium with the alkynyl 
bridging starting material [Pt(pq)(μ-C≡Ct

Bu)]2 (Pt-1), the corresponding mononuclear complex with a 
terminal N-donor ligand [Pt(pq)(C≡Ct

Bu)(N-N)] (1b-5b) and the free ligand (NN). Additionally, the 
effects of concentration, temperature and solvent properties on the equilibrium, and their optical 
properties (absorption and emission), supported also by theoretical calculations on 2a, are 
commented. 
 
Keywords: Alkynyl; cyclometalated; luminescence; platinum; N-donor ligand. 
 
1. INTRODUCTION 
 
Alkynyl platinum(II) complexes have attracted much interest in the last decades due to their rich 
structural diversity [1–4], interesting chemical reactivity [1] and more recently from their increasing 
potential in material science [5–17]. In this field, phosphorescent alkynyl cycloplatinated platinum 
complexes have been extensively explored owing to their promising use as components in 
electroluminescent devices, chemosensors and photovoltaic cells [8,18-21]. In these complexes, the 
efficient singlet to triplet intersystem crossing, facilitated by the heavy Pt atom, generally induces 
phosphorescent emissions with high radiative yield. The presence of carbon donor atoms (CCR, 
C^N) destabilizes -antibonding ligand and metal center states, thus preventing access to 
nonradiative deactivation pathways through molecular distortion. The lowest excited states of these 
complexes are typically admixtures 3LC /3MLCT/3L’LCT (L’LCT= interligand charge transfer), that are 
tunable by varying the cyclometalated group and the alkynyl ligand (L’). Furthermore, some of these 
complexes are particularly prone to show solid-state polymorphism and interesting photophysical 
properties related to non-covalent Pt…Pt interactions and … stacking, which induce new low-lying 
emissions ascribed to metal-to-metal charge transfer (MMLCT) or excimers [22,23]. This behavior has 
demonstrated potential application in white organic light emitting diodes (WOLEDs) and as sensor or 
labels systems [24]. 
 
By using the triple bond of the Pt-CCR units, we and others have reported the synthesis and 
properties of di- and triplatinum complexes in which the Pt

II
 centers are connected by one CCR or a 

double alkynyl bridging systems, exhibiting planar or bent Pt(μ-C≡CR)2Pt conformations [25–36], with 
the alkynyl acting as μ-κC

α
:η

2
-C≡CR ligands. Although the reactivity of these systems has been 

scarcely explored, it has been demonstrated that diplatinum complexes such as [trans-Pt(μ-
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C≡CR)(C6F5)(PPh3)2]2 and [Pt(C
^
P)(μ-C≡CR)]2 undergo bridge-splitting with classical donor ligands to 

give mononuclear σ-alkynyl PtII complexes [25,30,31,34]. 
 
On the other hand, since the rationale design of the molecular square [{Pd(en)(μ-4,4'-bpy)}4](NO3)8 by 
self-assembly of [Pd(en)(ONO2)2] (en = ethylenediamine) with the linear linker 4,4'-bipyridine (4,4'-
bpy) [37], numerous and fascinating molecular and metallosupramolecular structures with different 
levels of complexity have been prepared by using linear, angular, triangular or flexible linkers with 
bidentate or tridentate binding nitrogen units. Several reviews have thoroughly covered this amazing 
field in the last years [38–46]. In this field, the research on the construction of luminescent 
metallacycles and metallasupramolecular structures featuring luminescent PtII units in the corners and 
luminophore N-groups as linkers has attracted considerable attention because of their extensive 
applications mainly in host − guest chemistry and biomedicine [47]. Comparatively, diplatinum 
complexes with dinitrogen donor ligands bridging the metal centers are less represented [48–55] and 
particularly those with cycloplatinated fragments are rather scarce [48–52]. 
 
We recently reported the synthesis and a detailed study of luminescent properties of the series 
[Pt(pq)(μ-C≡CR)]2 (Hpq = phenylquinoline; R = tBu, Tol, C6H4OMe-3, C6H4CF3-4) [56], which 
represent the first examples of cycloplatinated complexes stabilized by double alkynyl bridging 
complexes. In these bimetallic complexes the metal centers are relatively close to one another, and 
their photophysical properties were found to be influenced by the substituents on the alkynyl ligands in 
response to the variation of the Pt

…
Pt distance. Thus, the ter-butyl derivative [Pt(pq)(μ-C≡Ct

Bu)]2 
exhibits a relatively short Pt…Pt distance of 3.0936(3) Å and, in accordance, displays an emission 
originated from a mixed metal-metal-alkynyl to pq 

3
[(MM + L')LCT] excited state. By contrast, the aryl 

derivatives have longer Pt…Pt distances, as found in complex [Pt(pq)(μ-C≡CTol)]2 [3.2109(3) Å], and 
therefore their emission mainly arises from a 

3
L'LCT excited state with negligible 

3
MMLCT 

contribution. Following this work, we summarize here the properties of a different kind of bi- and tri-
metallic complexes in which the platinum units “Pt(pq)(C≡CtBu)” are connected by ditopic N-N-donors 
(pyrazine (pyz) L1, 4,4'-bipyridine (bpy) L2, 1,2-bis(bipyridyl)ethane (bpa) L3, trans-1,2-bis(4-
pyridyl)ethylene (bpe) L4 and 1,2-bis(4-pyridyl)acetylene (bpac) L5 [57]), and the rigid and branched 
pyridyl alkynyl ligand (1,3,5-tris(pyridine-4-ylethynyl)benzene (L6) [58]). This study allowed us to 
examine the influence of the linker in the properties of the final complexes. 
 

2. RESULTS AND DISCUSSION 
 

2.1 Synthesis and Characterization 
 
The synthesis of the new diplatinum derivatives [{Pt(pq)(C≡CtBu)}2(μ-L)] (L = pyz 1a, bpy 2a, bpa 3a, 
bpe 4a, bpac 5a) and the trinuclear complex 6a is outlined in Scheme 1. The complexes are formed 
by treatment of the binuclear derivative [Pt(pq)(μ-C≡CtBu)]2 (Pt-1) with the corresponding dinitrogen 
donor ligand, which causes the rupture of the alkynyl bridging system. In the case of complexes 2a, 
3a and 5a, their formation takes place by treatment of the starting material with only one equivalent of 
the ligand, while for the isolation of 1a and 4a as pure solids in the solid state, two equivalents of the 
ligand are required. The branched trinuclear platinum complex [{Pt(pq)(C≡Ct

Bu)}3(μ-tpab)] (6a) was 
obtained using the same strategy but with a Pt-1:ligand molar ratio of 3:2 (For experimental details 
see reference [59]). It worth to note that a particularly reliable indicator of the obtaining of the 
complexes is the lack of bridging υ(C≡C) band in the IR spectra of the final solids. 
 
A combination of crystallography, NMR, IR, elemental analyses (C, N, H) and mass spectrometry 
provides a complete picture of the behavior of these complexes. In the solid state, these complexes 
are isolated as the species 1a-6a formulated in the Scheme 1. Notably, their IR spectra show one 
υ(C≡C) intense absorption (2114–2118 cm−1) in the typical range for terminal σ-coordinated alkynyl 
ligands, thus confirming the cleavage of the alkynyl bridging (μ-C≡Ct

Bu)2 system. Furthermore, 
complexes 5a and 6a show one additional band at higher frequency (2223 5a, 2212 cm

−1
 6a), 

assigned to the υ(C≡C) stretch of the inner ethynyl entity of the 4-pyridylacetylene groups in the bpac 
and the tpab ligands, respectively. The X-ray crystallographic studies on complex 2a and 4a [59]  
confirm the stereochemistry shown, with the C≡CtBu ligand occupying the cis position to the 
metallated carbon atom, in agreement with the lower trans influence of the N-pyridine donor atom 



 
 
 

Current Perspectives on Chemical Sciences Vol. 2 
Solution Behavior and Optical Properties of Platinum Complexes Featuring “Pt(pq)(C≡CtBu)” Units Connected by N-donor 

Ligands 
 

 
127 

 

compared to the C≡Ct
Bu ligand. It is worth to note that in 4a the asymmetric unit is formed by one 

independent molecule and two half ones, which are completed by application of symmetry elements. 
The conformation and metrical details of the three molecules are, however, similar. As shown in Fig. 
1, the molecular structures confirm the expected formation of binuclear entities with a 4,4'-bpy (2a) or 
bpe (4a) group bridging the PtII centers. The Pt atoms complete a distorted square planar 
environment with a bidentate pq ligand and one terminal alkynyl group. In both complexes, the N-
pyridine bridging group is trans to the cyclometalated carbon, thus confirming that the reactions take 
place with retention of the geometry in the precursor, and the Pt units adopt an anti-configuration. The 
Pt-N (bpy or bpe) distances [2.113(4), 2.125(4) Å 2a, 2.114(7)–2.145(7) Å 4a] are in the range found 
in other cycloplatinated complexes for Pt-N distances trans to metalated carbon atom [48,49]. 
 

 
 

Scheme 1. Synthesis of 1a–6a 
 

In the bridging ligand, the two pyridyl rings form a small dihedral angle (2a, 16.45°; 4a, 24.0° in the 
complete molecule and coplanar in the other two molecules). However, the dihedral angles with its 
corresponding Pt coordination plane are, as expected, higher [67.47°, 82.18° (2a) and 60.36–
80.41°(4a)] reducing the electronic communication between the Pt units. These values can be 
compared to those reported in related binuclear complexes featuring the tridentate cyclometalating 
1,3-bis(piperidylmethyl)benzene ligand (pip2NCN−) [{Pt(pip2NCN)}2(μ-NN)]2+ [NN = bpy 86°, bpe 
85.2°)] [48,49]. In both complexes the phenylquinolyl (pq) ligand is fluttered (dihedral angles of  13-
14° 2a; 20° and 10.04° 4a), as observed in related Pt(pq) complexes [56]. Crystal packing reveals a 

pairwise stacking only in complex 2a forming dimers through moderate intermolecular ··· (pq···pq) 
interactions (3.271, 3.336 Å), which interacts through secondary interactions with the crystallization 
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solvents (CHCl3, n-hexane) and with other dimers (Hpy···C≡C/Cpq). However, the supramolecular 

structure of 4a does not show …interactions. 
 

 
a) 
 

 
b) 
 

Fig. 1. a) View of the molecular structure of the complex [{Pt(pq)(C≡CtBu)}2(μ-4,4'-
bpy)]·2CHCl3·C6H14 (2a·2CHCl3·C6H14), b) View of the independent molecule in the asymmetric 
unit in the molecular structure of the complex [{Pt(pq)(C≡CtBu)}2(μ-bpe)]·4CHCl3 (4a·4CHCl3) 

 
The behavior in solution is different. Firstly, the analysis of the mass spectra of complexes in CH2Cl2 
solution [ESI (+)] reveals the presence of the corresponding molecular peak [M]+ for each complex 
and the fragmentation peak [Pt(pq)(C≡Ct

Bu)L]
+ 

(species b) (or {Pt2(pq)2(C≡Ct
Bu)2L}

+
 in the trinuclear 

derivative 6a), generated by loss of the fragment [Pt(pq)(C≡CtBu)] (Fig. 2). Interestingly, in all cases 
there are also intense peaks ([{Pt(pq)(C≡Ct

Bu)}2]
+
, m/z 961; [Pt2(pq)2(C≡Ct

Bu)]
+
, m/z 879 and 

[Pt(pq)(C≡CtBu)]+, m/z 481), which are associated with the starting material Pt-1 in solution.             
These mass spectra are in good qualitative agreement with the observations in the NMR spectra in 
solution. 
 
So, surprisingly, the room temperature 

1
H NMR spectra of the corresponding solid complexes 1a–6a 

in CDCl3 are consistent with the presence of four different molecules in solution, which are collected in 
Scheme 2. The resonances are associated with the presence of the new diplatinum complex (species 
a), the starting material [Pt(pq)(-C≡Ct

Bu)]2 (Pt-1), the free ligand (L1-L5) and, also the corresponding 
mononuclear complex with the dinucleating ligand acting as monodentate terminal group 
[Pt(pq)(C≡CtBu)(L-κN)], (hereafter denoted as species 1b-5b) [59]. 
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Fig. 2. Experimental isotope pattern and predicted isotopic distribution (green) in the 
electrospray mass spectrum of 6a, showing the peak [Pt3(pq)3(C≡Ct

Bu)3(tpab)]
+
 

 
As illustration, we only discuss the behavior of the 4,4'-bpy complex [{Pt(pq)(C≡CtBu)}2(μ-bpy)] (2a). 
The 

1
H NMR spectra of the microcrystalline 2a complex (B), the starting material Pt-1 (C) and a 

mixture Pt-1:4,4'-bpy in 1:4 molar ratio (A) are presented in Fig. 3. It should be noted that the 
coordination of the pyridine N atoms to the Pt center is supported by the well-known coordination-
induced shifts of the α-Hpy protons to downfield in relation to the free 4,4’-bpy (δ 8.75), which has 
been ascribed to the loss of electron density upon pyridine ring coordination. As seen in Fig. 3B, only 
one signal appears at δ 9.00 (d, green), which is assigned to the bridging species 
[{Pt(pq)(C≡CtBu)}2(μ-bpy)] 2a, whereas the two expected different resonances located at 8.96 (d), 
8.79 (d) (blue) correspond to α-Hpy protons of the coordinated and uncoordinated pyridine units of the 
monomer [Pt(pq)(C≡CtBu)(4,4’-bpy)] 2b. It should be noted that this later signal (δ 8.79) lies close to 
that of the free bpy (δ 8.75) also present in solution. A particularly reliable indicator of the presence of 
starting material (Pt-1) is the signal H

8
 of the pq ligand, very deshielded (δ 9.75) in relation to the 

others. Fortunately, in all systems under study, the pyridine protons (pyrazine for 1a) and the H8pq 
signal of the precursor Pt-1 are sufficiently separated from the other signals, allowing us to establish 
the approximate ratios of the species from their integrations. However, due to remarkable overlapping 
(or even coincidence for pq signals) an accurate assignment for the rest of signals to the 
corresponding individual complexes was not possible. 
 
As noted above, the presence of these species in solution is consistent with a fast evolution of the 
bimetallic species 1a-5a in solution through a series of reasonable equilibria (slow on the NMR scale), 
that are shown in Scheme 2. This evolution seems to be initiated through a partial dissociation of the 
N-bridging ligand at room temperature in CDCl3 (Scheme 2, i), which could be driven by the trans 
labilizing effect of the C-cyclometalate atom on the N-donor ligand and the remarkable stability of the 
σ/π-C≡Ct

Bu bridging system in the precursor Pt-1. By a subsequent interaction of the free ditopic 4,4’-
bpy with 2a, the corresponding mononuclear species 2b can be generated in solution. 
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Scheme 2. Equilibrium proposed between the species a, b, Pt-1 and the free ligand in systems 
1–5 

 

 
 

Fig. 3. 1H NMR spectra (CDCl3, 400 MHz, 298 K, aromatic region) of: (A) Aliquot of a reaction 
mixture Pt-1/4,4'-bpy in a 1:4 molar ratio; (B) Microcrystalline sample of [{Pt(pq)(C≡Ct

Bu)}2(μ-
4,4'-bpy)] (2a); (C) [Pt(pq)(μ-C≡CtBu)]2 (Pt-1) 

 
A comparison of the analysis of the 

1
H NMR spectra of these five bimetallic assemblies by using 

similar sample concentration, allow us to conclude that the extend of the evolution of the bimetallic 
species 1a-5a depend on the N-donor ligand [59]. Thus, the higher proportion and, therefore, the 
higher stability of the bimetallic species (a) in solution was found with the more flexible and better 
donor ligands (bpa, bpe), whereas the lowest was with the short and rigid pyrazine ligand, being the 
order: bpa ≈ bpe > bpac ≈ bpy  pyz. It should be noted that for the trinuclear complex 6, signals due 
to coordinated and free α-H pyridine protons are also observed together with that of the H

8
pq proton 

of Pt-1. However, in this system the possible occurrence of stepwise decoordination of more than one 
cyclometalating Pt unit cannot be excluded. 
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Equilibria were found to be significantly influenced by concentration, temperature or solvent as is 
illustrated for 2a in Figs. 4-6. As shown in Fig. 4, dilution of a solution from 6 × 10−3 to 1 × 10−3 M 
causes a progressive shift of the equilibria (i) and (ii) to the right, increasing the presence of Pt-1, 2b 
and free 4,4'-bpy with concomitant decreasing of 2a. By contrast, upon lowering the temperature to 
218 K (Fig. 5) the concentration of 2a increases, whereas those of Pt-1, 2b and free 4,4’-bpy 
decrease (2a:Pt-1:2b:N-N ratio, 298 K ≈ 1:0.8:1.3:0.2; to 218 K 1:0.4:0.8:0.1 for a solution 3 × 10

−3
 M 

in CDCl3). These results clearly confirm that the three complexes and the free ligand are involved in a 
dynamic equilibrium. By using CD3COCD3 as solvent for 2a the final ratio found was a:Pt-1:b:N-N ≈ 
1:2.2:2.4:1.2 (Fig. 6). Therefore, in this solvent not only the equilibria (i and ii) are shifted to the right in 
more extension to that observed in CDCl3, but also the formation of Pt-1 and bpy (equilibrium i) was 
favored in relation to 2b (ii). 
 
As was expected, the final ratio between the bimetallic and mononuclear complexes a/b in solution 
was influenced by the concentration of the dinucleating N-N ligand. Thus, the 1H NMR spectra 
recorded for solutions formed by a mixing of Pt-1/L (L2–L5) 1:4 in CDCl3 (established by UV-vis, see 
below) show mainly the signals associated to the mononuclear species (b), together with the free 
ligand in excess and small amount of the bimetallic species (a). As shown in Fig. 3A, for the Pt-1/4,4’-
bpy system, the final ratio found was (≈ 1: 0: 8: 14  for 2a: Pt-1: 2b: 4,4’-bpy). In this system, no 
signals associated with the starting material (Pt-1) were observed, indicating that the equilibria drawn 
in Scheme 2 are essentially shifted in counterclockwise in the presence of excess ligand. However, in 
the case of the pyrazine system, a large excess of ligand was required to eliminate completely the 
presence of the precursor (Pt-1:pyz ≈ 1:20). This fact is in good agreement with the greater amount of 
starting material observed when the solid 1a is dissolved. 
 
It is worth noting that all attempts to obtain the mononuclear complexes 1b-5b, as pure solids from 
reaction mixtures having excess of ligands were fruitless. From these systems, only the binuclear 
complexes 1a–5a and mixtures 1a–5a /1b–5b could be isolated. However, the proton spectra 
obtained in presence of excess of ligands have allowed us to carry out a reasonable assignment of 
the signals of the mononuclear complexes 1b–5b (2D 1H-1H spectra). Taking into account the 
characterization of 1b–5b and known the resonances of the starting material and of the free ligands, it 
was possible to identify and to assign with some certainty some characteristic signals observed for the 
bimetallic solid samples (1a–5a) in CDCl3 solution [59]. 
 

 
 

Fig. 4. 1H NMR spectra at 298 K of 2a at different concentrations (mol/L). Selected resonances: 
Pt-1 (*), 2a (O), 2b (∆), free bpy (□) 
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Fig. 5. 
1
H NMR spectra at 298 K and at 218 K of a sample of recently dissolved solid 2a in 

CDCl3 (3 × 10−3 M) 
 

 
 

Fig. 6. 
1
H NMR spectra at 298 K in CD3COCD3 (3 × 10

−3
 M) of a sample of recently dissolved 

solid 2a 
 
2.2 Photophysical Properties and Calculations 
 
2.2.1 Electronic absorption spectroscopy 
 
Relevant data of the room-temperature absorption spectra of the binuclear complexes 1a-6a in the 
solid state (Diffuse Reflectance) and of mononuclear species 1b-5b, generated from mixtures Pt-1:L 
(1:4) (L2–L6) and 1:14 (L1) in CH2Cl2 solution, were summarized in Table 1 and illustrative spectra 
are provided in Fig. 7. 
 
In the solid state, the binuclear complexes 1a-5a are characterized by a distinctive low energy feature 
in the range 500–540 nm, tentatively ascribed, on the basis of TD-DFT calculations for 2a, to charge 
transfer from the Pt(pq)(C≡CtBu) units to the central N-N linker 1[(M + L + L')L''CT]. 
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In CH2Cl2 solution, the absorption spectra of solids 1a-6a, provide a further support of the occurrence 
of the fast dynamic equilibrium between the bimetallic complexes (a), the starting material (Pt-1), the 
monometallic species (b) and the free ligand shown in Scheme 2. The spectra of freshly prepared 
CH2Cl2 solutions of solid 1a–6a display intense bands in the 240–330 nm region due to spin allowed 
ligand centered transitions 1LC (pq, C≡CR and N-N-donor ligand). As illustration the spectra of 2a, Pt-
1 and 4,4’-bpy are presented in Fig. 7A. The moderately vibronic band resolved at ca. 355 nm 
coincides with that observed in the starting material Pt-1 and is attributed to 1LC located on the 
phenylquinolinyl pq ligand. The low-energy absorption (408–413 nm) is suggested to be originated 

mainly from the [d(Pt)/C≡C*(pq)] 
1
[(M + L')LCT] mixed state. This band appears remarkably blue-

shifted in relation to the lowest manifold in the precursor (436 nm), supporting cleavage of the double-
alkynyl bridging system. Although the influence of the ancillary N-N ditopic ligand in the low energy 
manifold is minimal (Fig. 7C), the slight blue shift observed for the less electron donating pyrazine 
ligand (408 nm) and the slightly red shift seen for the most electron donating 1,2-bis(4-pyridyl)ethane 
(bpa, 413 nm) is also coherent with this assignment. Increasing the  donor capability of the auxiliary 
ligand increases the gap between the 

1
LC and 

1
MLCT / 

1
LLCT states, causing a slight shift to longer 

wavelengths. However, due to the low lying nature of some of the * diimine ligands, contribution from 

platina-alkynyl to N-donor ligand charge transfer 
1
[Pt(C≡C)*(N-donor)] could be also plausible. 

This contribution is apparent in the bpac system (5), which displays enhanced absorption in the low 
energy tail (line violet). 
 

 
A                                                                                               B 

 

 
C 
 

Fig. 7. A) Absorption spectra of 2a, [Pt(pq)(μ-C≡Ct
Bu)]2 (Pt-1) and free 4,4'-bpy in CH2Cl2; 

B) Normalized absorption spectra in CH2Cl2 of [Pt(pq)(μ-C≡CtBu)]2 (Pt-1) and successive 
additions of 1, 2, 4, 6, 8 and 30 equiv. of 4,4'-bpy; C) Low energy region of the absorption 

spectra of solids 1a–6a and Pt-1 in CH2Cl2 
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In accordance with the dynamic equilibrium and the NMR spectra commented before, the progressive 
addition of the corresponding N-N-donor ligand essentially causes the disappearance of Pt-1 in 
solution. By way of illustration, Fig. 7B shows the spectra of the precursor (Pt-1), together with the 
changes observed upon successive addition of 4,4'-bpy. As it is observed, the maximum of the band 
is shifted from 436 nm in Pt-1 to 410 nm with only 1 equiv. of ligand, but the band shows a long tail in 
the region where Pt-1 still absorbs, thus confirming its presence. Upon addition of ca. 4 equiv. of 
ligand, the red-side of band decreases considerably, in accordance with the essentially 
disappearance of Pt-1. Upon addition of more ligand (6–30 equiv.) the changes in the maximum of 
band are minimal except for a small decrease in the tail. At this point, we attributed this minimal to a 
complete disappearance of the bimetallic species (a) in solution, leaving mononuclear b complexes as 
the predominant metallic components. The fact that the stepwise addition of ligand takes place 
keeping the low energy maximum at 410 nm (with minor changes in the tail) indicates that the 
absorption profiles and electronic structures of bimetallic (species a) and mononuclear complexes 
(species b) are likely rather similar. This behavior is not unexpected and has been previously 
observed in related systems [48]. In the case of the pyz-system 1 (Pt-1/L1), a relation of ca. 1:14 was 
required for the disappearance of the precursor Pt-1, what is also in agreement with a greater 
dissociation of the N-ligand in the assembly. 
 
2.2.2 Emission spectroscopy 
 
Notably, these series of complexes 1-6 (a and b) are intensely luminescent in all media with 
efficiencies higher than those observed for the precursor. Table 1 summarizes emission data and Fig.  
8 illustrates the emission profiles of 1a–6a in the solid state at room and at 77 K. Upon photoexcitation 
(range 350-540 nm), the bimetallic complexes 1a–6a give rise, at room temperature, unstructured 
bands in the range 590–615 nm, whereas at low temperature the profiles become structured and 
slightly blue shifted (572-598 nm). The lifetimes were adequately modeled by a single exponential 

function in the range of microseconds ( 0.3–11.4 μs 298 K; 7.6–39.2 μs 77 K), confirming triplet 
parentage. As observed in Fig. 8, the emission profile of the bpe-bridged binuclear compound 4a, is 
highly structured at 77 K, with peak maxima (588, 648 and 702 nm) which are close to those observed 
for the free ligand. This observation and the long lifetime (39.2 μs) are consistent with a predominantly 

bpe-centered 3LC 3()* excited state. The emission profiles of 1a (pyz) and 2a (bpy) are rather 

similar [max(nm)/T: 590/298 K; 572 1a, 574 2a /77 K] and compare to those seen for other 
phenylquinolyl platinum complexes [60,61], being attributable to a mixed 3MLCT /3L’LCT 
(Pt(d)pq/CCtBupq) excited state. The low temperature profiles of complexes 3a, 5a and 6a are 
similar to those of 1a and 2a, with the maxima slightly red shifted [max(nm) 598 6a(tpac)  596 
5a(bpac)  588 3a(bpa)], suggesting similar 

3
MLCT /

3
L’LCT excited state with some contribution of the 

central N-N linker ligand. 
 

 
A                                                                                 B 

 

Fig. 8. Normalized emission spectra of 1a–6a in solid state, A) at 298 K; B) at 77 K (exc 400 nm) 
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Table 1. Relevant data of absorption and emission for complexes in solid state (1a–6a) and in 
solution [mixtures Pt-1:L (1:4) (L2-L6) and 1:14 (L1) in CH2Cl2, 5 × 10−5 M; predominant species: 

2b-5b, mixtures of 1a/1b or 6a/6b] 
 

Compound Medium (T ª/K) λabs/nm a 
(10

3
 ε M

−1
 cm

−1
)
 
 

λem/nm b τ/μs ϕ(%) 

1 Solid 298 530 590 8.0 13.8 
77  572  14.0  

Solution 298 408 (20.6) 595    
77  570    

2 Solid 298 530 590   9.9 13.1 
77  574  12.2  

Solution 298 410 (13.3) 590    
77  570    

3 Solid 298 525 610 9.9 9.4 
77  588  7.7  

Solution 298 413 (17.7) 595    
77  570    

4 Solid 298 535 605  10.4 4.9 
77  588  39.2  

Solution 77 c 412 (20.7) d 578  13.8  
5 Solid 298 540 596  11.4 6.8 

77  596  15.2  
Solution 298 410 (20.8) 595  9.2  

77  576  14.4  
6 Solid 298 545e 615  0.3 1.1 

77  598  7.6  
Solution 298 410 (6.0) 595    

77  570    
a Lowest-energy absorption peak; b Highest-energy emission peak; c Non emissive at 298 K; 

d 298 K; e Tail to 630 nm 

 
Taken into account the occurrence of the dissociation process for the bimetallic complexes 1a-6a 
commented above, the study of the emissions in solution was carried out using CH2Cl2 solutions with 
a Pt-1:L proportion of 1:4 (data are listed in Table 1). Under these conditions, the predominant 
species in solution are the mononuclear complexes for 2b to 5b. However, mixtures with the 
corresponding binuclear complexes are expected in the systems with pyrazine and the trinucleating 
1,3,5-tris(pyridyl)acetylene ligand (1 and 6). 
 
The bpe complex (4b) is not emissive in fluid. This behavior is not unexpected and might be attributed 
to a relatively fast nonradiative relaxation by forming a twisted triplet state (

3
p) [48,62–64]. As shown 

in Fig. 9A, the remaining complexes display a rather similar intense broad emission located at around 
595 nm, thus suggesting a negligible influence of the N-donor auxiliary ligand in the emissive state. 
The emission shifts remarkably to higher energies at 77 K, developing structured profiles (Fig. 9B) 
with minimal variations in max (range 570–576 nm). At 77 K, the bpe complex 4b is also emissive (line 
orange) exhibiting similar structured profile with a peak maximum at 578 nm, pointing to a similar 
emissive state. In fact, lifetime measurements for two representative complexes with ligands bpe (4b) 
and bpac (5b) in glass state are also similar (13.8 4b; 14.4 s 5b). The emission is mainly attributed 
to typical mixed excited state 3MLCT/3L'LCT of the mononuclear species [Pt(pq)(C≡CtBu)(N-N)] (1b-
5b) generated in solution. 
 
It is worth to note that identical emission profiles but with reduced intensity were obtained from 
solution of the binuclear 1a–3a and 5a solids (or by using Pt-1/L 1:1 molar ratio). This fact might be 
attributed to similar luminescence response of the species a and b (both present in solution), which 
are clearly more emissive than the starting material. Interestingly, in contrast to the nonemissive 
behavior of the mononuclear complex 4b, a diluted solution (5 × 10

−5
 M) of the solid bpe binuclear 
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complex 4a displays an unstructured band located at 600 nm upon excitation at 420 nm, which could 
be related to the presence of the more rigid 4a in solution. 
 

 
    A                                                                           B 

 
Fig. 9. Emission spectra of species b from mixtures (see text) of Pt-1:L (1:4 ratio) in CH2Cl2 (5 × 

10−5 M) at A) 298 K and B) 77 K 
 
2.2.3 Theoretical calculations 
 
TD-DFT and DFT calculations were conducted for the species 2a, as a representative example, to 
unveil the electronic transition behavior of the binuclear complexes. Calculations were performed with 
the B3LYP functional associated with the LanL2DZ/6-31G(d,p) basis sets [59]. 
 
Fig. 10 shows some selected orbitals in its optimized ground state (S0) in gas phase. The HOMO and 
HOMO-1 are degenerated and are contributed from the alkynyl donor ( 60%) and the Pt atom, 
whereas the electron density of the HOMO−2 and HOMO−3, of similar energy, mainly resides on one 
Pt(pq)(C≡CtBu) unit and the HOMO−4 is located on the other unit. In these orbitals, the computed 
contribution of the alkynyl unit decreases and increases the participation of the cyclometalated pq [ie. 
H-4 Pt (30%), pq (55%) and C≡C

t
Bu (13%)]. The LUMO is mainly centered on the bipyridine ligand 

with a computed contribution of 94%, but the two following and nearly degenerated low lying virtual 
orbitals LUMO+1 and LUMO+2 are, however, localized on the cyclometalated pq groups. The lowest 
electronic transition (S0S1) is dominated by the electronic transition from HOMO−4 to LUMO and 
can be described to charge transfer from one Pt(pq)(C≡CtBu) unit to the central N-N linker, having 
1
[(M + L + L')L''CT] character. The calculated value (494 nm) compares to that seen in the solid 

reflectance spectrum at 530 nm. The computational results for the following excitations (S2,3 482 
nm), which could be correlated with the experimental feature located at 500 nm, reveal significant 
charge transfer from HOMO and HOMO−1 to LUMO+1 and LUMO+2, being ascribed to platinum-
alkynyl to pq charge transfer 

1
[(M + L')LCT] associated to both metal fragments. 

 
By taking into consideration the solvent (CH2Cl2), a blue shift is calculated in the lowest singlet 
excitations in agreement with its charge transfer nature. The lowest energy excitations S1-3, close in 
energy (435, 431 and 428 nm), involve electronic transitions from HOMO-3  HOMO to LUMO  
LUMO+2 and can be related with the broad experimental absorption band located at 410 nm in 
CH2Cl2 solution. As a consequence, this band could be ascribed as an admixture of platinum-alkynyl-
pq to pq charge transfer 

1
[(M + L’ + L)LCT] with contribution to the central bpy linker 

1
[(M + L’ + 

L)L''CT] (L = pq, L' = C≡Ct
Bu, L'' = bpy). 

 
The calculated emission in phase gas (584 nm) is in accordance with the experimental value in the 
solid state (590 nm). This emission is dominated by the SOMO-1SOMO electronic transition (Fig. 
11) and is mainly attributed to a mixed excited state having platinum-alkynyl to phenylquinolynyl 
charge transfer 

3
[(M + L’)LCT] with some intraligand character 

3
LC. This result reinforces the 

experimental data indicating a negligible influence of the N-donor linker. 
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LUMO+3                                          LUMO+2                               LUMO+1 

    

 
LUMO                                              HOMO                                      HOMO−1 

 
HOMO−2                                          HOMO−3                                   HOMO−4 

 
Fig. 10. Molecular orbital plots for the computed S0 state in gas phase of 2a [Pt(2) left; Pt(1) 

right] 
 

 
 

Fig. 11. Molecular orbital plots for the computed T1 state of complex 2a 
 

3. CONCLUSIONS 
 
The synthesis and properties of a series of binuclear [{Pt(pq)(C≡Ct

Bu)}2(μ-L)] (1a–5a) and a trinuclear 
[{Pt(pq)(C≡CtBu)}3(μ-L)] (6a) complexes having bidentate N,N-donor ligands of different lengths and 
flexibility and one N,N,N-tridentate ligand is reported. These polymetallic complexes rearrange in 
solution giving rise to a fast dynamic equilibrium between the diplatinum complexes (1a–5a), the 
mononuclear species [Pt(pq)(C≡C

t
Bu)(L-κN)] (1b–5b), the bimetallic precursor [Pt(pq)(-C≡C

t
Bu)]2 

(Pt-1) and the free ligand (L), as confirmed by 1H NMR experiments and UV-Vis spectroscopy. This 
equilibrium, attributed to the trans labilizing effect of the C-metalated atom in the species a and the 
high stability of the bimetallic [Pt(pq)(-C≡Ct

Bu)]2 Pt-1, is affected by the concentration, temperature, 
solvent polarity and the nature of the linker. The higher proportion of the bimetallic species (a) in 
solution appears with the more flexible and donor linkers (bpa, bpe) at high solution concentration, low 
temperatures and in lesser polar solvents. 
 
On the basis of calculations on 2a, the low-energy absorption band in the solid (500-540 nm) is 
ascribed to charge transfer from the Pt(pq)(C≡CtBu) to 4,4’-bpy. However, in solution, the blue shifted 
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low energy band (408-413 nm) is due to admixture of platina/alkynyl/pq to cyclometalate (pq) charge 

transfer 
1
[d(Pt)/C≡C/pq*(pq)] 

1
[(M + L’ + L)LCT] with minor contribution to the N,N-donor ligand 

1
[d(Pt)/C≡C/pq*(N-donor)]. 

 
All these assemblies exhibit more intense emissions than the starting material (Pt-1) both, in solid and 

solution. For the bpe-dimer 4a, its emissive properties are typical of a bpe-centered 3LC 3(*) excited 
state, whereas the emission of 1a-3a and 5a is ascribed to a mixed 

3
[(M + L')LCT] state with minor 

contribution of the central N,N linker in 3a and 5a. This assignment is in accord to the calculations for 

2a, which reveals that, upon excitation, the energy of the * diimine-based orbitals increases above 

the cyclometalated-based orbitals causing a remarkable change in the nature of SOMOSOMO-1 vs 
HOMOLUMO. In fluid solution, the binuclear species (a) and the mononuclear species (b) (mixtures 
Pt-1:L 1:4) display similar emission, suggesting a similar excited state for both types of species. 
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ABSTRACT 
 

Aim: To evaluate the anatomical variability between the wood tissues of R. racemosa and A. 
germinans and to control the impact of metal trace elements (MTE) pollution in the chemical 
composition and the natural durability of these Gabon mangrove trees. 
Study Design: Laboratory-experiment design was used for this study. 
Place and Duration of Study: Fresh roots and trunks of R. racemosa and A. germinans were 
collected at the non-polluted sites of Oveng and Ayémé Maritime mangroves of Libreville. The wood 
samples from MTE polluted were obtained at Alénakiri public discharge mangrove of Libreville. The 
study was carried out from March 2015 to July 2020 at the LaReVa Bois in Gabon, and the LERMAB 
at the University of Lorraine in France. 
Methodology: The vessel and sclerous cells diameter (µm) and their corresponding number/mm

2
 

were calculated after microtome cutting and optic microscopy analysis. The extractives content was 
obtained after accelerated solvent extraction (ASE), MTE was identified by scanning electronic 
microscopy (SEM) coupled to EDS and X-ray microanalysis. The chemical structure of organic 
compounds was determined by Gas chromatography coupled mass spectroscopy (GC-M). The 
natural durability of the wood was controlled based on the mass loss of samples exposed to the white 
rot-fungus (T. versicolor) and the brown rot-fungus (P. placenta). 
Results: It was found that A. germinans roots were less abundant in cells number/mm

2
 than its trunk 

which exhibited the largest cells diameter. R. racemosa roots and trunk didn’t exhibit significant 
difference between their cells number. Nevertheless, the trunk of that mangrove tree displayed the 
largest cells diameter and somewhat traumatic channels. Any interspecies variability was found 
between their trunk vessel diameters. However, significant difference was found on their vessels 
number/mm

2
; A. germinans trunk was richer in vessels compared to R. racemosa. The roots of the 

latter were more abundant in vessels and displayed the largest cell diameters. Broad parenchyma 
bands and sclerous cells lacked within R. racemosa while they were richer in A. germinans roots and 
trunk. The occurrence of those anatomical structures which storage substances was thought to act in 
the highest heavy metals bio-remediation of Avicenniaceae than Rhizophoraceae. The wood of A. 
germinans exposed to metallic trace element (MTE) pollution have not shown substantial chemical 
changes on fatty acid of low molecular weight and polar molecules content. The strong concentration 
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of Cl, K and Ca on A. germinans sapwood from polluted area suggested physiological perturbations 
on these mineral accumulation in contaminated area. Cr and Cu were mostly accumulated in A. 
germinans sapwood than heartwood. The wood durability of A. germinans towards Poria placenta was 
slightly decreased by MTE pollution. A high resilience of A. germinans to MTE was claimed. 
Conclusion: This study has pointed out anatomical differences between the trunk and the roots of R. 
racemosa and A. germinans from the mangrove trees of Gabon. R. racemosa trunk exhibited few 
traumatic channels located along its growth rings while the roots and the trunk of A. germinans 
displayed sclerous cells located along the broad parenchyma band limits. The mineral pollution would 
provoke physiological perturbation on Cl, K and Ca production from the xylem of the polluted site 
where Cu, Ni, Ir, Cr and Sr were the majors MTE accumulated in A. germinans. The heartwood was 
more degraded by P. placenta while the sapwood gained in durability. Further investigations are 
necessary to better understand the reasons which govern the change of durability of A. germinans 
xylem from polluted site and on the bioremediating capability of R. racemosa and A. germinans 
towards heavy metals accumulation. 
 
Keywords: Mangrove; parenchyma bands; sclerous cells; bioremediation; heavy metals. 
 

1. INTRODUCTION 
 
The wastewater treatment is one of the major environmental issues. Wastewater can be produced by 
more than 80% of the total consumed water in urbanized areas [1,2]. Its amount increases with 
increasing population and industrial activities [3] near rivers or waterways; which provokes significant 
environment pollution [4], insalubrity and medical risks. The measurements of urban sewage are 
depended on water quality modeling of chemical, physical, and biological properties [5]. The 
wastewaters from these uncontrolled activities are discharged in the sea, releasing like this toxic 
organic products and serious mineral pollutants including heavy metals. 
 
National strategies for efficient depollution of seas or waterways are a challenge for underdeveloped 
countries where mangrove is growing interest because it should give response to sea level or climate 
changes [6]. On the other hand, mangrove is a natural stock of active molecules; stem bark from 
mangrove plants like Xylocarpus granatus which contain tannins displaying antiradical and antioxidant 
activity [7] and the roots of marine mangrove such as Ceriops tagal within chemotherapeutic drugs 
have been identified [8] were found in that ecosystem indeed. In addition, mangrove ecosystem was 
described as potential for carbon stock [9,10]. However, financial stakes and pollutions risks 
connected to human and goods transport in the mangrove ecosystem [11,12] as well as the decrease 
of socio-economic profits for rural communities as consequence of mangrove degradation by drought 
and hydraulic dam has been pointed out [13]. The mangrove sediments have high metal binding 
capacity because sediments have anaerobic nature with richness of sulphide content, which can 
easily catch the metals and increase the concentration of metals in the mangrove sediments, 
therefore this availability of metal concentration leads to bioaccumulation in the plant tissues [14,15]. 
Nevertheless, the ability of mangrove for metals accumulation was previously discussed [14,16,17], 
and about 400 species including mangrove trees were identified as potential factories for toxic heavy 
metals storage from wastewaters [18]. R. racemosa and A. germinans belonging to the family of 
Rhizophoraceae and Avicenniaceae respectively, have roots system with high capability for filtering 
wastewater nutriments and decrease hazardous metals in the costal seas or mangrove soils [19]. 
Previous studies have found that Avicennia wood concentrated more metals than Rhizophora one 
[20]. Furthermore, Avicennia marina roots concentrated more heavy metals compared to its air parts 
[21]. On the other hand, the high capacity of trunk woody tissues to allocate metals was described to 
be an alternative for the recovery of excess metallic elements from degraded soils [22]. 
 
The trend of Rhizophoraceae and Avicenniaceae to concentrate heavy metals was also described 
[23,24]. But, the anatomical variability between the trunk wood and the roots of R. racemosa and A. 
germinans regarding parenchyma as storages for substances [25] or other characteristics like 
sclerous cells, vessels number or diameter has received little attention. 
 
Recent trends on mangrove deterioration by human deforestation, mineral and organic based-
compounds pollution have been observed in some West African countries like Gabon. The side 
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effects of these increasing incivilities are land inundations and perturbation of various aquatic species 
breeding areas. Although the empiric and distressing spectacle of deteriorated wood or other 
mangrove species, a direct correlation between the mineral pollution of that fragile ecosystem and the 
anatomical structure, chemical composition or natural durability of the wood xylem from mangrove 
species have not been reported. 
 

The aim of this study was to investigate the anatomical variability between the trunk and the roots of 
R. racemosa and A. germinans concerning the vessels diameter and number as well as the sclerous 
cells width and number in the cross section of the wood, in order to understand the differences 
observed in the storage of heavy metals within those mangrove wood tissues. The changes occurring 
in the wood tissues of mangrove trees exposed to mineral pollution are discussed based on R. 
racemosa and A. germinans. 
 

2. MATERIALS AND METHODS  
 
2.1 Chemicals 
 
Blue of methylene, ethanol (90%) and concentrated xylene (98.5%) were purchased from Aldrich and 
used without any purification. Javel La Croix (8° chl eq.2.4% c.a.) and distilled water were obtained 
from MEDILAB. 
 

2.2 Area of Study 
 
The samples from clean sites were collected in the mangrove of Ayéme Maritime, located 
approximately at 40 km from Libreville in the province of Estuaire. This zone is characterized by a low 
tide in the morning; high tide in afternoon and the mangrove is consequently invaded by water. 
Additional clean sites were Mamboumba and Oveng while the contaminated wood samples were 
collected at the discharge of Alénakiri, these are located at Libreville. 
 

2.3 Wood Sampling 
 
2.3.1 Collection of the wood samples 
 
Four trees of each mangrove wood were randomly harvest on the morning in Ayémé Maritime in the 
month of March 2015 at high tide. The trees were randomly chosen following their vigorous aspect, 
good conformity of stem and superior or equal to the minimum 16-18 cm of diameter. R. racemosa 
was in the mud, at the edge of the river; that mangrove tree was sampled between 940' 31.22 '' for 
longitude and 017' 17.41 '' for Northern latitude. Avicennia germinans was on the same area but in the 
opposed side, in a totally dry medium located between 940' 26.57 '' for longitude and 017' 07.15 '' for 
Northern latitude. The samples collected at Mamboumba were such as the Northern latitude was 
00°70.499’ with a longitude of 05 °48.450’. Those from Oveng were of Northern longitude 
00°28.8516' and 009°30.9994' for latitude; that site is located in a protected area. Alenakiri is in an 
opened landfill and located at 00°18.7014’ for the Northern longitude and 009°31.3013’ of latitude. 
 
For each tree tank, the geographic data were taken with a Garmin map 60 csx GPS mark. Then, small 
wood discs of 10 cm of thickness were collected at 1.30 m of height from each tree with a chainsaw 
STILL 066 trade mark. 
 
Samples were placed on shelves and air dried to avoid any deterioration by the light or biological 
agents. Then, wood discs were polished and three types of sticks were sawn in the radial direction 
and in North exposition: the first according to the East-West direction, the second following the Nord-
South direction and the third in the oblique direction at more or less +45°C of the first setting stick. 
 
2.3.2 Samples cutting for analysis 
 
The polished wood discs were cut into 128 test-tubes of 10 cm x 10 cm x10 cm in the radial, 
tangential and longitudinal (R x T x L) direction according to Normand procedure [26]. 
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2.4 Anatomical Structure Analysis by Optical Microscopy 
 
The anatomical structure of R. racemosa and A. germinans was performed by an adaptation of a 
published procedure [27] as follows: The test-tubes were softened in hot distilled water for 24 and 18 
hours, respectively. The heating was stopped when the sticks fell down to the vessel bottom. Then, 
the softened wood sticks were cut with a semi-automatic microtome “TBS 2500” in the transversal 
direction to obtain samples for which thickness was between 20-30 µm. The slant between the 
microtome knife and the section surface was about +8°. 
 
The thin wood test-tubes were soaked in water and scalded in a Javel: Water (10:90) mixture until 
fading the samples. The faded wood stickers were soaked once in distilled water to eliminate any 
traces of Javel. The rinsed wood stickers were then coloured in blue of methylene and successively 
dehydrated by soaking in ethanol solution and concentrated xylene. The colorful cuts were then 
deposited on a blade carrying an object, and a cover-object was carefully set down above the cuts to 
avoid bubbles of air between the blade and the gill. The blades were dried to eliminate any traces of 
chemicals used for dehydration. 
 
The anatomical analysis was performed with an optic microscope “Motic 2.0” to a magnification of 
forty x. The observation was facilitated by a Ken-A-Vision camera connected to a computer. The 
software Vision 4 allowed to take pictures and to measure the constituent of the woody plan. The 
following anatomical characters were measured: the number of vessels or sclerous cells by mm

2
 and 

the lumen vessels diameter in transverse section. 
 

2.5 Extractives Content of the Mangrove Trees 
 
5 g of milled wood sawdust ( < 0.5 mm) was passed thorough serial extraction using different 
solvents with different polarities including dichloromethane, hexane, acetone, toluene/ethanol (1:1, 
v:v) and water for 3x6 min at 80°C with a Dionex 350 Thermo Scientific accelerated solvent extractor 
(ASE). Each extraction was performed in triplicate and the overall procedure was repeated twice. 
Extracts were evaporated and yields were calculated by weighting and reported to wood dry mass. 
 

2.6 Quantitative Measurement of Mineral Compounds  
 
The semi-quantitative determination of mineral elements was carried out on wood samples collected 
on the experimental sites of interest (Oveng and Alenakiri). 10 g of the wood randomly harvested on 
wood washers coming from three different trees were ground in powder ( < 0.5 mm). Pellets of 1cm 
diameter have been made and subjected to scanning electronic microscopy (SEM) coupled to EDS 
and X-ray microanalysis. Nine spectra were collected on each pellet. Three pellets were analyzed for 
each type of sample. 
 

2.7 Gas Chromatography Mass Spectroscopy (GC-MS) Analysis 
 
GC-MS analysis was carried out with dichloromethane extracts obtained from ASE (80°C with 3 runs 
of 6 min). The final volume extracts was 100 ml. Then, 0.9 ml of extracts + 0.1 ml of 0.806 mg/ml 
anthraquinone (AQ) solution were injected. The Rtx 200 (60 m x 0.25 mm, 0.25 µm) column was used 
for separation in positive scanning mode. Peak identification was performed by comparing mass 
fragmentation with NIST 2002 spectra database. Semi-quantitative data were calculated from GC 
chromatograms using the equation (1): 
 

100
59.0







EI

EIx
x

A

CA
M                                                                                                        (1) 

 
With Mx, mass of a given compound (x) content (mg anthraquinone equivalent per g of dry wood). Ax, 
was the peak area of a given compound (x). CEI, was the anthraquinone concentration in the analyzed 
extracts (0.806 mg/ml). AEI, was the peak area of anthraquinone. 
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2.8 Decay Resistance Measurement 
 
The natural durability of the mangrove trees was assessed by an adaptation of the NF EN 113 of 
December 1986 for classification and previously published procedure [28]. 
 

2.9 Data Analysis 
 
All the data were analysis using the one-way analysis test of variance (ANOVA) followed by the 
Fischer’s LSD (last significant difference) test at α=0.05 level of significance with Rr643.0.2 software. 
 

3. RESULTS 
 
3.1 Variability within R. racemosa in Transverse Section 
 
The anatomical structure of R. racemosa trunk is depicted in Fig. 1 and 2a, the roots can be observed 
in Fig. 2b. Some parts of the trunk exhibited larges and hallow pellets looking like traumatic channels 
located along the broad and dark bands having the appearance of growth ring limits. However, these 
traumatic channels were not noticeable in the root tissues of R. racemosa (Fig. 2b). 
 

 
 

Fig. 1. Trunk of the red mangrove tree R. racemosa in transverse section with traumatic 
channels along the growth rings, there was no evidence of parenchyma bands (GX40) (a); 

Fresh trunk from Ayémé clean site (b) 
 
The mean vessels number/mm2 of the trunk and the roots didn’t exhibit significant difference (p>0.05), 
while significantly difference (p=0.01) was found between their mean vessels diameter (Table 1). No 
evidence of sclerous cells was found within the trunk and the root tissues from R. racemosa 
mangrove tree (Table 1). 
 
3.2 Intra and Inter Species Variability in Transverse Section 
 
Fig. 3 shows clearly that A. germinans trunk and roots contained sclerous cells along their large 
parenchyma band limits. Furthermore, that mangrove tree has pointed out a within species variability 
concerning the anatomical parameters as corroborated by the strong significant difference (p<0.0001) 
obtained from Table 1. The trunk was not only richer in vessels number/mm2 than the roots, it 
exhibited the largest vessels diameter also. Nevertheless, the trunk of A. germinans was less 
abundant in sclerous cells number/mm

2
 compared to the roots, even if that aerial part of A. germinans 

wood displayed the highest sclerous cells diameter with regard to its roots. 
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Table 1. Vessels and sclerous cells number/mm
2
, vessels and sclerous cells diameter mean in the transverse section of the trunk and the roots of 

R. racemosa and A. germinans 
 

Biological 
tissues 

Vessels number/mm
2
  Vessels diameter (µm)  Sclerous cells number/ mm

2
  Sclerous cells diameter (µm) 

R. racemosa A. germinans R. racemosa A. germinans R. racemosa A. germinans R. racemosa A. germinans 
Trunk 10.89±5.56a 17.22±6.54b  62.12±7.78d 63.72±8.28d  0 1.19±0.38g  - 225.05±51.46i 
Roots 12.09±4.8a 5.24± 3.05c  57.21±7.73e 47.67±11.09f  0 2.11±0.63h  - 153.89±37.98j 

Means with the same letters are not statistically different at α=0.05 level of significant  

 

 
 

Fig. 2. Trunk (a) and roots (b) of R. racemosa without traumatic channels, sclerous cells in transverse section or broad parenchyma bands. 
Evidence of scalariform vessels (G 40x) 
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The data collected in Table 1 pointed out that the trunk of A. germinans was the most abundant in 
vessels number/mm2 with a high level of significant (p<0.0001) regarding R. racemosa one. 
Nevertheless, R. racemosa roots were the richest in vessels number/mm

2
 (p<0.0001) than A. 

germinans. However, no significant difference (p=0.43) was found between the mean vessels 
diameter of the trunks from the two mangrove trees, while the vessels diameter of R. racemosa roots 
were higher (p<0.0001) with regard to those from A. germinans. Furthermore, the trunk and the roots 
of R. racemosa did not exhibit any sclerous cells compared to A. germinans trunk and roots within 
they were in a higher extend (Table 1). 
 

 
 

Fig. 3. Trunk (a) and roots (b) of A. germinans in transverse section with evidence of sclerous 
cells. Parenchyma broad bands and simple perforations in the trunk and high content of 

parenchyma broad bands and vessels with small diameter in the roots. (GX40) 
 

3.3 Variability Regarding the Chemical Composition 
 
3.3.1 Mineral composition and total extracts content  
 
Quantitative analysis of mineral content of the wood by XRMF (X ray microanalysis) is depicted in    
Fig. 4. It could be observed that the sapwood which is the conductive part of the wood was 
accordingly more abundant in mineral elements. Furthermore, Cr, Ni, Cu and Ir accounted for heavy 
metals accumulated in A. germinans sapwood from Alénakiri when compared to unpolluted wood 
(Oveng). Interestingly, physiological markers (S, Cl, K, Mn and Ca) were found to follow the same 
trend. This suggested a boost of the leaf evapotranspiration and overall sap transfer in A. germinans 
in response to MTE stress. Heavy metals were not accumulated in the heartwood of trees growing in 
polluted site (Alenakiri) with the exception of Ca which increased strongly (Fig. 4a). 
 
Since Ca is involved in chelation mechanism, it was attempted that Avicennia used calcium chelation 
and sap dilution to drive MTE contaminant to leaf were they will be excreted. Therefore, using this 
tolerance mechanism would poorly affect the wood differentiation. 
 
Table 2. Extractives content of A. germinans heartwood from Oveng and Alénakiri submitted to 

various solvent expressed as percentage of dried material 
 

Experimental sites Hexane (%) Toluene/Ethanol (%) Acetone (%) H2O (%) 
Alénakiri 12±1.41a 3.5±1.41b 8.5±1.41c 2±0.71d 
Oveng 9.75±1.60

a
 3±0.00

b
 10.95±1.48

c
 2.68±1.45

d
 

n=3 experiences. In a column, means with the same letters are not statistically different at α=0.05 level of 
significant  

 
The interesting marker that might be used for wood quality and wood development is the extractives 
content. A. germinans is described to be rich in extractives. Thus, the effect of MTE pollution on the 
wood extracts content was investigated by three solvents of gradient polarity (hexane, acetone-
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ethanol, acetone and water). It was obvious that no significant difference was found (p>0.05) between 
the extracts content of Alénakiri and Oveng heartwoods extracted by the solvents used (Table 2); thus 
supporting that the extracts synthesis by parenchyma cells was poorly affected by MTE pollution. 
 
3.3.2 Pollution indicators 
 
GC-MS analysis of dichloromethane extracts of A. germinans heartwood from the Oveng clean site 
and Alénakiri polluted site (Table 3) showed that lapochol and its derivatives decreased in Alénakiri’s 
wood tissues exposed to mineral contaminants. The content of lapachol which is one of the most 
abundant extracts in A. germinans heartwood [29] decreased from 11 to 4 mg/gDM (64%) in the wood 
blocks from polluted. 
 

Table 3. GC-MS relative abundances of lapachol and corresponding derivatives identified in 
the wood tissues of A. germinans heartwood from unpolluted site (Oveng) and mineral 

contaminated site (Alénakiri) expressed in mg Equivalent Anthraquinone (EAQ)/g of dried 
material (DM) 

 
Compounds Rt (min) Relative abundance (mgEAQ/g DM) 

Alénakiri Oveng 
Lapachol 28.3 4.2 11 
3-chlorodeoxylapachol 30.2 2.1 2.7 
Dehydro-α-lapachone 31.5 2.2 4.4 
α-lapachone 33.0 0.0 0.3 

Rt: Retention time 

 
3.4 Natural Durability Control of Mangrove Trees Exposed to Fungal Activities 
 
Lapachol and its derivatives are naphtoquinones belonging to the phytoalexins family that are 
characterized by antimicrobial activity [30]. To test whether MTE could affect the natural durability of 
A. germinans, sapwood and heartwood from MTE polluted site were compared to those collected at 
clean sites. Table 4 showed that the resistance to fungal attack depended not only on the wood 
sample, but also on the type of rot fungus. 
 
Studies related to mangrove Avicennia from Oveng or other clean sites of Libreville (personal data) 
didn’t display significant differences (p>0.05) on their natural durability against the brow rot P. 
placenta and the white rot C. versicolor.  
 
For a given rot fungus, the sapwood was indeed more susceptible to fungal attack than the 
heartwood. Hence, the weight loss of Oveng heartwood attacked by P. placenta was least (3.5±1.6%) 
than that the sapwood (15.5±9.7%). But both could be classified very durable according to EN 113. 
The better natural durability of A. germinans heartwood (8.7±4.3%) was once again observed for        
C. versicolor for the sapwood mass loss was 43.7±12.2%. It could be claimed that A. germinans 
heartwood was very durable to C. versicolor while the sapwood was moderately durable against the 
studied white rot fungus. 
 
Table 4. Mass loss of A. germinans sapwood and heartwood from Alénakiri MTE polluted site 
and one clean sites of Libreville submitted to C. versicolor and P. placenta fungal activities 

 
Experimental sites Mass loss (%) 

P. placenta (%)   C. versicolor (%) 
Alénakiri-SW 5.6±1.9

a
   52.4±19.5

e
 

Alénakiri-HW 2.2±1.0b   13.9±9.1f 
Oveng-SW 15.8±9.7

c
   43.7±12.2

e
 

Oveng -HW 3.5±1.6d   8.7±4.3f 
n=12 replicates. In a column, and for the same part of the wood, means with the same letters are not statistically 
different at α=0.05 level of significant. With Alénakiri-SW: Alénakiri sapwood; Alénakiri-HW: Alénakiri heartwood; 

Oveng-SW: Oveng sapwood; Oveng -HW: Oveng heartwood 



 
 
 

Current Perspectives on Chemical Sciences Vol. 2 
Investigation of the Anatomical Variability of the Trunk and Root Tissues of Rhizophora racemosa (G. Mey) and Avicennia germinans (Linné): A Bioaccumulation of Heavy Metals and Pollution 

Effects on Mangrove Trees Study 
 

 
151 

 

  
  

  
 

Fig. 4. Mineral content of A. germinans from polluted site (Alénakiri) and unpolluted site (Oveng) determined by X-ray microanalysis. MTE content 
in the sapwood (a) and the heartwood (b) from different sites of harvest. MTE of the wood at Alenakiri polluted site (c) and Oveng unpolluted (d) 

site 
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However, no significant difference (p>0.05) was found between the natural durability of the mangrove 
Avicennia trees from Oveng and Alénakiri MTE polluted site attacked by C. versicolor (Table 4). 
Nevertheless, major changes were observed for A. germinans collected from MTE polluted site where 
the sapwood became very durable with a mass loss of 5.6±1.9% while the heartwood remained 
weakly attacked by the brow rot fungus P. placenta. 
 

4. DISCUSSION 
 
The roots of R. racemosa didn’t point out traumatic channels neither growth ring limits. But both of 
those anatomical structures were found within the trunk tissues of that mangrove tree. Their 
occurrence was in agreement with that previously found by Beeckman et al. [31] who showed that 
within mangrove trees such as Rhizophora mucronata, clear wood bands were formed during the dry 
season while a dark wood shape was noticeable in the rainy season. So, assuming that species 
belonging to the same family possess common properties [26], the alternated bands observed within 
R. racemosa trunk should be assigned to growth rings (Fig. 1). Nevertheless, the closed channels 
located along the growth rings remained controversial and were discussed for a long time. According 
to Boureau [32], species attacked by pathologies should produce traumatic channels in order to face 
the medium pressures; and those traumatic channels should be distinct from the normal channels by 
their position at the end of growth rings in cross and tangential section. Therefore, these channels of 
big size and missing constancy in all the trunk of R. racemosa should result from pathological origin. 
Thought that the specific environmental conditions inside with the mangrove tree grow include decay 
processes which should affect the organic matter [20,33] of that specific ecosystem. Regarding the 
vessels numbers/mm

2
, any within specie variability was found for R. racemosa (Table 1). The 

statistical analysis didn’t exhibit significant difference (p>0.05) between the trunk and the roots of R. 
racemosa indeed; whereas a significant difference was obtained for their vessels diameter (p=0.01). 
The trunk of R. racemosa displayed the highest vessels diameter than the roots ones (Table 1) and 
that should explain the better water conduction of the scalariform perforating slabs of Rhizophora sp. 
planting woods, as observed by Balde [34]. 
 
However, a strong significant difference (p<0.0001) was found between the vessels number/mm2 and 
the same trend was observed concerning the vessels diameter means of the trunk and the roots of        
A. germinans which exhibited a very significant difference (p<0.0001) too. It was noteworthy that the 
trunk displayed not only the highest vessels number content, but also the largest vessels diameter 
than the roots (Table 1). That intra-species variability within the wood of A. germinans was in 
agreement with that published for a species like Picea mariana (Mill.) where these anatomical 
characters varied from the bottom towards the high parts of the wood [35]. Furthermore, the data of 
Table 1 corroborated the intra-specie variability between the trunk and the roots of A. germinans. The 
sclerous cells number/mm

2
 displayed a significant difference (p<0.0001) between the two parts of          

A. germinans wood; and the root tissues were richer in sclerous cells number than the trunk ones. On 
the other hand, the sclerous cells diameter of the trunk and the roots displayed a strong significant 
difference (p<0.0001), and the sclerous cells diameter were the highest inside the trunk tissues. The 
occurrence of those sclerous cells located at the limits of the broad parenchyma bands were 
previously described for Avicennia marina [26], which suggests that sclerous cells and parenchyma 
bands are typical of Avicenniaceae. Those sclerous cells contain sclerenchyma composed of dead 
cells, and the sclerous cell walls are thickened with lignin conferring hardness and rigidity to              
A. germinans which can easily face to environmental constraints like tide movements [36]. 
 
The data depicted in Table 1 pointed out an inter-species variability for the vessels number/mm

2
 as 

well as the sclerous cells number/mm2 and diameter which varied very significantly (p<0.0001) 
between the trunks and the roots of R. racemosa and A. germinans (Table 1). A strong inter-species 
variably was found also between the vessels diameter (p<0.0001) of the roots of the two mangrove 
woods. However, no significant difference was found (p>0.05) between the vessels diameter of the 
trunk tissues from R. racemosa and A. germinans. 
 
Although the accumulation and the distribution of heavy metals in plants depends on factors such as 
plant species, element species, chemical and bioavailiability, redox, pH, cation exchange capacity, 
dissolved oxygen, temperature and secretion of roots [37]; the general tendency of the roots for 



 
 
 

Current Perspectives on Chemical Sciences Vol. 2 
Investigation of the Anatomical Variability of the Trunk and Root Tissues of Rhizophora racemosa (G. Mey) and Avicennia 

germinans (Linné): A Bioaccumulation of Heavy Metals and Pollution Effects on Mangrove Trees Study 
 

 
153 

 

concentrating more heavy metals than the other parts of Rhizophoraceae and Avicenniaceae 
mangrove trees was fully discussed [38,39,40,41]. The strong ability of Rhizophora apiculata roots to 
concentrate more Cu and Pb than the leaves and the bark was found by Kamaruzzaman et al. [23]. 
Despite the significant (p<0.05) low vessels diameter of the roots (57.21±7.73 µm) than the trunk 
(62.12±7.78 µm) tissues we found in our study, the trend of R. racemosa roots for having a high level 
of bio-accumulation of heavy metals such as Fe (402.43±0.31 mg/kg), Ni (40.08±0.09 mg/kg), Cd 
(24.39±0.22 mg/kg) than the stem wood was described by Erakhrumen [40]. In addition, the results 
obtained by Zheng et al. [42] displayed the strongest bio-remediating capability of the roots of 
Rhizophora stylosa to retain more heavy metals such as Ni (208.4 µg m

-2
 r

-1
), Cd (56 µg m

-2
 r

-1
), Pb 

(229.8 µg m
-2

 r
-1

) compared to the trunk wood which exhibited concentrations as follows: Ni (96.9 µg 
m

-2
 r

-1
), Cd (2.6 µg m

-2
 r

-1
), Pb (51.6 µg m

-2
 r

-1
). Those results suggest that the vessels diameter 

should not be a major factor for metal concentration within Rhizophora. 
 
On the other hand, the highest bio-concentration of heavy metals in Avicenniaceae through the roots 
or even via their stems and leaves for their accumulation in the plant tissues which take up elements 
selectively was investigated [16,17,23,43,44]. It was noticeable that despite the highest vessels 
number/mm2 and vessels diameter of the trunk tissues we obtained for A. germinans; previous works 
have found that the roots of that mangrove tree concentrated more heavy metals than the trunk [14]. 
That was in close agreement with the result displayed above by R. racemosa. Thus, the vessels 
number and the vessels diameter didn’t look like major factors for metal concentration within the trunk 
and the roots of A. germinans also. 
 
Furthermore, the microscopic analysis of tissues from the studied mangrove trees showed a high 
content of the broad parenchyma bands within the roots than the trunk tissues of A. germinans (Fig. 
3). Thought that parenchymas are storages for substances [25], their high content within the roots of 
Avicenniaceae should lead them to concentrate more organic wastes and heavy metals than the 
trunk. That should support in some extent, the high heavy metals concentration previous authors have 
found inside the roots of A. germinans [14,17,23]. 
 
The abundance of sclerous cells and broad parenchyma bands within the wood of A. germinans 
(Table 1) should explain the results obtained by Marchand [14] who found the following metals 
concentration for the wood of Avicennia: Zn (12.5 µg/dry wt), Cu (13.2 µg/dry wt) and Cr (26.5 µg/dry 
wt) while the heavy metals content inside Rhizophora which was lacking sclerous cells and broad 
parenchyma bands was as follows: Zn (00.00 µg/dry wt), Cu (00.00 µg/dry wt) and Cr (11.40 µg/dry 
wt). 
 
The minerals concentration in mangrove trees of Libreville (Fig. 4) showed clearly that this area of 
Gabon has been yet contaminated by human activities so that Cu, Ni, Ir and Cr were the major 
metallic trace elements (MTE). The high content of these minerals in the trunk of A. germinans agreed 
with that reported by Marchand [20] who found that Cu and Cr were more concentrated in that 
mangrove tree xylem than R. racemosa one. 
 
In addition, the strong increase of Ca on the polluted site xylem and the deregulation of Cl and K

 

highlighted strong physiological perturbations in the wood of polluted sites (Fig. 4a and 4b). However, 
the dilution of Cl and K as well as the chelation of Ca mechanisms should have been performed by 
Avicennia to face the MTE pollution. The chelation of Ca by MTE supported the presence of crystals 
in A. germinans parenchyma as revealed by the SEM of wood blocks (Fig. 5). 
 
Moreover, the strong concentration of inorganic elements for Alenakiri mangrove could justify a 
qualification of “MTE polluted” site. As underline above, the chemical perturbation of mangrove trees 
subject to MTE pollution appeared more evident for possible changes in some wood properties like 
the natural durability. 
 
The lack of significant difference on extracts content whatever the solvent used (p>0.05) showed that 
the highest concentration of heavy metals on A. germinans heartwood from the MTE polluted site did 
not trigger global change for extractive biosynthesis. The lack of changes for acetone extracts would 
support that the biosynthesis of polyphenols (tannins, coumarins, proanthocyanes…) usually found in 
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that solvent extractives was not affected by the high concentration of heavy metals (Cr, Cu, Ni) inside 
A. germinans heartwood from the MTE polluted site. 
 

 
 

Fig. 5. Typical scanning electronic microscopy of A. germinans sapwood from mangrove MTE 
polluted sites of Libreville. Presence of Ca

2+
 crystals in the parenchyma 

 
The results of this study emphasis for the lack of perturbation on the biosynthesis of apolar and polar 
compounds of A. germinans heartwood by the MTE identified at Alénakiri discharge (Fig. 6a). 
However, the darkening of the wood (Fig. 6d) suggested that some discoloration which need further 
investigations occurred. 
 
The only changes on organic compounds content in the wood exposed to MTE pollution was 
observed for pollution indicator like lapochol (Table 3). The decrease of lapochol type compounds in 
A. germinans heartwood from Alénakiri site agreed with that found by Jones and coworkers [10] 
indeed. 
 
Although the lack of changes on extractives content (Table 2), that result corroborated in some extent 
a pollution in that mangrove inside which the relative diminution of lapachol series suggested 
differences on their response to harmful substances. So, with the exception of lapachol which 
decreased for 64%, ketones like α-lapachone disappeared completely in the contaminated heartwood 
while dehydro-α-lapachone dropped to 45%. 3-chlorodeoxyolapachol decreased for 22%. Other all, 
that finding contrasted with that obtained from hydrocarbons + MTE polluted sites where lapachol and 
its derivatives disappeared completely in the heartwood (personal data). 
 
Therefore, the extractives conservation plus residual lapachol like compounds contained in A. 
germinans heartwood could explain the lack of discoloration and differentiation between the 
heartwood and the sapwood of that mangrove tree and other wood species like R. racemosa from that 
MTE contaminated site (Fig. 6d). 
 
Data of Table 4 showed that A. germinans heartwood from Oveng clean site was very durable to              
P. placenta and C. versicolor, that result agreed with the claimed high natural durability of the 
mangrove tree A. germinans. Moreover, the heartwood of that hardwood species should contain 
extractives resistant to the enzymatic hydrolysis of polysaccharides by P. placenta during the Fenton 
reaction. 
 
These extractive molecules would also protect the heartwood from lignin alkyl chain oxidation, phenyl 
groups demethoxylation and Cα–Cβ cleavages provoked by C. versicolor’s laccases [45,46]. 
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Fig. 6. Burnt wastes of Alénakiri’s public discharge (a). Died mangrove trees in flooded sol of Alénakiri’s discharge (b). Delimitation of the 
sapwood and heartwood in A. germinans (c) and R. racemosa (d) trunks collected from a Alénakiri.  The xylem of R. racemosa from the MTE 

polluted site was darker (d) 
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Exposing A. germinans heartwood in the MTE polluted site increased slightly the Cr, Sr and Ir content 
(Fig. 4) without any negative effect on the extractives content (Table 2) which protect the wood 
against fungal attack [47]. That should explain the strong natural durability of Alénakiri’s heartwood 
and its lack of significant difference (p>0.05) with the clean site (Table 4). In addition, the similar mass 
loss of the two sapwoods submitted to C. versicolor degradation (Table 4) supported that no changes 
occurred also in the sapwood from MTE polluted site where the Cu, Ni, Sr and Cr content increased 
strongly (Fig. 4). Therefore, increasing chromium or the concentration of metal listed above in the 
wood tissues of A. germinans mangrove tree should not limit the enzymatic degradation of lignin by      
C. versicolor in particular. 
 
Nevertheless, the mass loss of wood blocks attacked by P. placenta revealed a negative effect of the 
pollution on the natural durability of A. germinans heartwood. Although the presence of Cu which is 
used in CCA complex where Cr should inhibit P. placenta’s activity [48], the contaminated inner wood 
increased however the virulence of P. placenta against the inner wood’s polysaccharides (Table 4). 
On the other hand, the mass loss of the darkened sapwood (Fig. 6d) from the MTE polluted site 
turned into weak (5.6±2.1%), thus changing the sapwood from durable (clean site, Fig. 1b) to very 
durable according to EN 113. It was thought that the high concentration of Cr in the sapwood               
from contaminated site (Fig. 4) could be highly toxic to fungi [48] like the brow rot fungus P. placenta 
so that the strong degradation of polysaccharides have reduced dramatically the wood mass             
(Table 4). 
 

5. CONCLUSION 
 
This study has pointed out anatomical differences between the trunk and the roots of R. racemosa 
and A. germinans from the mangrove trees of Gabon. It was demonstrated that the trunk vessels 
number/mm2 was the highest for A. germinans. However, the roots of R. racemosa were the richest in 
vessels number. But no significant difference was found between the trunk vessels diameter of the 
two mangrove woods, whereas the root vessels diameter was larger for R. racemosa than A. 
germinans. On the other hand, R. racemosa trunk exhibited few traumatic channels located along its 
growth rings; but they did not appear in all the trunk and they were lacking in its roots. Those 
traumatic channels cannot assume to be characteristic of Rhizophoraceae tissues. It was observed 
that the roots and the trunk of A. germinans displayed sclerous cells located along the broad 
parenchyma band limits. These anatomical structures which seemed to be characteristics of 
Avicenniaceae were not found within the trunk and the roots tissues of R. racemosa while they were 
strongly abundant in the trunk wood of A. germinans for which the root tissues exhibited the highest 
content of those anatomical structures. 
 
However, the lack of studies on the anatomical variability between the trunk and the root tissues of 
those mangrove trees and the very limited information regarding the correlation between the type of 
heavy metals and the storage cells render difficult further comparison and discussion. Nevertheless, 
A. germinans from mangrove MTE polluted did not show changes regarding the chemical composition 
on fatty acid of low molecular weight and polar compounds soluble in water, whereas the acetone 
extracts increases slightly. That mineral pollution was thought to provoke physiological perturbation on 
Cl, K and Ca production from the xylem of the polluted site. Cu, Ni, Ir, Cr and Sr were the majors MTE 
accumulated in A. germinans sapwood and heartwood from polluted site. The heartwood 
contaminated by Cu, Sr and Ir was more degraded by P. placenta while the sapwood which was the 
richest in all metals with a strong accumulation of Cr and Ni gained in durability. 
 
Although the reasons which govern the lost on lapachol compounds or the change of durability of A. 
germinans xylem from polluted site against P. placenta need susceptibility, the general trend for 
heavy metal concentration within the roots tissues of the studied mangrove species as well as the 
better capability of A. germinans tissues which were found to be richer in sclerous cells and broad 
parenchyma bands than R. racemosa will be further investigated in order to discriminate between the 
environmental conditions and the anatomical structure control on the bioremediating capability of 
Rhizophora racemosa and Avicennia germinans towards heavy metals accumulation. 
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