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No grounded mechanisms for Co-C vitamin By, coenzyme bond breaking

process and subsequent reactions have been found up to now. The influence of

the mixing orbitals e.g. Pseudo-Jahn-Teller and similar effects on the reactions

paths of bond-cleavage mechanisms of vitamin B, co-factors must be taken

into account. Afterward, the updated mechanisms of vitamin B, bio-processes

can be determined.
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Anna Comarnitchi, lulia Sidoren, Sergiu Turcan, Adrian Tarita

The research results have marked a low value of the self-purification capacity for Beleu Lake water, between 0.12 and 0.19,
which is of 1.2-2 times smaller than the one from Prut River (0.25), correlating positively with the values of BODs,
COD-Cr and the time of biochemical oxidation of ammonium ions. The evolution of stage NH,"(NH;) — NO, in the
process of nitrification in lake water in November 2014 takes place about 25 days and the process
NO, — NOj3™ - more than 35 days, the duration about 2 times higher than in lake water stages from 2015 and 2.8-3.0 times
higher than that of the model with water from Prut River.
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EFFECT OF ALUMINIUM SULPHATE AGING ON COAGULATION PROCESS FOR THE PRUT
RIVER WATER TREATMENT
Larisa Postolachi, Vasile Rusu, Tudor Lupascu

004 49 mgliL
Aluminium sulphate is one of the most widely used coagulants for water o
treatment and has been proven to be an effective coagulant for the removal of wl w0 \

certain contaminants, turbidity and colour. Aluminium sulphate used during
the coagulation process is hydrolyzed in the water, forming polynuclear
complexes. Aged aluminium solutions show different coagulation behaviour o
than that of freshly prepared solutions. Obtained results reveal that using of o2
optimal aging solution of coagulant improves the coagulation process.
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THE FORMATION MECHANISM OF ASSEMBLED COMPLEXES BRIDGED BY

1,3-BIS(4-PYRIDYL)PROPANE
Haruka Dote, Hiroki Yasuhara, Satoru Nakashima

Several types of crystals having different color appeared in the synthesis of
assembled complex of mixed crystals with three metals. [Hy(bpp)][M(NCS),]
changed to 1D chain polymer (M(NCS),(bpp)) by releasing HNCS from the
cation and anion in a reaction vessel.
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STRUCTURE AND SOME BIOLOGICAL PROPERTIES OF Fe(111) COMPLEXES WITH
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lon Bulhac, Alexandra Deseatnic-Ciloci, Paulina Bourosh, Janetta Tiurina, Olga Bologa, Cezara Bivol, Steliana Clapco,
Ana Verejan, Svetlana Labliuc, Olga Danilescu

Four coordination compounds of iron(I11) with ligands based on hydrazine and o 8 an
sulfadiazine: FeCls-digsemi-2H,0O (I) (digsemi-semicarbazide diacetic acid
dihydrazide, [Fe(HL)SO,] ) (HL - sulfadiazine),
[Fe(H,LY)(H,0),](NO3)3'5H,0 (D) (H,L-2,6-diacetylpyridine U
bis(nicotinoylhydrazone) and [Fe(H,L?)(H;0),](NO3)s-1.5H,0 (1V) (H,L? - S
2,6-diacetylpyridine  bis(isonicotinoylhydrazone) were synthesized. The O‘SA’W“
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spectroscopic and structural characterisation as well as their biological, ! @W o vy
properties are presented. oy
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SYNTHESIS OF NEW DRIMANE AND HOMODRIMANE LACTAMS BY BECKMANN
REARRANGEMENT OF SOME KETOXIMES
Elena Secara

Synthesis of new drimane and homodrimane lactams, derivatives of octahydro-
1H-benzo[d]azepine and octahydro-1H-benzo[c]azepine, from norambreinolide
is reported. These compounds were prepared by Beckmann rearrangement of
the corresponding ketooximes.
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SYNTHESIS AND ANTIMICROBIAL EVALUATION OF SYMMETRICAL DIQUATERNARY
AMMONIUM SALTS BEARING BIS-1,3,4-OXADIAZOLE RINGS MOIETIES
Sofiane Daoudi, Tahar Benaissa, Djallal Eddine Adli, Nisserine Hamini-Kadar

This study describes the synthesis of some novel compounds containing bis- N—~N N—~N
1,3,4-oxadiazole bearing quaternary ammonium salt moieties. The newly Py (L-H‘) I
synthesized compounds were evaluated for their antibacterial activity against - 0 Yy 00T
various gram-positive and gram-negative strains of bacteria, and the antifungal ‘

activities were tested against three phytopathogenic fungi namely, Fusarium
oxysporum, Fusarium commune and Fusarium rodelens. R,
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STUDIES OF THE SUBSTITUTION EFFECTS ON THE ELECTRONIC PROPERTIES FOR
BIPHENYL AND DERIVATIVE MOLECULES BY USING DFT METHOD
Rajaa Khedir Al-Yasari

DFT method has been carried out to study the substitution effects of NO,
group on the electronic (ionization potential, electron affinity,
electronegativity, hardness, softness and electrophilicity index) and IR spectral
properties of biphenyl and derivative molecules by using the B3LYP functional
and the 3-21G basis set, as well as the optimization structure. The calculated
values of HOMO and LUMO energies, as well as predicted by ChemBioDraw
program *H and **C NMR spectra for the studied compounds are in a good
agreement with experimental data.
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FULL PAPER PHYSICAL CHEMISTRY AND CHEMICAL PHYSICS 69

ELECTRON MICROSCOPY OF ANIONIC SURFACTANT-DIRECTED SYNTHESIS OF
MAGNETITE NANOPARTICLES
Sharali Malik, lan James Hewitt, Annie Katherine Powell

We have synthesized a variety of magnetite nanoparticles which appear to have
biogenic signatures and could give insights into how the nanomagnetite
particles form in biological systems, and how they are associated with
Alzheimer’s disease. We have also synthesized mesoporous magnetite
nanoparticles which have potential use in the targeted drug delivery.

20 nm.
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DFT (B3LYP) COMPUTATIONAL STUDY ON THE MECHANISMS OF FORMATION OF SOME

SEMICARBAZONES
Abdulfatai Siaka, Adamu Uzairu, Sulaiman Idris, Hamza Abba

g

Thermodynamic and kinetic mechanisms of forming six semicarbazones have
been investigated computationally by DFT B3LYP method. All the reactions
proceed via two transitions and include two consecutive steps: bimolecular and
unimolecular. The computed transition steps have varying equilibrium
constants values, enthalpy of activation and Gibbs energy of activation, \
depending on the semicarbazone involved. g™
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PHOTOELECTRIC PROPERTIES OF HETEROSTRUCTURES BASED ON PEPC AND MEH-PPV
FILMS DOPED WITH ZINC OCTABUTYLPHTHALOCYANINE

Nicolay Davidenko, Irina Davidenko, Oleg Korotchenkov, Victor Kravchenko,

Elena Mokrinskaya, Andrey Podolian, Sergey Studzinsky, Larisa Tonkopiyeva

=

Planar  organic  heterostructures  were  prepared using  poly-N-
epoxypropylcarbazole films and poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-
phenylenevinylene] by the method of successive deposition adding
2,3,9,10,16,17,23,24-zinc octabutylphthalocyanine. Photoelectric,
photodielectric and photovoltaic properties of the heterostructures were
studied.
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BENZOYL PEROXIDE DECOMPOSITION BY NITROGEN-CONTAINING CARBON
NANOMATERIALS
Daryna Haliarnik, Oleg Petuhov, Olga Bakalinska, Tudor Lupascu, Mykola Kartel

The catalytic activities of nanoporous carbon materials, their modified forms
and enzyme catalase was determined by calculation of Michaelis constants 5.
according to the kinetics of substrate decomposition. It is found that the
catalytic activity of studied samples correlated with surface basicity and
presence of quaternary nitrogen groups in structure. i e
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PHASE DIAGRAM OF GELATINE-POLYURONATE COLLOIDS: ITS APPLICATION FOR
MICROENCAPSULATION AND NOT ONLY
Alexei Baerle, Olga Dimova, Irina Urumoglova, Pavel Tatarov, Larisa Zadorojnai

Phase state and the charge of colloidal particles in the gelatine-polyuronate
system were studied. A method for comparative evaluation of molecular
weight of colloids by means of viscosimetric measurements and
electrophoresis was developed. It is shown that the Diagram {Phase state = f
(composition, pH)} contains six well-defined regions. The diagram explains
and predicts the behaviour of protein-polysaccharide colloids, which are :
included in beverages or forms the shells of oil-containing microcapsules. Fotaniip ot agart e
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SPECIAL ISSUE DEDICATED TO THE 70™ ANNIVERSARY
FROM THE FOUNDATION OF THE FIRST ACADEMIC INSTITUTIONS
AND TO THE 55™ FROM THE FOUNDATION OF
THE ACADEMY OF SCIENCES OF MOLDOVA

Foundation of the Academy of Sciences of Moldova

On the basis of the decision of the Government of the USSR of March 11, 1946 to organize in Chisinau the
Base of scientific researches of the Academy of Sciences of USSR, the Council of Ministries of MSSR and the Bureau
of CC of the CP(b) of Moldova adopted on June 12, 1946 the Decision No. 583 “On the creation of the Moldovan Base
of scientific researches of the Academy of Sciences of USSR in Chisinau. On June 29 the Presidium of the Academy
of Sciences of the USSR approved the structure of the Base, its main directions of research and the governing bodies.
Subsequently, in 1949, the Base was transformed in the Moldovan Branch of the Academy of Sciences of USSR. The
inaugural act of constitution and opening of the Academy of Sciences of the Moldovan SSR took place on August 2,
1961.

The first President of the Academy of Sciences of Moldova was Prof. lachim Grosul, Corresponding Member
of the Academy of Sciences of USSR, Academician of the ASM, Doctor Habilitate of Historical Sciences (1961-1976),
followed by Prof. Alexandru Jucenco, Corresponding Member of the Academy of Sciences of USSR, Academician of
the ASM, Doctor Habilitate of Biological Sciences (1977-1989), by Prof. Andrei Andries, Academician of the ASM,
Doctor Habilitate of Physical and Mathematical Sciences (1989-2004) and Prof. Gheorghe Duca, Academician of the
ASM, Doctor Habilitate of Chemical Sciences (beginning with 2004).

The Institute of Chemistry of the Academy of Sciences of Moldova

The Institute of Chemistry of the ASM was founded in 1959 on the basis of the departments of organic chemistry,
of inorganic chemistry and the laboratory of analytical chemistry of the Moldovan Branch of the Academy of Sciences
of the USSR.

The cornerstones of scientific directions of the Institute of Chemistry were laid down by famous researchers,
members of the Academy of Sciences, founders of scientific schools in Moldova: A.V. Ablov (1905-1978) — School of
Coordination Compounds Chemistry; G.V. Lazurievski (1906-1987) — School of Organic and Bioorganic Chemistry,
Yu.S. Lealicov (1909-1976), organizer and leader of research related to physical-chemical methods of analysis — School
of Polarography.

Later, new scientific schools were created: School of Quantum Chemistry — headed by academician I. Bersuker;
School of Organic, Bioorganic Chemistry, Chemistry of Natural and Physiologically Active Compounds — headed by
academician P. Vlad; School of Coordination Chemistry, Macrocyclic and Supramolecular Compounds — headed by
academician N. Garbalau; School of Ecological Chemistry — headed by academician Gh. Duca, School of Bioinorganic
Chemistry — headed by academician C. Turta and Scientific School in the field of Chemistry of Adsorbents — headed by
the corresponding member T. Lupascu.

In 2006, the Institute of Chemistry launched the publication (in English) of the peer-reviewed scientific journal
Chemistry Journal of Moldova. General, Industrial and Ecological Chemistry (ChemJMold). Recently, ChemJMold
has been included in Thomson Reuters-Emerging Source Citation Index (ESCI) based on relevance to a scholarly
community, interest to opinion leaders, coverage of emerging fields, and feedback given by Web of Science customers.

Main results

The research direction of the Institute of Chemistry of the ASM is SYNTHESIS, STRUCTURE AND
PROPERTIES OF NEW POLYFUNCTIONAL SUBSTANCES; PROCESSES AND TECHNOLOGIES FOR
ENVIRONMENTAL TREATMENT.

Investigations of the influence of the electronic structure on the nuclei configuration and dynamics were
crowned with the discovery entitled , The effect of tunnel cleavage of energetic levels of polyatomic systems in the
state of electronic degeneration”.

Importantly, there were also developed in the theory and practice of the template synthesis of coordination
compounds of transition metals with organic ligands of chelating and macrocyclic type, amongst which compounds
of practical utility were marked out.

Original methods were also developed related to the synthesis of new coordination compounds of biometals
with polyfunctional ligands, including compounds with significant antitumor antiviral, anti-chlorosis activity, as well
as compounds with psychotropic properties.
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The scientific school in the chemistry of natural compounds, founded at the institute, is the world leader known
in the study of superacidic cyclization of terpenes. The laws of this reaction were established for various classes of
terpene compounds (alcohols, their acetates, acids, esters, phenyl sulphones, etc.).

Technologies of the production of activated carbon from vegetable by-products were elaborated to be used for
the detoxification of human body, for treatment of waste waters, of surface and ground waters.

Most valuable findings:

v Coordination compounds with various useful properties: polynuclear compounds of Cr(lll) as molecular
magnets, catalysts of technological and biotechnological processes, macrocyclic colorants for plastics and synthetic
fibres; new compounds for obtaining extra-pure metals, compounds for ion selective electrodes; agents for anticorrosive
coating and protection of metals.

v Coordination combinations with anticancer, antiviral, antibacterial, anticoccidial, antidote properties; growth
regulators for plants and algae.

v Odorant products, aromatizers and biologically active products based on natural terpenes, used in tobacco
processing, perfumery, medicine.

v" Methods of obtaining: organic substances with psycho-stimulating, anticonvulsant, sedative, tranquilizing,
antimycotic effects; regulators of cardiac activity; compounds with significant tuberculostatic activity.

v" Procedures of obtaining and regenerating activated carbons from vegetable waste; medicinal preparations based
on activated carbons, catalysts and adsorbents for the purification of ground and surface waters.

v" New functionalized ionic liquids as renewable catalysts for chemoselective redox processes.

v" New preparations from grape seeds for medicine, veterinary and agriculture (ENOXIL-M and ENOXIL-A, and
a dermatological cream based on Enoxil). In 2010, for the first time in its history, the Institute of Chemistry registered
a trademark at the National Register of Trademarks and received a certificate for preparations based on the biologically
active substance “ENOXIL”, thus obtaining protection on the territory of the Republic of Moldova for a period of 10
years.

v Technologies for removing hydrogen sulphide from ground waters and processing of underground waters from
divalent iron and manganese ions.

v Green technology for recycling plastic waste so as to make new products.

v New compositions to be used as plaster for the interior surface coatings of buildings.

v’ Efficient methods of dosing heavy metals (Pb, Cu, Cd, Fe, Ni, Zn, and Mo) in foodstuffs and environmental
objects.

v Development and application of optimal compositions of biofuel blends, using physico-chemical modelling.

Corresponding Member, Doctor Habilitate, Professor Tudor LUPASCU,
Director of the Institute of Chemistry of the Academy of Sciences of Moldova
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The 6" International Conference
ECOLOGICAL & ENVIRONMENTAL CHEMISTRY 2017

March 2-3, 2017, Chisinau, Republic of Moldova

The 6" International Conference ECOLOGICAL & ENVIRONMENTAL CHEMISTRY 2017
(EEC-2017) will be held on 2-3 March, 2017 in Chisinau, Republic of Moldova.

Topics:
A. Ecological Chemistry
e Physico-chemical and chemico-biological processes which determine
composition, structure and chemical properties of the environment
e Chemical risk assessment of human health and ecological system
B. Environmental Chemistry and Engineering
e Chemical processes of water, air and waste treatment
e Preventing of soil degradation
C. Green Chemistry
e Preventing and reducing the negative impact of chemistry to the environment
e Design of ecological friendly technologies and chemical products that
minimize the use and generation of hazardous substances
D. Ecological & Environmental Aspects in Chemical Research and Education
e Ecological & environmental methodological aspects in chemical research
and innovation activities
e Ecological & environmental methodological aspects in chemical education

Reqistration of the EEC-2017 Conference participants, submission of abstracts for
publication and other conference-related issues will be performed on-line via the website:
http://eec-2017.mrda.md/. Deadline for the Abstracts submission is October 1%, 2016.

Abstracts Book
All accepted abstracts will be published in Abstracts Book of the Conference EEC-2017,
which will be available at the time of registration.

Proceedings

EEC-2017 full papers can be submitted for publication in a special issue of the Chemistry
Journal of Moldova (http://iwww.cjm.asm.md/). Chemistry Journal of Moldova is a fully open
access journal. Submitted manuscripts will follow the standard peer-review.

Conference Chairman

Academician Gheorghe DUCA Conference Secretariat

President of the Academy of Sciences of Moldova Dr. Lidia ROMANCIUC

1 Stefan cel Mare Blvd. Lilia ANGHEL

MD 2001, Chisinau, Republic of Moldova e-mail: EEC-2017@mrda.md

Tel: +373-22-271478 web page: www.EEC-2017.mrda.md

Fax: +373-22-276014
e-mail: duca@asm.md
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THE NATURE OF THE Co-C BOND CLEAVAGE PROCESSES
IN METHYLCOBUII) ALAMIN AND ADENOSYLCOB(III) ALAMIN

Tudor Spataru®, Francisco Fernandez®

aDepartment of Chemistry, Columbia University, New York, New York 10027, United States
Natural Sciences Department, Hostos Community College, 500 Grand Concourse, Bronx, New York 10451, United States
“email: ts2407@columbia.edu; phone: (1) -212-854-1080; fax: (1)-212-932-1289

In Memory of the Academician Constantin Turta

Abstract. Unfortunately, there are still significant disagreements between experimental and theoretical data of rate
constants, energy barriers for Co-C bond cleavage process and coordination numbers of vitamin B, , coenzyme species
in spite of the remarkable efforts done by research community. Therefore, no grounded mechanisms for Co-C vitamin
B,, coenzyme bond breaking process and subsequent reactions have been found up to now. The influence of the
mixing orbitals e.g. Pseudo-Jahn-Teller and similar effects on the reactions paths of bond-cleavage mechanisms
of vitamin B, co-factors must be taken into account by utilizing multi-reference methods, in particular multi-
configurational self-consistent field (MCSCF) method. Then, the change in total energy along the normal coordinate
Q for the stretching mode including Co-C and Co-N bonds in vitamin B,, cofactors is expected due to a “vibronic”
coupling term, which couples an excited state and ground state by a second order derivative potential-energy operator.
The strong state mixing effect is expected to lead to low energy barriers and to Co-C and Co-N axial bond cleavage
events in agreement with experimental data. Afterward, the updated mechanisms of vitamin B, bio-processes can be
determined.

Keywords: vitamin B, mechanism, bio-catalysis, Pseudo-Jahn-Teller effect, DFT, MCSCEF.
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Introduction

Vitamin B, cofactor is one of eight B vitamins and is involved in mammalian cellular metabolism, influencing
amino acid and DNA synthesis [1] and hematopoiesis. The best known human physiological function of vitamin B ,
is its role in promoting normal health in the brain and nervous system. Vitamin B , anemia can cause such neurologic
dysfunction as weakness, fatigue, light-headedness, rapid heartbeat, rapid breathing, pale skin color, bruising, and
bleeding (including bleeding gums). The more severe vitamin B, anemia dysfunctions are characterized by tingling
or numbness of the fingers and toes, difficulty walking, mood changes, depression, memory loss, disorientation and, in
most severe cases, dementia [2]. Vitamin B, deficiency has even been considered in playing a role in the development
of Alzheimer’s disease [3-7].

The vitamin B, cofactor contains a cobalt atom surrounded by an equatorial corrin ring. Covalently linked
to the central atom is a dimethylbenzimidazole that occupies one of the axial coordination positions. The opposite
coordinate is available for several ligands in bio-medium or in solution; however, known biologically active structures
containing adenosyl- or methyl have been considered most often (Figure 1).

H,NOC

=

A

H

",
-,
>
Z
0]

R = 5-deoxyadenosyl, Me 5'-deoxyadenosyl

Figure 1. The structure of vitamin B, cofactor (left side) and of 5-deoxyadenosyl ligand (right side) with
coordinating dash bond [8-10].

10
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Vitamin B, is known to participate in at least two types of enzyme-catalyzed reactions [8-10] in the human body:
a) isomerase rearrangements with participation of the adenosylcobalamin form of vitamin B ,; b) methyltransferases
with participation of the methylcobalamin form of vitamin B ,. To date, human consumption of the various vitamin B ,
varieties and their mechanisms of action in the human body are still under study. The best form of vitamin B , to be
recommended to patients is still not fully established in the medical community [6-10]. Moreover, the recommended
dosage of vitamin B, , varies from one author to another [3-7]. One of the more controversial areas of research regarding
the vitamin B,, mechanism is its activation that starts with Co-C bond cleavage under influence of electron transfer
and/or substrate influence. There is little agreement between experimental and theoretical data in spite of a significant
amount of research on this problem. The mechanism of vitamin B,, must be updated with correct theoretical and
experimental data that is in agreement with each other.

This review is dedicated to a better understanding of the chemistry involved with B, bio-catalysis in searching
of a firmer foundation upon which we can treat the various forms of anemia and neurologic dysfunction discases
associated with vitamin B, ,.

The mechanisms of methylcobalamin and adenosylcobalamin activation

Vitamin B, and its derivatives have received considerable attention for their use in organic chemistry
[11-19]. The cobalamin cofactor plays an integral role in methyl transfer by donating methyl groups to homocysteine and
accepting them from CH, —H, folate [20-22]. The biological reactions catalyzed by cobalamin-dependent methionine
synthase generally include as a primary turnover the enzyme-bound cobalamin prosthetic group cycling between
methylcob(III)alamin and cob(I)alamin forms. All corrinoid-dependent methyl transferases bind the corriniod cofactor
with displacement of the dimethylbenzimidazole ligand: in most cases the side chain of histidine residue (Figure 2) from
the enzyme is a new ligand [11,23-28].

H,NOC

Figure 2. The schemes of the methylcobalamin coenzyme common structures
found by X-ray diffractions [11,23-28].

Adenosylcobalamin is the cofactor of several enzymatic processes [29-37], such as melanoma cell adhesion
molecule (MCAM), glutamate mutase, methyleneglutaratemutase, class II ribonucleoside triphosphate reductase,
ethanolamine ammonia lysase, and diol- glycerol dehydratase. A common feature of these enzymes is that the Co-C bond
of adenosylcobalamin is cleaved homolytically to initiate the reaction, giving rise to a five-coordinate cob(Il)alamin
and an adenosyl radical. Measurements of the rate constant for cob(Il)alamin formation demonstrate that the enzyme
increases the rate of homolysis of the Co-C bond by 10'*-fold both for B,, — dependent methylmalonyl-Co-A mutase
and adenosylcobalamin-dependent glutamate mutases [33,34]. Finally, we should point out the differences between the
initial stages in methyl- and adenosyl-dependent mutases considering the Co-C cleavage process. As it is depicted in
Figure 3: (a) the methylcobalamin-dependent methionine synthase generally includes as a primary turnover the cycling
between Co(IIT) methylcobalamin and cob(I)alamin, which allows the heterolytic Co-C cleavage process, while in the
adenosyl-cobalamin-dependent mutases the Co-C bond of adenosylcobalamin is cleaved homolytically, giving rise to
a five-coordinate cob(II)alamin and an adenosyl radical; (b) the association of the substrate and adenosyl-ligand during
the Co-C cleavage process in adenosylcobalamin dependent mutases has been proved by various experimental data
including X-ray diffraction results [35-37], while such effect is totally absent in studies regarding methylcobalamin-
dependent mutases.
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methylating
agent

substrate influence

1 5-deoxvadenosyl

R= CH3, 5-deoxyadenosyl

Figure 3. The generalized scheme of the methylcobalamin and
adenosylcobalamin coenzyme turnovers [38-67].

The Co-C cleavage and electron transfer processes have been studied by different methods such as
electrochemistry [38-40], thermo- [41] or photochemistry [42-46] of methylcobalamin Co(III) by a significant number
of researchers. As a result, many triggering factors of Co-C bond breaking have been considered and various mechanistic
mechanisms of the Co-C cleavage process have been proposed. Many researchers have considered axial ligand trans-
influence, steric effects, structural strain, protein influence, in addition to others [47-58] as determinant factors in the
Co-C cleavage process. The hydrogen transfer from the substrate to 5-deoxysdenosyl ligand has also been considered as
a triggering factor of the Co-C bond breaking [59-67]. These suggestions have been largely unconfirmed by subsequent
data. Only substrate influence on the Co-C cleavage process in the case of the adenosylcobalamin vitamin B , species has
been confirmed [35-37]. New approaches and new strategies are needed for the analysis of this challenging biological
phenomenon.

The reductive activation mechanism of methylcobalamin has been studied by D. Lexa and J.M. Saveéant using
cyclic voltammetry of two similar compounds, methylcobalamine (base-on species) and methylcobalamide (base-off
species) in DMF-1-propanol [38]. The methylcobalamide compound shows a single irreversible cathodic wave at low
sweep rates corresponding to the reductive cleavage of the cobalt-carbon bond. At the slow scan rate of 0.3 V/s the
cyclic voltammetry (CV) of methylcobalamin showed no return wave; however, as the scan rate increased to 10 V/s and
above at —20 °C, a return wave appeared which allowed Lexa and Savéant [38] to propose the multistep electrochemical
mechanism (Figure 4). Upon raising the sweep rate the cathodic wave becomes progressively reversible, clearly showing
the existence of a one-electron intermediate before cleavage of the cobalt-carbon bond.

R-Cbl+e = [R-CDI]1™ poeeon = R- + B12s"
i
[R-CbI]~ st — R + Bi2s™

Figure 4. The scheme of the methylcobalamin reductive electrochemical mechanism [38,39].
Here, R is a methyl group.
We [39,40] and Martin & Finke [41] have determined similar methylcobalamine reductive mechanisms.

Unfortunately, the above mechanism is not fully supported by theory when considering DFT calculation
data [39,40]. Additionally, the generally accepted methylcobalamin reductive mechanism (Figures 2 and 3), based
on various experimental methods including X-ray diffraction, does not fit exactly with the electrochemistry based
methylcobalamin reductive mechanism (Figure 4). It is obvious that experimental and theoretical data do not combine
to provide a clear understanding of vitamin B, activation in the human body. Deeper and more detailed studies
using adequate and modern methods should be performed to ensure a sound basis of the mechanism of activation of
vitamin B ..
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Density Functional Theory (DFT) and Quantum Mechanics/ Molecular Mechanics (QM/MM) calculations on
vitamin B , cofactors

We [39,40] and others have performed DFT calculations of vitamin B,  models [68-100]. Consequently, various
properties have been studied, including electron densities and reduction potentials determination [69,76,88,91,96],
the comparison of DFT and CASSCF electronic structure data of truncated models of methylcobalamin species
[70,71,74,81,85], the influence of various factors on the Co-C bond forming and cleavage in methyl- and
S-adenosylcobalamin models [68,72-76,79,80,83,84,89,90,92,94,97,99,100], and excited states, spectroscopy and
photo-dissociation analysis of vitamin B, species [78,82,86,87,93,95,98]. We used DFT calculations on Me-Cbl models
to calculate total energy as a function of Co-C bond distance as the bond is stretched [39]. The generally used base-on
model of R-CbI(III)(R=CH,) includes the full corrin ring with all side-chain groups replaced by hydrogen atoms and
with the dimethylbenzimidazole base ligand replaced by benzimidazole (or imidazole), as it is shown in Figure 5.

Figure 5. The methylcobalamin model used in DFT calculations [39, 106].

This approach was taken for construction of base-on and base-off models of positively charged CH3-Co(I1I)*
and likewise for the neutral reduced CH3-Co(II) [41]. The optimized DFT geometry for all four species at B3LYP/
LANL2DZ theory level showed nearly the same equilibrium C-Co bond distance of around 2.00A. The dissociation total
energy barrier heights from single-point calculations for both the base-on and base-oft CH3-Co(11I)" models were almost
the same, ca. 2.8 eV (Figure 6); however, for the base-on CH3-Co(II) model, this dissociation energy was much lower,
ca. 1.6 eV, and for the base-off species, even lower, ca. 1.1 eV.

3.04 O geometry optimized le-reduced Me-Chlbase-off model -
4 lereduced Me-Chl base-off model A
254 © lereduced Me-Chl base-on model /‘/
&  Me-Cbl(IIT) base-off model A
20 ™ MeChd baseonmodel ‘o
5+
w
1.0
0.5+
0.04
I ! I v 1 = I ' I ' ]
15 2.0 25 30 35 1.0
ReodA)

Figure 6. Total BALYP/LANL2DZ energy (eV) as a function of Co-C bond distance (A) for methylcobalamin
model compounds for different redox species and axial base conditions.
The energy of all curves has been aligned at the minimum [39,106].
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Despite the progress made by the research community on the theoretical explanation of vitamin B, cofactor
reaction, there are still significant disagreements of theoretical results with experimental data. Thus, our calculation of
the total energy with geometry optimization at each constrained C-Co bond length for the base-off CH3-Co(II) model
gives the lowest energy barrier for C-Co bond breaking (value of 0.7 eV, Figure 6) [39,106]. However, even with this
barrier, a kinetic calculation shows that fast bond cleavage is improbable. Furthermore, the energy barrier of the Co-C
bond breaking is much higher for base-on compared to the base-off species [39,68,106]. Our estimations show that the
energy barrier of the geometry optimized le-reduced base-on specie is higher by about 0.5 eV compared to the energy
barrier of the geometry optimized le-reduced base-off specie (see Figure 7 for single points calculations). Therefore,
according to DFT calculations the rate constant of Co-C bond cleavage has a much lower value for base-on species
compared to the rate constant of similar reactions for base-off species. This enters a flagrant contradiction with the
experimental data, which demonstrates that the reaction rate constant of Co-C bond breaking is much higher in base-on
species compared with the same reaction rate constant for base-off species [38]. Moreover, base-off methylcob(II)alamin
compound cannot be considered in Co-C bond cleavage reaction of bio-reactions since is predicting a four coordinate
vitamin B, , specie immediately after a Co-C bond cleavage of methylcobalamin compound [39,68,106]. Instead, several
experimental results show that methylco(Il)calamine cofactor is five coordinate [23-28,101,102] immediately after
Co-C bond cleavage.

DFT MCSCF
P=0.000 P=0.291 ¢

E=0.998 ¢V =-2.302 ¢V
P=2.000 P=1.695 e~

E=-5.506 ¢V F—.8.656 ¢V

Figure 7. The methylco(I)balamin DFT-B3LYP/LANDL2DZ and MCSCF (9,7) (CASSCF) surfaces,
energies and populations of 6 and ¢* MO [39,106].

Another unfortunate discrepancy is that theoretical results support the existence of a six-coordinate
methylcobal(IT)aminecofactor with dimethybenzimidazol ligand bonded to cobalt ion. Such a six-coordinate specie,
which has not been mentioned by any experiment up to now, has a clear minimum (Figure 6) of total energy in the DFT
method [39,106], testifying in favor of its stability. Finally, no theoretical model gave the expected Co-C bond cleavage
energy barrier for the methylcob(Il)alamin models. The closest to the desired results up to now have been obtained
byusing QM/MM and DFT methods, which, unfortunately, still give greater than expected barriers for either, base-on or
base-off species, equal to 8.3 kcal/mol, 10.5 kcal/mol, and 7.3 kcal/mol, respectively [72,73,80] (in vivo Co-C cleavage
process is supposed to run without barrier). Finally, we conclude that there is an evident requirement to improve the
models used in theoretical calculations and the use of more advanced theoretical treatments for the study of vitamin B,
activation.

The multi-configuration effects in methylcob(II)alamin and its Co-C bond cleavage

Although, the study of the in-situ electron transfer in reduced cobalamin compounds is quite a challenging
problem, the real catalytic process and electronic transfer in cobalamin-dependent enzymes are even more complicated.
For instance, the electron transfer problem includes also the role of mixed valence feredoxin compounds, which
participate in electron transfer [103-105] to a series of biosystems and participate into turn-over of cobalamin-dependent
enzyme processes. The mixed valence feredoxin compounds are a common example of vibronic (Jahn-Teller) systems
in chemistry, due to their symmetry. On the other hand, our recent electron structure studies show that the HOMO-
LUMO and Co-C 6-6* MO gaps are significantly smaller in the Co(II) methylcobalamin system compared with Co(IIT)
methylcobalamin, proving that the orbital mixing is effective [106]. Therefore, the activation of Co-C bond cleavage in
cobalamin bio-chemistry must be treated as an orbital mixing process and the Co(II) methylcobalamin system cannot
be treated correctly by DFT methods [107], as it is a Pseudo-Jahn-Teller system [108]. Such orbital mixing leads to
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a fractional population of the ¢ and 6" orbitals, including also several bonding occupied and antibonding unoccupied
orbitals [106]. The o* orbital, which is situated significantly above n* SOMO, is coupled strongly with formal c. As
a result, the energy of these two ¢ and o* molecular orbitals change significantly during the geometry optimization
(Figure 7). The population of the ¢* antibonding orbital increase and the population of the ¢ bonding orbital decrease,
thus “weakening” the force constants along the Co-C and Co-N bonds. This strong state mixing (similar to the pseudo-
Jahn-Teller effect) leads to an increase in the Co-C bond and Co-N, bond lengths with about 0.2 A for base-off Co(Il)
methylcobalamin model compounds and base-on Co(II) methylcobalamin model compounds (Figure 8). This coupling
explains also the much lower Co-C bond dissociation enthalpy and much faster bond cleavage rate for the one-clectron
reduced methylcobalamin radical anion compared to the methylcobalamin neutral system. Such calculations like
MCSCF with strong orbital coupling are extremely sensitive to any perturbation. We have obtained a similar result
for Co-C bond cleavage in the case of the Co(III) adenosylcobalamin system under the perturbation (slight interaction
influence) of the enzyme substrate. Therefore, it is reasonable to consider the influence of the substrate as a perturbation
factor of the electronic structure influencing the Co-C and Co-N bond breaking for vitamin B , cofactors species. We
believe that this concept can be generalized for electron transfer or for substrate influence and subsequent bond cleavage
in important biological systems.

q F
’P‘.
Co-C=1.969 A Co-C=2.164 : l s "
= o *

Co-N=2.1214 Co-N=2.341A

DFT CASSCF <V, |8V, /3Q| ¥, >

Figure 8. The cartoon of ¢ and ¢° MO coupling influence on axial Co-C and Co-N bonds of one electron
reduced methylcobalamin [39,106].

Generally speaking, the MCSCF method, which takes into account multi-configuration interactions, is among
the most accurate methods of electronic structure calculations. Unfortunately, the number of electrons and orbitals taken
into consideration in our previous calculation [106] are not in harmony with the needs for totally accurate calculation
results of the MCSCF method with a complete active space that can be compared with experimental data and that can
serve as the basis to develop a precise and reliable mechanism of activation for vitamin B, ,. In the computing process
it is necessary to take into account more orbitals (including a complete MCSCF active space) and a larger truer-to-size
model of vitamin B, should be used in the calculation according to the needs of today’s knowledge of the mechanism
of activation.

Conclusions

There are several possible mechanisms for the intramolecular electron transfer step, including distortion and
coupling of orbitals of different symmetries, the possibility of a conical intersection, and a vibronic coupling mechanism-
all of which are not mutually exclusive. The bond dissociation energy (BDE) for the cobalamin base-off species gives a
value of 0.7 eV or ~16 kcal/mol based on a * ground state potential energy dissociation curve calculated at the B3LYP/
LANL2DZ level and optimized at each Co-C distance; however, this result is considered inaccurate because it is still too
large to explain the experimental electrochemical kinetics.

The mechanism describing the bond-breaking of the base-off species in the solvent cage cannot explain the
large difference in cleavage rates between reduced MeCbl and MeCbi*, and DFT calculations therefore give inaccurate
energy barriers in this situation. The alternative methodologies such as open-shell multi-configurational methods in
theoretical calculations and perturbation factors along with the bond length estimations and mechanism fitting must be
used for studying these processes.
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Abstract. According to the Regulation on monitoring and systematic evidence of the surface and groundwater status,
the Beleu Lake is included in the network of surface waters state monitoring in the Republic of Moldova. The research
results have marked a low value of the self-purification capacity for Beleu Lake water, between 0.12 and 0.19, which
is of 1.2-2 times lower than those from Prut River (0.25), correlating positively with the values of BOD,, COD-Cr
and the time of biochemical oxidation of ammonium ions. The oxidation of ammonium into nitrite (NH,"(NH,) —
NO,’) in the nitrification process in lake water (collected in November 2014) takes place about 25 days and the process
NO,” — NO, being more than 35 days. The period of nitrification is about 2 times higher than in lake water collected
in 2015 and 2.8-3.0 times higher than those of the model with water from Prut River.
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Introduction

The Republic of Moldova has three Wetlands of International Importance with total area of 94705 ha and
became a member of the Ramsar Convention in June 2000, when the “Lower Prut Lakes” (19152.5 ha) was included in
the List of Wetlands of international importance.

Scientific reservation “Lower Prut” is located at the South of republic between Prut River and village Slobozia
Mare, South of Cahul city. It covers 1691 ha, including 312 ha of forest and Beleu Lake (10 km?). In that zone there were
registered 39 species of mammals, 5 being included in the Red Book of Moldova (RBM), 203 bird species (27 included
RBM), 5 species of reptiles (2 included RBM), 9 amphibians (one included RBM) and 41 species of fish (6 included
RBM) [1].

Beleu Lake and Manta water body (Rotunda, Dracele and Badelnic Lakes) represent some unique ecosystems.
Both water bodies can be considered natural, or at least close to natural as floods characteristic [2].

Medium area of Beleu Lake is of 9.5 km?, being one of the largest natural lakes in the Republic of Moldova
with water volume of 8.39 million m®. The length of the lake is of 5 km, width - 2 km, the depth average — 0.5-1.5 m
and maximum - of 2.5 m. About 1/3 of the scientific reservation surface constitutes waters of Beleu Lake. Water reaches
in the Beleu Lake by two arms that come together in one. The water level in the lake overflows and floods depends on
spring and summer of the Danube and Prut Rivers.

A problem in the reservation is that oil extraction is done from the wells that are close to the strictly protected
area of the reservation, about 200 m from aquatic bird nesting. Oil is extracted on a platform with an area of 40 m?
completely surrounded by water [3].

Article 26 of the Law on State Protected Natural Areas, no. 1538 of 25.02.1998 [4] provides that in the scientific
reserve prohibited activities that could lead to disruption of the natural evolution of natural processes, in particular: b)
exploration and extraction of natural resources, except those of national importance (oil, natural gas), provided the special
environmental protection set by the central authority with natural resource management and environmental protection.

Since oil extraction in Moldova takes place from wells, located near the protected area of the reserve “Lower
Prut” [4], it is necessary to study the state of its environmental compounds according to Decision of Republic of Moldova
Government No. 932 0f20.11.2013 [5] and EU Water Framework Directive (WFD, 2000/60/EC [6]).

So, Beleu Lake, in conformity with the Republic of Moldova Regulation on monitoring and systematic record
of the status of surface and groundwater monitoring network is included in no. 52: Beleu natural Lake, Slobozia Mare,
Cahul, 45° 35” 12.88” North, 28° 09 09.65” East, Alt. 5. Monitoring and systematic evidence of surface waters state in
the Republic of Moldova lies by the State Hydrometeorological Service in Activity Program which provides 4 times on
year the evaluating the physical and chemical parameters of water quality in Beleu Lake [5].

Status of surface water quality in Beleu and Manta Lakes is present in reports of State Hydrometeorological
Service, being analyzed the content of macro compounds, dissolved O,, BOD, COD, petroleum products, anionic surfactants,
nitrogen and phosphorus compounds, some heavy metals, etc. In accordance with these reports, during of 2009-2013 years
the water quality of Beleu Lake can be attributed to class I of quality (clean) in 2009 and class III (moderately polluted)
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in 2012-2013 [2]. However the analyses do not include the investigation of lakes water self-purification and nitrification
process of ammonium ions, as similar previously studies for surface and small rivers water [7-9].

This study includes the common estimating with State Hydrometeorological Service of the chemical status of
lake water based on measured concentrations of monitored parameters, for the first time determining the capacity of
water self-purification and nitrification.

Experimental part

Water sampling was done according to the Guidelines for taking water from natural and artificial lakes [10].
The analyses were performed in three replicates to yield average values. The concentrations of anions and cations were
determined using national standards [11]. The amounts of nitrogen compounds, phosphorus, sulphate ions, iron, were
determined photometrically. Titrimetrically there were estimated alkalinity, chloride content, the amount of calcium
and magnesium. The pH of the water was determined by potentiometric method [12]. The value of BOD, and COD-Cr
provide information about oxygen content required for oxidation the content of organic matter from water [13,14]. Using
gas chromatography it was determined the content of oil in lake water [15].

In order to establish the environmental status, the classification of water quality in the lake was done according
to Governmental Decision no. 890 of 12.11.2013, Annex 1 [16]. Self-purification capacity was calculated by the ratio
BOD,: COD-Cr [15, 17]. The study of ammonium ions biochemical transformation in natural water of Beleu Lake was
performed using laboratory modelling [ 18]. Water solutions obtained after adding ammonium ions were exposed to light
(which excluded direct sunlight). Daily there were determined the concentration of NH,", NO,", NO,"ions and value of
pH, the modelling tests being done at 20-22°C.

The correlation between nitrification time and indices that characterize the level of organic pollution
(CCO-Cr, BOD,, days-nitrification) from natural surface waters was performed using double correlative analysis method
that enables recording and evaluation of concentration dependence of 2 chemical components of water. Lower K . of
calculated values was considered statistically unsignificant [19].

In this study there was evaluated the physical-chemical composition of water collected from various points of
Beleu Lake on 14.11.2014, 28.05.2015 and 20.08.2015.

Results and discussion

The results of physicochemical analyses performed during of 2009-2013 years show that the water quality of
Beleu Lake, village Slobozia Mare, according to Water Pollution Index (WPI) is attributed to class II of quality (WPI =
0.78 - pure) in 2009 and class IIT (WPI = 1.21 - moderately polluted) in 2012. During of 2013 year the mineralization
(about 500 mg/dm? of dissolved solids, attributed to class I of quality) did not exceed maximum allowable concentration
(MAC) values. The content of dissolved oxygen has been ranged from 9.44 to 10.17 mg/dm?® (class I of quality). Nitrite
concentration was between 0.022 and 0.11 mg/dm? (1.7 MAC, class I-1I of quality), oil products content was between
0.23 mg/dm? in 2013 and 0.24 mg/dm?® in 2012 (4.6-4.8 MAC, class II-III of quality) [2, 20].

In water samples from the lake, assessed in this study (2014-2015 years), the concentration of chlorine ions was
ranged between 26-36 mg/dm3, ammonium ions in the range of 0 - 0.14 mg/dm?, nitrates from 0 to 0.77 mg/dm?, anionic
surface active substances - 0.01 mg/dm’, BOD, value from 2.29 to 2.62 mg/dm’0O and mineralization in the range of
195-490 mg/dm? that correspond to I class of surface water quality (Table 1).

Table 1
Physical-chemical composition and quality class of Beleu Lake water.
No. Parameter 2012 14.11.2014 27.05.2015 -
Village Brooks =g
Slobozia Rotaru  Popovca Popovca  Rotaru  Mano- S <
Mare -Manolescu -Rotaru  -Rotaru -Manolescu  lescu <

1 pH 8.33-8.68 8.47 8.48 8.8 8.18 8.3 I

2 Hardness, me/dm? 3.2-8.9 4.6 4.8 2.9 4.1 3.7 I-1I
3 BOD,, mg/dm’ O 2.34-3.63 2.52 2.62 2.4 2.29 2.45 I

4 COD-Cr, mg/dm*O - 20.2 17.0 12.7 133 15.3 I-v
5 Suspensions 50-303 50 105 57 63 267 V>V
6 SO 71.8-132 146 153 32.8 85.2 89.8 I-11
7 Cr 31.9-111 354 354 36.1 26.9 26.2 I

8 Mineralization 377-842 460 475 195 309 326 I

9 NH,* ‘E  0.07-0.83 0.14 0.06 0 0 0 I-111
10 NO, %D 0-0.061 0.007 0.007 0.005 0.018 0.009 I-11
11 NO; g 0-4 0.65 0.77 0 0.77 0.72 I
12 ot 0.104-0.26 0.098 0.108 0.048 0.094 0.096 I-11
13 Petroleum products 0.05-0.24 0.09 0.07 0.09 0.1 0.3 I-1IT
14 Surface active 0-0.02 0.01 <0.01 0.01 0.01 0.01 I

substances
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According to pH values (8.18 to 8.8), hardness (2.9 to 4.8 me/dm?), content of sulphates (32.8 to 153 mg/dm?),
concentration of nitrite (0.005 to 0.018 mg/dm?) and of total phosphorus (0.048 to 0.108 mg/dm?®) in all sections, the lake
water is attributed to class I-II of quality. The research results are indicated that the content of particles in suspension is
varied from 50 mg/dm? (brook Rotaru-Manolescu) to 267 mg/dm? (brook Manolescu) which differ significantly between
the majority of lake brooks and the Beleu Lake (brook Manolescu), where class of quality is V->V. According to the
petroleum products concentration, the lake water in the brook Manolescu is attributed to class III, while in the other
sampling points it is attributed to class of quality I-I1.

The content of ammonium ions in lake water (section village Slobozia Mare) varied significantly in 2012 (from
0.07 to 0.83 mg/dm?) with seasonal character, lower values being reported during April-September when nitrification
process occurs intensively. In May of 2015 the concentration of nitrates and ammonium ions did not exceed MAC.
According to concentrations of pollutants, the Beleu Lake water is attributed to class I1I-V of quality.

Analyzing chemical parameters of Beleu and Rotunda Lakes water (village Manta, May of 2015) it was found
that the concentration of organic substances (COD-Cr) ranged from 10.6 (Rotunda Lake) to 28.4 mg/dm’O, BOD; has
been maximum — 3.17 mg/dm’O (Beleu Lake). Water collected in different seasons, according to values of BOD, and
COD-Cr, falling within class I-1I of quality except Beleu Lake sample taken in spring, around oil drilling activity (class
I-1IT of quality). Self-purification capacity of water, which is depending on the season, is also different in studied waters.
Self-purification capacity of Prut River water is medium (0.26), being 1.2 to 4 times more than for Beleu Lake, which is
worth between 0.04 (practically absence) and 0.24 (Table 2 and Figure 1).
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Figure 1. Self-purification capacity of water from Beleu and Rotunda Lakes compared to the Prut River
(winter, spring, summer, 2015).

Beleu Lake: brooks Rotaru and Manolescu, near oil extraction taken in winter (1), spring (2), summer (3);
brooks Popovca and Rotaru taken in winter (4), spring (5); brook Manolescu taken in spring (6), summer
(7); village Slobozia Mare (8); Rounda Lake, village Manta (9).

Prut River: village Valeni taken in spring (10), summer (11).

Table 2
The concentration of organic matter and water quality class according to chemical and
biochemical oxygen demand, 2015.
Water samples Season COD-Cr BOD, Quality class
mg/dm? O

brooks Rotaru and winter 17.26 1.77 I-11
Manolescu, spring 28.4 1.31 -1
near oil extraction summer 22.0 3.01 -1
brooks Popovca and winter 12.2 3.02 I-11
Beleu Lake Rotaru spring 16.08 2.44 I-11
brook Manolescu spring 13.8 3.02 I-11
summer 14.9 2.66 I-11
village Slobozia Mare spring 15.7 3.17 I-11
Rotunda Lake village Manta spring 10.6 3.01 I-11
Prut River village Valeni spring 12.06 3.08 I-1I

summer 8.65 2.15 1
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Nitrification of NH," ions in Beleu Lake water

Tons of nitrite (NO,’) and ammonium (NH,") are present in the case of pollution of aquatic medium and are toxic
to living organisms. For this reason in the laboratory conditions was modelled the biochemical oxidation of NH,* ions
in Beleu Lake water during the cold and warm period of years (2014 and 2015).

Inorganic compounds with nitrogen (NH,", NH,, NO,, NO,’) are present actually in all natural waters. Their

amount varies depending on the degree of pollution [7]. Ammonia and ammonium ions in natural waters are oxidized
biochemically by 2 steps:

NH," (NH,) + 30, — 2NO, + 4H" + 2H,0 + 54.9 kcal (Nitrosomonas) (1)

NO, +0O, — 2NO, + 18 kcal (Nitrobacter) (2)

A lot of chemicals present in the water hinder biochemical processes in the environment. Previously, it was
studied the influence of phenol, copper ions and of some pesticides and surfactants on the oxidation of ammonium ions
in surface waters [8, 9].

The oxidation of ammonium into nitrite (NH,*(NH,) — NO,") in Beleu Lake water (collected in November of
2014) takes place in 25 days (Figure 2a) and in 2015 —in 9-15 days (Figure 3a). The transformation of nitrite into nitrate
(process NO,”— NO,) takes place more than 35 days (Figure 2b), being by 2 times higher than the period in lake water
sampled in 2015 and by 2.8-3.0 times higher than those for model with water from the Prut River (Figure 3b).
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Figure 2. Dynamics of NH," ions concentration in the oxidation NH,” — NO, process (a) and of NO, ions
content in the oxidation step NO,” — NO, (b) in water samples taken from the Beleu Lake in autumn of 2014.
B-BPR: brooks Popovca — Rotaru; B-BRM: brooks Rotaru — Manolescu.
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Figure 3. Dynamics of NH," ions concentration in the oxidation NH," — NO, process (a) and of NO, ions
content in the oxidation step NO,” — NO,(b) in water samples taken from the Beleu Lake and
Prut River (village Valeni) in summer of 2015.
Beleu Lake: B-BPR: brooks Popovca - Rotaru; B-BRM: brooks Rotaru - Manolescu;
B-BM: brook Manolescu; B-SM: village Slobozia Mare.
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It is known that many chemicals affect the biochemical processes in natural waters [8,9,18]. Taking into account
that oil extraction is done from the wells that are close to the protected area which include Beleu Lake, in laboratory
conditions there was carried out the influence of petroleum products (PP) on nitrification of ammonium ions in water
of Beleu Lake and Prut River (for comparison), samples collected in 20.08.2015. The amount of PP added was of
2.5 mg/dm?, the permissible content discharged into natural water bodies [21].

The results of study show that in the water samples taken from Prut River and Beleu Lake, brook Manolescu
(water entering from Prut into the lake) the oxidation of ammonium into nitrite (NH," — NO,’) takes place 8 days.
With 2 days longer it take place the process in the water out of the lake (brook Rotaru), including in the presence
of the normative content of petroleum products (Figure 4a). Step II of nitrification (NO,” — NO,’) in the samples
from Prut River and Beleu Lake, brook Manolescu, including in the presence of PP, takes place 13 days. More
obvious it is the influence of water composition (not PP) of Beleu Lake, brook Rotaru - out of the lake, on the process
NO, — NO,, which in 13 days only about 10% of NO, have oxidized (Figure 4b). So, in the water out of Beleu Lake

there are substances which determine a low self-purification capacity and diminish the nitrification process in water
(Table 3).

—4A—r. Prut —4—r. Prut

—&—r. Prut + (2.5 mg/dm3 PP) —&—r. Prut + (2.5 mg/dm3 PP)
—0— BR —O—BR

—&—BR + (2.5 mg/dm3 PP) —&— BR + (2.5 mg/dm3 PP)
—0—BM —>—BM

—&— BM+ (2.5 mg/dm3 PP) ——BM + (2.5 mg/dm3 PP)

—
(5]
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<
1

mg/dm3 NH4+
mg/dm3 NO2-
(=)

1 2 3 4 5 6 7 8 9 1011 12 13
days

a b
Figure 4. Dynamics of NH,"ions concentration in NH,* — NO," step (a) and NO, ions content in
NO, — NO; step (b) in ammonium ions oxidation process in water samples taken from Prut River
(village Valeni) and Beleu Lake in August of 2015.
Beleu Lake: BM - brook Manolescu; BR - brook Rotaru, out of the lake.

Self-purification capacity has positive correlation trends for following values: BOD, (y = 0.085x + 2.2833,
r* = 0.2653), COD-Cr (y = 0.85x + 15.8, r* = 0.1167) and period of NH," ion nitrification: NH,” — NO, step
(y=1.5x+8,r°=0.75) and NO,; — NO, (y = 4.5x + 8, r* = 0.9643) (Figure 5).
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Figure 5. Correlation of self-purification capacity values to BOD_ (r* = 0.2653), COD-Cr (r* = 0.1167) and
period of NH " ion nitrification: NH,* — NO," stage (r> = 0.75) and NO, — NO, (r* = 0.9643).

So, it is outlines the influence of persistent organic pollutants and those degrading biochemical on the self-
purification and nitrification of ammonium ions process in the water of Beleu Lake.
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Based on information regarding the water quality of Beleu Lake, it is concluded that is necessary to create
conditions to increase the self-purification capacity, given the multitude of biotic and abiotic factors, which determine
the effectiveness of polluted natural waters improvements.

Conclusions

Values of self-purification capacity of the lake water are between 0.12 and 0.19 for Beleu Lake, which are by
1.2-2 times lower than the one for Prut River (0.25).

The values of BOD,, COD-Cr and the time for biochemical oxidation of ammonium ions are positively
correlated with self-purification capacity of water from Beleu Lake, confirming the existence of organic matter pollution.

Study shows that in water from Prut River and Beleu Lake, brook Manolescu (water entering from Prut River
into the lake) the nitrification of ammonium ions, inclusive in the presence of petroleum products, took place 13 days,
while in water sampled out of lake (brook Rotaru), in the absence and presence of PP, about 90% of NO,” were still
unoxidized.
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Abstract. Aluminium sulphate is one of the most widely used coagulants for water treatment and has been proven
to be an effective coagulant for the removal of certain contaminants, turbidity and colour. Aluminium sulphate used
during the coagulation process is hydrolyzed in the water, forming polynuclear complexes. Aged aluminium solutions
show different coagulation behaviour than that of freshly prepared solutions. The aim of presented research was to
highlight the influence of the aging of aluminium sulphate solution on the turbidity removal from water. Obtained
results reveal that using of optimal aging solution of coagulant improves the coagulation process.
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Introduction

The quality of river or reservoir water is commonly characterized by the content of suspended solids, colloidal
particles, natural organic matter and other soluble, mostly inorganic compounds, present in different concentrations.
Therefore, when the river or reservoir water is intended for human consumption, an appropriate treatment process is
usually considered as necessary to meet the respective drinking water standards. One of the most important steps during
the conventional treatment process is coagulation/flocculation [1].

Coagulation is a common process in water treatment for destabilizing dissolved and colloid impurities and
for transforming small particles into larger aggregates (flocs) which can be removed from the water in subsequent
clarification/filtration processes [2-4].

The coagulation process consists of three sequential steps: coagulant formation, colloid/particle destabilisation,
and particle aggregation. Coagulant formation and colloid/particle destabilisation are promoted in a rapid-mixing
stage where treatment chemicals are added and dispersed throughout the water to be treated. Particle aggregation (floc
formation) is then promoted in a flocculation stage where inter-particles collisions create large floc particles amenable
to separation from the treated water [3].

Aluminium sulphate is one of the most widely used coagulants for water treatment and has been proven to be
an effective coagulant for the removal of certain contaminants, turbidity and colour [5-7]. When dosed into water the
aluminium ions hydrolyse rapidly and in an uncontrolled manner, to form a range of metal hydrolysis species [3].

Hydrolysis products may be monomeric or polymeric hydroxyl complexes [8]. Most of them, such as Al(OH)#,
Al(OH),", AL(OH),*, AlL,(OH),>* and Al ,0,(OH),,™ (or “Al "), are positively charged and can interact strongly with
the negative colloids, resulting in destabilization and coagulation [1].

The aluminium species distribution in coagulant solutions can be influenced by many parameters [5]. A range
of factors such as the nature of the water, the coagulation pH and the dose of coagulant together influence the range
of species formed and subsequently, the treatment performance [3]. The pH value of the medium is of the primary
importance in the establishing the mean charge of the hydrolysis products and, consequently, is of significance for the
rate of coagulation (Scheme 1). The pH of aluminium solutions decreases during aging and in the speciality literature
there are shown that aged aluminium solutions give entirely different coagulation values than unaged aluminium
solutions [9].

AP — AI(OH)** — AI(OH)," — AI(OH); — AI(OH),"

QA' 45 5.5 6.5 >8/
——
pH

Scheme 1. Hydrolysis products of aluminium in relation to pH value [1].

The main water supply sources of the Republic of Moldova are the Dniester River, which covers about 54%
of the total water quantity, the Prut River — 16%, other sources of surface water — 7% and groundwater sources — 23%
[10]. The water quality from water supply sources often does not correspond to the drinking water criteria, because of
the high turbidity, the high content bacteria or dangerous dissolved substances. Therefore, before to be consumed the
natural water would be processed.
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The main stages, at the Water Treatment Plant, Municipal Company “Apa-Canal”, the town Ungheni (Republic
of Moldova), applied in the potabilization technologies include also the coagulation of particulate materials from the
Prut River water. In previous study [11], in order to optimize the process of coagulation there were studied the several
factors, namely the influence of mixing speed and of concentration of coagulant added in the process of coagulation.
The aim of presented research was to highlight the influence of the aging of aluminium sulphate solution on the turbidity
removal from water.

Experimental
Laboratory coagulation tests were performed on two different types of raw water:

1. Model solution. In order to simulate the presence of suspended solids (turbidity) in tap water there were
dispersed the bottom sediments. The initial turbidity of model solution using during coagulation tests was ranged in the
limits 32 and 39 NTU (nephelometric turbidity units).

2. River (raw) water samples were taken from the Prut River at the Water Treatment Plant, Municipal
Company “Apa-Canal”, the town Ungheni (Republic of Moldova). The coagulation process was studied on raw water
with turbidity between 33 and 63 NTU.

In Table 1 there are presented the characteristics of initial samples used during coagulation process.

Table 1
Characteristics of the water samples, used for coagulation experiments.
Water type pH Temperature, °C Turbidity, NTU
Model solution 7.87 +8.05 15.6 + 185 32+39
Prut River 7.82+7.93 20.5+24.7 33+ 63
Coagulant

The aluminium sulphate (Al(SO,),-18H,0, purchased from Sigma-Aldrich) was used as coagulant, the working
solutions being of 10 and 25%. The coagulant doses used were as following: 3.7, 4.9 and 9.8 mg/L.
Aging process

All coagulant solutions were aged at room temperature and kept in the dark before coagulation experiments.
During the entire aging period, samples were clear to the naked eye.
Jar-test procedures

Coagulation experiments were carried out using a Jar-test apparatus [12, 13]. The scheme of Jar-tester used for
coagulation experiments is presented in Figure 1. The sample (800 mL of water) was dosed with the appropriate amount
of coagulant. The suspensions were stirred rapidly at 500 rpm for 2 minutes during coagulant addition, followed by slow
stirring at 120 rpm for 20 min. After mixing the samples have been left for settling of flocs. At the end of the settling
period (20, 40 and 60 minutes), the supernatant is withdrawn for analyses.

o o !
< 2
i —
/
Figure 1. Scheme of Jar-tester, used for
coagulation experiments.
N 1 — battery and control box, 2 — stirrer,
3—jar.
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Turbidity measurement

The turbidity of water samples has been determined according to World Health Organisation recommendations
[14], using the UV/Vis spectrophotometer, Jenway model 6505.

The turbidity removal (R, %), which expresses the efficiency of the process, was calculated by Eq.(1) [15]:

R i I .100% 1
. 100% (1)

where: T, — initial turbidity, NTU;
T, - residual turbidity, NTU (the turbidity of supernatant after coagulation and settlement).

Results and discussion
The influence of coagulant aging time on coagulation process performed on model solution

The aged aluminium solutions show different coagulation behaviour than that of freshly prepared solutions
[9]. The influence of aging time of the coagulant (coagulant concentrations of 10% and 25%) on the degree of turbidity
removal (R,, %) was carried out at different settling time (Figures 2 and 3). The Jar-tests were performed using different
doses of coagulant, namely 3.7, 4.9 and 9.8 mg/L. The coagulation process was studied on model solution with turbidity
between 32 and 39 NTU. The coagulant solutions were aged for 1-10 days (coagulant concentration of 10%) and 1-6
days (coagulant concentration of 25%).

The use of aged coagulant exhibits a better coagulation performance in comparison with unaged coagulant.
It was established that for the coagulant solution of 10% the coagulation process in model solution pass off more
efficiently in case of aged coagulant for 4-5 days, registering higher values of the degree of turbidity removal
(Figure 2).

For coagulant solution of 25% the coagulation process in model solution pass off more efficiently at the addition
of aged coagulant for period of 3-4 days (Figure 3), since the processes of aging are faster in the solutions with higher
concentrations of hydroxyl ions [9].
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Figure 2. The influence of aging time of the coagulant solution (10%6) on
the degree of turbidity removal (R,, %) of model solution.
Coagulant doses: 3.7, 4.9 and 9.8 mg/L.

Settling time: 20, 40 and 60 minutes.

The influence of coagulant aging time on coagulation process performed on natural water

During the coagulation process, there are two types of colloids: (i) those present in the water to be treated, and
(ii) those formed by added coagulants [9].

The influence of coagulant aging time (coagulant concentrations of 10% and 25%) on turbidity removal was
shown in Figures 4 and 5. The Jar-tests were performed on natural water (Prut River) with turbidity ranged in limits
33-63 UNT. The coagulant solutions were aged for 1-7 days (coagulant concentration of 10%) and 1-3 days (coagulant
concentration of 25%).
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Figure 3. The influence of aging time of the coagulant solution (25%) on
the degree of turbidity removal (R,, %) of model solution.
Coagulant doses: 3.7, 4.9 and 9.8 mg/L.

Settling time: 20, 40 and 60 minutes.

The coagulation efficiency, for aluminium sulphate solution (10%), increased along with the increasing aging
time, especially when the aging time exceeded 4 days. Thus, during Jar-testing, it was established that for coagulant
concentration of 10% the coagulation process pass off more efficiently using the aged coagulant for 4-5 days, being
recorded the values of turbidity removal in the range 90-98% (Figure 4).

The aging reactions are more rapid in solutions having higher hydroxide aluminium concentration, or at
elevated temperatures [9]. On the basis of the results for coagulant concentration of 25%, it can be seen that the aged
coagulant for 2 days is more effective for turbidity removal, registering the values of turbidity removal in the range 95-
99% (Figure 5).
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Figure 4. The influence of aging time of the coagulant solution (10%) on
the degree of turbidity removal (R,, %) of the Prut River water.
Coagulant doses: 3.7, 4.9 and 9.8 mg/L.

Settling time: 20, 40 and 60 minutes.
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Figure 5. The influence of aging time of the coagulant solution (25%0) on
the degree of turbidity removal (R,, %) of the Prut River water.
Coagulant doses: 3.7, 4.9 and 9.8 mg/L.

Settling time: 20, 40 and 60 minutes.

The variation of residual turbidity in the Prut River water during coagulation in function of settling time is
presented in Table 1. The lowest value of residual turbidity in raw water is recorded after 60 minutes of settling, being
in limits 0.4 — 1.7 UNT in case of aluminium sulphate solution of 10% and 0.3 — 1.6 UNT in case of aluminium sulphate
solution of 25%. The recorded values of residual turbidity are less than 5 NTU, which framing in limits of the existing
criteria for drinking water [16].

Table 2
Dynamics of residual turbidity (T,) in the Prut River water during coagulation in function of settling time.
Coagulant dose: 4.9 mg/L.

Aging time Initial T after T after T after
turbidity, 20 minutes of settling, NTU 40 minutes of settling, 60 minutes of settling,
NTU NTU NTU
Aluminium sulphate solution of 10%
1 day aged 63 6.8 3.2 1.7
2 days aged 51 4.1 2.0 0.8
3 days aged 54 5.1 2.0 1.6
4 days aged 44 2.0 1.2 0.4
5 days aged 33 1.6 1.2 1.0
7 days aged 50 3.1 2.1 1.3
Aluminium sulphate solution of 25%
1 day aged 63 2.5 13 1.3
2 days aged 51 1.6 0.8 0
3 days aged 54 4.0 2.4 1.6
Conclusions

The results presented in this study suggest that the using of optimal aging solution of coagulant improves the
coagulation process. The coagulation process, performed on the Prut River, pass off more efficiently using the aged
coagulant for 4-5 days in case of aluminium sulphate of 10% and the aged coagulant for 2 days in case of aluminium
sulphate of 25%. The lowest value of residual turbidity in raw water is recorded after 60 minutes of settling. The recorded
values of residual turbidity are less than 5 NTU, which framing in limits of the existing criteria for drinking water.
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Abstract. Several types of differently coloured crystals (light blue, blue and red) were obtained in the synthesis
of assembled complex of mixed crystals with three metals by using solvent diffusion method. The mechanism of
obtaining the assembled complexes is discussed based on the structure and colour change. The red crystal has 2D
interpenetrated structure. The light-blue samples were [H,(bpp)][M(NCS),] and they were built up spirally. The
blue samples were M(NCS), (bpp) and they formed 1D chain. [H,(bpp)][[M(NCS),] changed to 1D chain polymer
(M(NCS),(bpp)) by releasing HNCS from the cation and anion in a reaction vessel. Inductively Coupled Plasma
Atomic Emission Spectroscopy, Electrospray lonization Mass Spectrometry and X-Ray diffraction were used for
characterization of the obtained complexes.
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Introduction

Self-assembled coordination polymers containing transition metal ions and organic bridging ligands have attracted
intensive interest in virtue of their potential abilities for selective inclusion and transformation of ions and molecules
[1]. Up to now various assembled structures have been reported [2-8]. We have studied iron complexes bridged by
1,3-bis(4—pyridyl)propane (bpp), containing three methylene groups, by using single crystal X—ray diffraction analysis,
M@dssbauer spectroscopy and Superconducting Quantum Interference Device (SQUID) measurements. Fe(NCX),(bpp),
(X'=S8, Se and BH,) had a 2D interpenetrated structure and the NCBH, complex showed a spin—crossover phenomenon
[9]. When the benzene is enclathrated, the structure becomes 1D chain [10]. Recently, we discussed the spin state of the
mixed crystals of iron with zinc or cobalt ion in the 2D interpenetrated structure for the assembled complexes bridged
by bpp, and we revealed that NCSe complex had a lowered spin state, in comparison with pure Fe complex, because iron
atom is forced to reduce its radius in the zinc or cobalt complexes having smaller unit cell [11].

Herein we report on the synthesis of mixed crystals including zinc, cobalt, and iron atoms. Several types of
crystals appeared and the colour changed in the reaction medium. The mechanism of obtaining the assembled complexes
is put into discussion on the basis of structure and colour modification.

Experimental
Synthesis

Mixed crystals including three metals were obtained by solvent diffusion method. Solvent diffusion method- 1)
bottom layer: metal salts ((FeSO,-7H,0 (0.33 mmol) +ZnSO,-6H,0 (0.33 mmol) + CoSO,-7H,0 (0.33 mmol)), NaNCS
(2 mmol) and L-ascorbic acid to avoid oxidation in H,O (20 mL); 2) middle layer: H,O (20 mL) and cyclohexane (20 mL);
3) top layer: bpp (2 mmol) in EtOH (1 mL) and cyclohexane (19 mL). Light-blue crystals appeared about 4 hours after
the setting and they decreased time to time because of dissolution. Precipitates were mixtures of light-blue crystals, blue
crystals, and red crystals. Light-blue crystals were dissolved in acetone and they could be isolated. Anal. found (calc.)%:
for {[H,(bpp)][[M(NCS),]}n, C, 41.67 (41.08); H, 3.21 (3.24); N 16.74 (16.91); S, 24.76 (25.81)(M = Fe, ,Zn,..Co, ).
Single crystals of blue crystals were picked up from the reaction vessel. Anal. found (calc.)%: for {M(NCS),(bpp)},
(blue crystal), C, 47.79 (47.43); H, 3.64 (3.72); N 14.80 (14.75); S, 16.89 (16.89)(M = Fe,, Zn ,.Co, ). Anal. found
(calc.)%: for red crystal, C, 58.65 (58.47); H, 4.67 (4.91); N 14.72 (14.62); S, 11.20 (11.15) (M = Fe,Zn, .Co, .).

Light-blue crystals were selectively obtained when the diluted HNO, (0.16 M, 20 mL) was added to the water
phase. Single crystals appeared in the bottom.

Zn complex was obtained by solvent diffusion method. Solvent diffusion method: bottom layer; ZnSO,-6H,0
(0.2 mmol), NaNCS (or KNCS) (0.4 mmol) in H,0 (20 mL), middle layer; H,O (20 mL) and EtOH (20 mL), top layer;
bpp (0.2 mmol) in EtOH (20 mL). Crystals appeared about 1 week after the setting.
ICP-AES analyses

The metal fraction, Fe:Zn:Co was determined by Inductively Coupled Plasma Atomic Emission Spectroscopy
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(ICP-AES) at SPS3510 spectrometer (SI1 NanoTechnology Inc.). Calibration curves were drawn by measuring intensity
of 1, 0.5, 0.1, and 0.01 ppm for iron and zinc standard solution and 0.994, 0.497, 0.099, and 0.050 ppm for cobalt
standard solution and ultrapure water. Scan range of iron, zinc, and cobalt was around 238.204, 202.548, and 228.616
nm, respectively.
ESI-MS measurements

Electrospray lonization Mass Spectrometry (ESI-MS) was performed using LTQ Orbitrap XL spectrometer
(Thermo Fisher Scientific).
X-ray diffraction measurements

The powder X-ray diffraction patterns were measured on a Rigaku RAD-X system using Cu-Ka radiation and
employing a scan rate of 5.0 °/min, step of 0.02°, and region from 5.0 to 60.0°. All measurements were performed under
air at room temperature (RT).

Zn complex and light-blue crystals were obtained as a single crystal, and the structures were determined by single
crystal X-ray structural analysis. The crystal data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. (CCDC:1433079 and 1455350).

Results and discussion

Figure 1 shows powder X-ray diffraction patterns of pure iron complex and mixed metal complexes. They
revealed that the red crystals has 2D interpenetrated structure, which is similar to the structure of Fe(NCS),(bpp),. The
light-blue and blue crystals showed new structure and structural change in the reaction vessel.

Fe(NCS),(bpp), simulation

A \ Feq01Zn0,95000,04(NCS),(bpp), blue

” A Feq06ZN057C0007(NCS),(bpp), light-blue

r T T T T T T 1

5 10 15 20 25 30 35 40 45 50 55 60
2 8 / degree

Intensity

-

Figure 1. Powder X-ray diffraction patterns of Fe(NCS),(bpp),, red, blue and light-blue mixed crystals.

Figure 2 shows ESI mass spectra of the light-blue crystals measured in the positive and negative ion modes
(measurements and simulations). These results along with elemental analysis data prove the composition [H,(bpp)]
[M(NCS),]. Figure 3 shows Oak Ridge Thermal-Ellipsoid Plot Program (ORTEP) drawing and packing view of light-
blue crystal. Crystal data are shown in Table 1. Selected bond lengths and angles are shown in Table 2.
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Figure 2. ESI mass spectra of the light-blue crystal measured in the positive and negative ion modes
(measurements and simulations).
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Table 1
Crystal data of light-blue crystal ([H,(bpp)][Fe, ,Zn,,,C0,,,(NCS),]).
Parameter Value
Formula C,H,N+C,/N,S,Zn
Temperature RT
Crystal system Orthorhombic
Space Group P2,22
Z 4
alA 21.7042 (7)
b/A 22.002 (3)
c/A 4.639 (3)
Volume/A? 2215.3 (16)
R 0.0316
wR 0.0749
Goodness of Fit 1.042
Table 2
Selected bond lengths and angles of light-blue crystal ([H,(bpp)][Fe,,Zn,,,Co,,,(NCS),]).
[H,(bpp)][Zn(NCS),] Bond lengths or angles
Zn-N1(NCS) /A 1.951 (4)
Zn-N2(NCS) /A 1.954 (4)
Zn-N3(NCS) /A 1.960 (4)
Zn-N4(NCS) /A 1.971 (3)
S1-S3° /A 3.4550 (16)
S2-S4° /A 3.5058 (14)
S2°-N5(bpp) /A 3.407 (4)
S4-N5’(bpp) /A 3.403 (4)
S3°-N6(bpp) /A 3.405 (4)
S1-N6(bpp) /A 3.423 (4)
N1-Zn-N2 /° 107.72(14)
N1-Zn-N3 /° 115.57(18)
N1-Zn-N4 /° 104.93(14)
N2-Zn-N3 /° 107.91(15)
N2-Zn-N4 /° 115.56(17)
N3-Zn-N4 /° 105.42(14)

Metals are tetrahedrally coordinated by four NCS anions to become [M(NCS),]* and bpp is doubly protonated-
[H,(bpp)]*". Thus, the whole composition becomes [H,(bpp)][M(NCS),], and this is a mononuclear complex. This
structure organisation explains the better dissolution of this sample in the solvent, as compared with blue and red crystals,
respectively. The packing view in one plane is shown in Figure 3(b). [H,(bpp)]*" is surrounded by four [M(NCS),]*,
[M(NCS),]* in turn, being also surrounded by four [H (bpp)]** in the same plane. The fragments [H,(bpp)] are placed
almost perpendicular to each other. This plane is stacked to each other to form crystal (Figure 3(c)), the structure being
similar to [4,4’-bipyH,][Zn(NCS),][13]. Each sulphur atom of the [Zn(NCS),]* anion has a weak S...S contact with a
sulphur atom from an adjacent [Zn(NCS),]* anion. The distances of these contacts being 3.4550(16) or 3.5058(14) A,
they are slightly shorter than that in [4,4’-bipyH,][Zn(NCS),][13](3.63 A), and also slightly shorter than the sum of
the van der Waals radii of two sulphur atoms, indicating weak interaction [14]. The frame constructed by weak S...S
contact was built spirally. The sulphur atoms also form hydrogen bonds with the [H,(bpp)]** cations. The distances are
2.6591(14), 2.7601(13), 2.7224(13), or 2.6913(12) A, which are slightly longer than that in [4,4’-bipyH,][Zn(NCS),]
[13] (2.404(3) A). This is due to the difference that [H,(bpp)]** is placed in centre between anion, while [4,4’-bipyH, |**
approaches the one side of anion.

35



S. Nakashima et al. / Chem. J. Mold. 2016, 11(1), 33-38

I.u.lh :

Figure 3. Crystal structure of light-blue crystal ([H,(bpp)][Fe, ,,ZN,:;C0,,,(NCS),]).
(a)- ORTEP drawing, (b)- packing view in one plane, and (c)- packing view.

Blue sample could not be isolated as a single crystal, but as an aggregation of very small crystals. By comparing
the powder X-ray diffraction patterns (Figure 4) and on the basis of elemental analysis data, it was confirmed, that blue
crystals and pure zinc complex (Zn(NCS),(bpp)) have identical structures. It can be considered that the structures are
controlled by the Zn metal. The structure of Zn(NCS),(bpp) was determined by single X-ray structural analysis. Crystal
data are shown in Table 3. Selected bond lengths and angles are shown in Table 4. Figure 5(a) shows ORTEP drawing of
pure zinc complex. Zn is tetrahedrally coordinated by one bpp and two NCS to form 1D chain. The 1D chain is shown
in Figure 5 (b). This is not an ionic complex, but neutral 1D chain polymer.

o Fe01Zn0.65C0004(NCS),(bpp)
2 I AN l Blue
3 ~ -
AN
A LL Zn(NCS),(bpp)
5 10 15 20 25 30 35 40 45 50 55 60
208 /degree
Figure 4. Comparison of powder X-ray diffraction patterns of Fe . Zn ,.Co, , (NCS),(bpp)
and Zn(NCS),(bpp).
(b)
a“a a“a

Figure 5. Crystal structure of Zn(NCS),(bpp).
(a)- ORTEP drawing and (b)- packing view.
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Table 3
Crystal data of Zn(NCS),(bpp).
Parameter Value
Formula
ClS Hl4 N4 SZ Zl'l
Temperature RT
Crystal system Orthorhombic
Space Group Imm?2
zZ 2
alA 12.859 (6)
b/A 14.891 (7)
c/A 4.779 (2)
Volume/A? 915.1 (7)
R 0.0533
wR 0.1300
Goodness of Fit 1.139

The light-blue crystals are easily dissolved in acetone. The light-blue crystals changed to blue in the reaction
vessel in acetone solution. Usually, metals and ligands gather to each other to form a stable assembled structure in the
synthetic process of assembling complexes. In the present study, it was shown that at the first stage the ionic crystals
are obtained and subsequently, the crystal changed to more stable assembled structure. It is considered that initially
[H,(bpp)]** and [M(NCS),]* are formed in water or EtOH, which then precipitate as [H,(bpp)][M(NCS),]. This is not the
most stable structure in the reaction vessel. It undergoes modifications, to form 1D polymer chain structure by releasing
HNCS from the cation and anion.

Table 4
Selected bond lengths and angles of Zn(NCS),(bpp).

Zn(NCS),(bpp) Bond lengths or angles
Zn-N1(NCS) /A 1.929 (11)
Zn-N2(bpp) /A 2.022 (9)
N1-Zn-N1’/° 123.6 (7)
N1-Zn-N2 /° 104.9 (2)
N2-Zn-N2’ /° 114.1 (5)
Zn-N1(NCS) /A 1.929 (11)
Zn-N2(bpp) /A 2.022 (9)
N1-Zn-N1’/° 123.6 (7)
N1-Zn-N2 /° 104.9 (2)

Conclusions

In conclusion, several types of crystals having different colour (light blue, blue and red) were obtained in
the synthesis of assembled complex of mixed crystals with three metals by solvent diffusion method. The formation
mechanism of the assembled complexes bridged by 1,3—bis(4—pyridyl)propane is proposed on the basis of structure and
colour modification. The red crystals have 2D interpenetrated structure. The samples of light-blue ionic crystals were
[H,(bpp)][M(NCS),] and they were built up spirally. The blue samples were M(NCS), (bpp) and they formed neutral
1D chain. [H,(bpp)][M(NCS),] changed to 1D chain polymer (M(NCS),(bpp)) by releasing HNCS from the cation and

anion in the reaction medium. The obtained complexes were characterized by ICP-AES, ESI-MS and X-Ray-diffraction
methods.
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Abstract. Four coordination compounds of iron(IlI) with ligands based on hydrazine and sulfadiazine:
[Fe(dig)]CL,-2H,0 (1) (dig-semicarbazide diacetic acid dihydrazide), [Fe(HL)SO,] (Il) (HL - sulfadiazine),
[Fe(H,L")(H,0),](NO,),"5H,0 (rn (H,L'-2,6-diacetylpyridine bis(nicotinoylhydrazone) and
[Fe(H,L*)(H,0),]J(NO,),-1.5H,0 (IV) (H,L? - 2,6-diacetylpyridine bis(isonicotinoylhydrazone) were synthesized.
The spectroscopic and structure characterisation, as well as their biological properties, are presented. All tested
coordination compounds, caused an inhibitory effect on the biosynthesis of hydrolases of the producer Aspergillus
niger CNMN FD-10. The effect increased with the raise of the concentration from 5 mg/L to 15 mg/L. The complexes
largely inhibited cellobiohydrolase and less- f-glucosidase. The inhibitory effect of the coordination compounds
was quite similar in the case of endoglucanase and xylanase. Compound I, containing both chloride ions and
dig, demonstrated a stronger inhibitory effect, while compound Ill, containing NO, ions, showed the weakest
inhibitory action.
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Introduction

In the modern microbiology, investigation of the effects of external factors on the physiology of microorganisms
remains an actual issue. Such studies allow solving the practical problems and implementation of the new technologies
in biology and medicine.

The literature, in the last decades, denotes high physiological activity of the coordination compounds of
transition metals on biological objects, including microorganisms [1-13]. Some authors note a significant role of these
compounds in the directed synthesis of biologically active substances from microalgae and cyanobacteria, filamentous
fungi and yeast [1-10,12].

Studies of the effects of coordination compounds on biosynthesis of extracellular hydrolases in filamentous
fungi have been previously carried out [3-7,14]. It was established that these effects depend both on the properties of
compounds (chemical composition, molecular structure, nature of the ligand and coordinated metal atom) and genus and
species of the micromycetes strains, and specificity of the synthesized enzymes [3-7,14]. Some coordination compounds
exhibit a selective action on the components of the synthesized enzyme complex. Thus, by adding the molybdenum
complex with valine - MoO (acac), Val (acac=acetylacetone, Val=valine) into the nutrient medium, the biosynthesis of
p-glucosidase in micromycete Penicillium expansum CNMN FD 5C — producer of cellulases was enhanced by 69.4%,
while the level of endoglucanase and cellobiohydrolase was not modified. Study of the influence of (NH,),VO,Gly
(Gly=glycine) on biosynthesis of cellulases of the same strain showed that the dioxovanadium complex increased the
activity of all components of cellulase complex by 17.6-40.3% [14].

The targeted application of the coordination compounds of 3d-elements as regulators of the microbial synthesis
of bioactive substances requires accumulation of factual material on the nature of their influence on all phases of the
development of microorganisms and also identification of optimal conditions for their use. All of this information
will ensure the resolution of some theoretical issues, such as elucidation of the mechanism of action of coordination
compounds, establishing the relationship between the composition, structure and enzyme activity of the microorganisms,
as well as the development of methods for their practical use. These objectives can be achieved by expanding both, the
diversity of microorganisms and the involved in researches complexes.

Iron is one of the essential microelements for microorganisms. It is involved in the respiration in microorganisms,
being also necessary for the protein, carbohydrate and lipid metabolism, including protein synthesis. Iron is crucial
structure component of the cytochromes, which catalyze the process of electron transfer in the mitochondria. In living
organisms redox system Fe**/Fe*" plays an unique role [15,16].

This study was aimed at investigation of the effect of iron(IIl) complexes with various organic ligands derived
from hydrazine and sulfadiazine on the biosynthesis of cellulases and xylanases at Aspergillus niger CNMN FD 10
micromycete.
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Materials and methods
Chemistry

[Fe(dig)]C1,-2H,0O (I) was obtained by mixing the ethanolic solutions of FeClL,-:6H,O (1.0g, 3.7 mmol in 50 mL
ethanol) and digsemi (0.8 g, 3.7 mmol in 40 mL ethanol). The formed dark brown residue was separated by filtration,
washed with ethanol and diethyl ether. The complex is soluble in water, less soluble in alcohol and diethyl ether. Yield-
75% [17,18].

[Fe(HL)SO,] (Il) was obtained by refluxing FeSO,-7H,0 (2.0 g, 0.72 mmol) and sulfadiazine (0.22 g,
0.88 mmol) in methanol (20 mL) for 2 hours in a water bath. The brown precipitate was separated from the mother liquor
by filtration, washed with methanol and diethyl ether. The complex is well soluble in methanol and DMEF, less soluble in
water and diethyl ether. Yield- 80% [13].

Methods for the synthesis of coordination compounds of iron with semicarbazide diacetic acid dihydrazide,
sulfadiazine, 2,6-diacetylpyridine bis(nicotinoylhydrazone) and 2,6-diacetylpyridine bis(isonicotinoylhydrazone) have
been developed. The complexes of iron(III) with Schiff bases on the basis of 2,6-diacetylpyridine were obtained in two
ways: by condensation reactions of 2,6-diacetylpyridine with hydrazides of nicotinic and isonicotinic acid on the matrix
of iron ions and by direct interaction of iron salt with the corresponding Schiff bases.

For determining the composition, spectral characteristics, molecular and crystal structures of the complexes
elemental analysis, IR and Mdssbauer spectroscopy and single crystal X-ray diffraction were applied. The composition
and structure of the complexes 11 and IV were established by IR spectroscopy and X-ray diffraction and can be described
by the following formulas: [Fe(H,L")(H,0),](NO,),-5H,O (1) and [Fe(H,L*)(H,0),](NO,),-1.5H,0 (IV).

IR spectroscopy

The IR spectra of the ligands and complexes were recorded on spectrophotometer FT-IR Perkin-Elmer
“Spectrum 100 in the vaseline oil in the region 4000-400 cm™ and ATR in the region 4000-650 cm’!, and the absorption
bands has been attributed according to the reference literature [23-26], (s. - strong, v.s. - very strong, m. — middle, w. —
weak, sh. — shoulder, br. - broad).

Madssbauer spectroscopy

The 'Fe-M0ssbauer spectra were recorded with a common spectrometer in the constant-acceleration mode
(MS4, Edina, USA) equipped with a ’Co source in a rhodium matrix.

X-ray Crystallography

The unit cell parameters and the sets of reflections intensity were measured at 293 K on a Xcalibur E CCD
diffractometer for crystals 11 and IV (MoK radiation, graphite monochromator). The structures of compounds 111 and
IV were solved by the direct methods and refined by least squares in the anisotropic full matrix approximation for non-
hydrogen atoms (SHELX-97) [19]. The C, N, and O-bound H atoms were placed in calculated positions and were treated
using a riding model approximation with U,_(H) = 1.2 U, (©)or U (H) = 15U (O, C(CH,). The crystallographic data
and X-ray experiment details for structures 111 and 1V are presented in Table 1, the selected interatomic distances are
listed in Table 2 and the geometric parameters of hydrogen bonds are given in Table 3. Crystallographic data for 111 and
IV have been deposited with the Cambridge Crystallographic Data Center, CCDC 1429807, 1429808. Copies of this
information may be obtained from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44-1233-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).

Table 1
Crystal data and structure refinement data for 111 and IV.

Parameter Compound 111 Compound IV

Forrnula CZ] H33 Fe NI() 018 CZ] H25 Fe N]() 014.5()

M 769.42 705.36

Crystal system monoclinic monoclinic

Space group P2 /n P2 /c

a, 13.0459(5) 13.4325(6)

b, 16.6677(4) 15.0766(5)

¢ A 15.2842(5) 15.3908(8)

,° 100.730(3)° 107.895(5)

v, A3 3265.38(17) 2966.1(2)

Z 4 4

P, glem’ 1.565 1.580

p, mm'! 0.555 0.595

F(000) 1596 1452

Crystal size, mm 0.35x0.2x0.1 0.2x0.15x0.15

0 range for data collection, ° 2.91-25.50 3.04 -25.50

Index ranges -11<h<15 -12<h<16
-19<k<11 -16 <k<18
-18</<11 -18<i<18
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Continuation of Table 1

Parameter Compound 111 Compound IV

Reflections collected/ 10714/6047 [R(int) = 0.0294] 10286/5472 [R(int) = 0.0476]

Independent reflections

Reflections with 7>26(/) 6047 5472

Parameters 451 424

GOOF 0.998 1.003

Final R indices (/>2c(/)) R =0.0544 R =0.0631,
wR,=0.1221 wR, =0.1415

R indices (all data) R =0.1117 R, =0.1083,
wR,=0.1453 wR,=0.1628

Ap,..Ap,,. exA? 0.553,-0.328 0.558,-0.370

Table 2
Bond lengths (A) in coordination polihedra of 111 and 1V.
Bond Compound 111 Compound IV
Fe(1)-O(1) 2.033(2) 2.087(3)
Fe(1)-0(2) 2.029(2) 2.043(3)
Fe(1)~O(1W) 2.036(2) 2.035(3)
Fe(1)-O(2W) 2.035(2) 2.028(3)
Fe(1)-N(3) 2.194(3) 2.176(3)
Fe(1)-N(4) 2.188(3) 2.203(3)
Fe(1)-N(5) 2.194(3) 2.187(3)
Table 3
Geometric parameters of hydrogen bonds for 111 and 1V (A and °).
D—H-A d 4 DHA,°  Symmetry transformations used
D-H  HA DA to generate equivalent atoms
Compound 111
O(1W)—H(IW1)-O(6A) 0.80 1.1 2.701(4) 173 X9z
O(1W)-H(2W1)-O(3W) 0.83  1.85 2.679(3) 179 —x+1/2, y—1/2, —z+3/2
O(2W)-H(1W2)-O(7W) 082  1.77 2.580(4) 169 —x+3/2, y+1/2, —z+3/2
O(2W)-H(2W2)-O(9A) 0.80 191 2.699(4) 170 X0z
N(1)-H(1A)-O(6W) 0.86 187 2.715(4) 170 X0z
N(7)-H(7A)-O(1A) 0.86  1.85 2.713(4) 177 Xz
N(7)-H(7A)-O(2A) 0.86  2.60 3.200(5) 128 X,z
O(BW)-H(1W3)-O(4A) 0.84 193 2.769(4) 173 X,z
O(BW)-H(2W3)-O(5W) 084 191 2.726(4) 162 X, 9z
O(4W)-H(1W4)-O(3W) 086 2.5 2.959(4) 110 —xt+l,—y+l,—z+1
O(4W)—-H(2W4)-O(9A) 0.84  2.04 2.855(4) 163 X9z
O(5W)-H(1W5)~O(8A) 0.84 225 2.962(4) 143 —xtl,—ytl,—z+]
O(5W)-H(1W5)~0(9A) 0.84 231 3.102(5) 158 —xtl,—yt+l,—z+]
O(5W)-H(2W5)-O(1A) 085 193 2.777(4) 174 x, ytl, z
O(6W)—H(1W6)-O(3A) 0.83 224 2.968(5) 147 X9z
O(6W)~H(1W6)-O(2A) 0.83 226 3.033(5) 156 X9z
O(6W)—H(2W6)-O(4W) 0.80  2.03 2.737(4) 147 —x+3/2, y=1/2, —z+3/2
O(7W)-H(1W7)-O(6W) 0.80  2.26 3.054(5) 168 X9z
O(7W)~-H(2W7)-O(8A) 0.85  2.20 3.013(5) 160 X9z
O(7W)-H(2W7)-O(7A) 085 227 2.952(5) 138 X9z
Compound |V
O(IW)-H(IW1)-O(3W) .02 1.68 2.568(9) 143 X0z
O(1W)-H(1W1)-O(4W) .02 1.73 2.649(11) 148 X9z
O(1W)-HQ2W1)-O(1A) 093  1.76 2.683(4) 172 X9z
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Continuation of Table 3

D-H-4 d A «DHA,°  Symmetry transformations used
D-H H-A D-A4 to generate equivalent atoms
Compound IV

O(R2W)-H(1W2)-0O(3A) 0.89 1.82 2.669(4) 159 x,—y+1/2,z+1/2
OQ2W)-H(1W2)-0O(2A) 0.89 2.63 3.338(5) 138 x,—y+1/2, z+1/2
O(2W)-H(2W2)-0O(1) 0.94 1.84 2.769(4) 171 —x,—),—z+2
N(1)-H(1A)~O(5A) 0.86 1.91 2.759(5) 171 Xz

N(7)-H(7A)~O(9A) 0.86 1.97 2.805(6) 162 Xz

N(7)-H(7A)~O(8A) 0.86 2.27 2.994(7) 142 X )z

Microbiology

The effects of the synthesized coordination compounds on the biosynthesis of cellulases (cellobiohydrolase,
endoglucanase, f-glucosidase) and xylanases at Aspergillus niger CNMN FD 10 micromycete have been investigated
[20]. The method of submerged cultivation was applied. The producer was cultivated on the nutrient medium with the
chosen composition (g/L): beet pulp - 20.0, KH, PO, - 1.0, CaCl,-2H,0 - 0.1, KCI - 0.1, MgSO,-7H,0 - 0.3, NaNO, —
2.5, FeCl, - 0.01, H,0 — 1.0, pH 5.5-6.0, at 28-30°C under constant stirring on shaker at 180-220 rpm. The duration of
the cultivation was 6-9 days; during this period a maximum of biosynthesis of the aforementioned enzymes is observed.
The complexes were added to nutrient medium in the concentrations of 5, 10 and 15 mg/L. The samples without the
coordination compounds served as control.

Results and discussion
Chemistry

In compound | dig behaves like tridentate tripodal ligand. In the IR spectrum the complex absorption bands
corresponding to stretching vibrations of NH and NH, groups are found in the region 3050-3500 cm™. However, the
band of stretching vibrations of the bonds of amino group NH in the complex spectrum is shifted to longer wavelength
region with ~ 100 cm™', as compared with its position in the spectrum of the free dihydrazide, indicating on the presence
of Me«<—NH, bond [21]. For dig, three bands are in the range of 1600-1700 cm™ (1695, 1670 and 1635 cm™). Due to
complexation, these bands are displaced by 30-50 cm™ in the low frequency region, forming two strips (one wider),
which suggests that the oxygen atoms of the carboxyl group are coordinated to the central atom [22].

The recorded at 300 and 80K Mdssbauer spectra of [Fe(dig)]CL,-2H,0 (1) have been studied. They
show a symmetrical doublet with the following parameters: at 300K IS = 0.69 mm/s and QS = 1.37 mm/s; at 80K
IS = 0.79 mm/s and QS = 1.39 mm/s. The experimental value of the effective magnetic moment is equal to 6.04 MB
(the pure spin value p . for 5 unpaired electron is equal to 5.92 MB). The values of Mdssbauer spectrum and p .
correspond to the metal oxidation state +3, i.e. iron is in the high-spin state. According to the value of the isomer shift
and quadrupole splitting, the coordination environment of the central ion is nearly spherical, being completed by the
donors of the organic ligand (O, NH, N) and two water molecules. The molar conductivity of the aqueous solution of the
complex is 391.8 ohm™'-cm? mol"!, which corresponds to four ions [17,18].

The IR spectrum of [Fe(HL)SO,] (I1) contains typical bands for the sulfadiazine: 3400-3200 (NH and NH,
groups), 1600-1500 cm™ (aromatic ring), 1320-1160 cm™ (SO, group) [13].

[Fe(H,L")(H,0),](NO,),-5H,O (IlI), IR, v(cm™): 3381 m., br., 3193 m., br.,, 3124 sh., 3085 m., 3063 m.,
2988 m., br., 2750 m., br., 2650 m.,br., 2420 w., br., 2350 w.,br., 2106 w., 2006 w., 1752 w., 1737 w., 1630 m., 1617
sh., 1598w., 1566 m., 1533 s., 1507 m., 1395 v.s., 1380 v.s., 1357 v.s., 1313 v.s., 1272 sh., 1212 sh., 1165 s., 1148 m.,
1108 m., 1075 w., 1056 s., 1039 s., 1020 m., 997 m., 978 sh., 958 w., 920 m., 885 w., 874 w., 820 s., 773 w., 752 w.,
731 s., 702 m., 689 w., 689 m., 664 w., 621 m., 565 m., 554 sh., 533 s., 495 w., 445 s.

The IR spectrum of complex 11 at 3600-1900 cm™ is almost identical with the spectrum of compound IV.
The high-intensity band corresponding to v(C=0), which in the spectrum of the non-coordinated ligand H,L' appears at
1663 cm, shifts to 1637 cm™ in the spectrum of complex I, which proves that this group participates in the
coordination to the metal atom. The absorption band at 1617 cm™!' can be assigned to the v(CN) heterocycle, the bands
at 1598, 1533 and 752 cm™ - to the pyridine ring vibrations, and the band at 1566 cm™ - to 8(NH) hydrazide fragment.
The absorption bands associated with the NO, anions vibrations, with different functions, could be observed at 1507,
1313 (the most intense band in the spectrum), 1300, 1039 and 997 cm. The fact that the main bands (1313 and
1300 cm™), associated with fluctuations of NO, anions vibrations of the complex, shift to shorter wavelengths, as
compared to those for free NO,™ anions (1380-1350 cm™), demonstrated that these anions are involved in the formation
of various hydrogen bonds in the complex, which correspond by value of this frequencies to the monocoordinated and
chelate-bidentate NO, ions [23,26]. The band corresponding to v(N-N) appears at 1165 cm™. The deformation vibrations
8(C-H) of the aromatic rings were found: planar vibrations at 1148, 1108 and 1020 cm’'; non-planar vibrations at

42



1. Bulhac et al. / Chem. J. Mold. 2016, 11(1), 39-49

752 cm™! (three adjacent hydrogen atoms) and 820 cm™ (isolated hydrogen atom) [23-25]. The stretching vibrations Fe-N
are located at 688 and 678 cm’!, and Fe-O - at 495 and 445 cm™'.

[Fe(H,L*)(H,0),](NO,),-1.5H,0 (IV), IR, v(cm™): 3522 m., br., 3151 w., 3117 w., 3080 m., 2990 m., br.,
2894 m., br., 2793 m., br., 2762 m., br., 2652 m., br., 2581 m., br., 2452 m., br., 2342 sh., 1744 w., 1637 s., 1612 m.,
1584 w., 1567 m., 1548 m., 1535 sh., 1498 m., 1409 s., 1379 sh., 1365 s., 1345 s., 1306 v.s., 1291 v.s., 1273 5., 1207 m.,
1186 m., 1170 m., 1161 s., 1094 m., 1080 m., 1059 m., 1050 m., 1043 m., 1034 m., 1019 w., 1004 sh., 996 m., 913 m.,
843s.,827s.,754s.,722 w., 713 w., 691 m., 684 s., 651 w., 569 w., 556 w., 534 w., 500 w., 487 w., 442 m.

The IR spectrum is characterized by broad absorption in the range of 3500-1900 cm’!, the absorption bands of
3151 and 3117 cm™! being distinguished on its background. These bands can be attributed to the stretching vibrations
associated to OH and NH-groups, respectively. The intense band at 1637 cm™! can be referred to a coordinated C=0
group. The band of medium intensity at 1612 cm™' can be assigned to the v(CN) of the pyridine heterocycle and absorption
bands at 1584, 1534 and 754 cm' — to the heterocycle vibrations itself. The deformation vibrations §(NH) were found at
1567 cm!. The intense absorption band at 1409 cm™! can be regarded as the result of interaction of v(C=N) and v(C=C)
vibrations [23-25].

The most intense absorption bands of the spectrum are associated with the vibrations of NO," anion, which
exerts various functions in the crystal lattice of the complex: 1498, 1306, 1291, 1043 and 996 cm™. Shift of the most
intense absorption band of NO," (1291 cm') to higher frequencies, in comparison with that of the free NO,” anions (1380-
1350 cm™), proves that these anions are involved in the formation of various hydrogen bonds in the complex and by
the value is close to the frequency of mono coordinated and chelate-bidentate NO,™ anions [23-26]. The intense band at
1161 cm' refers to V(N-N). The planar C-H deformation vibrations appear through the 1207, 1050 cm™! (1,4-substituted
aromatic ring) and 1171, 1080 and 1034 cm™ (1,2,3-substituted aromatic ring) absorption bands. Non-planar C-H
deformation vibrations of the aromatic rings appear at 827 cm™ (for two adjacent hydrogen atoms) and 754 cm™ (for
three adjacent hydrogen atoms) [24,25]. The v(Fe-N) oscillations are identified by bands at 692 and 685 ¢m™ and
v(Fe-O)- by bands at 487 and 442 cm!, correspondingly.

The crystal and molecular structures of compounds 111 and IV were obtained by X-ray diffraction. It was
established, that their crystals consists of complex mononuclear cations [Fe(H,L")(H,0),]*" and [Fe(H,L*)(H,0),]*",
NO; anions and solvated water molecules. The polyhedral coordination of Fe(III) consists of pentagonal bipyramids
formed by N,O, donor atoms set of pentadentate neutral ligands H,L'/H,L* and two oxygen atoms of the coordinated
H,O molecules (Figures 1 and 2).
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Figure 1. View of formula unit of 111 with numbering scheme.

The interatomic distances metal-ligand (H,L'/H,L?) in the equatorial plane are: Fe(1)—O(1) 2.033(2)/2.087(3)
A, Fe(1)-0(2) 2.029(2)/2.043(3) A, Fe(1)-N(3) 2.194(3)/2.176(3) A, Fe(1)-N(4) 2.188(3)/2.203(3) A, Fe(1)-N(5)
2.194(3)/2.187(3) A, while metal - apical atoms distances are — Fe(1)-O(1W) 2.036(2)/2.035(3) A, Fe(1)-O(2W)
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2.035(2)/ 2.028(3) A (Table 2). The obtained values of the interatomic distances do not differ from those found in the
complex diaqua-(2°,2”’-(2,6-pyridinediyldiethylidyne)dioxamohydrazide)-iron(IlI) perchlorate hydrate [27,28]. In the
Cambridge Structural Database 47 hits on structures of compounds of transition metals with ligands of this class are
reported [29], mainly manganese or cobalt compounds, only 6 of them being iron compounds [27-33].

The analysis of the geometry of the ligands H,L'/H,L? in 111 and 1V shows that they are flat and four articulated
pentametallocycles are formed as a result of their coordination to the metal in the equatorial plane. Two of the metallocycles
are formed by the atoms OCNNFe, and two- by NCCNFe. Herewith, the values of dihedral angles between the formed
metallocycles are in the range 1.1 — 5.7° in 11l and 0.4 — 2.2° in V. In the same interval are the values of the dihedral
angles between the coordinated atoms N, O, of the ligand H,L and the planes of the terminal pyridine rings, and between
the terminal pyridine rings (2.9, 2.0, 5.3, 3.4° in 1l and 2.6, 3.0, 13.0, 13.5° in V).

The analysis of positioning the hydrogen atoms from the ligands H,L'/H,L* demonstrated the proton transfer
from the N(2) and N(6) atom position to the N(1) and N(7) atoms. These conclusions are based both on the analysis of
Fourier synthesis and geometrical considerations (distances N--O).

In the crystal of compound Il the complex cation [Fe(H,L")(H,0),]*" is bound to anions (NO,’) through the
hydrogen bonds N(7)-H~O(1A), O(1W)-H~O(6A) and N(7)-H~O(1A), O(1W)-H~O(6A) (Figure 3, Table 3). The
molecules of the water of crystallization involved in hydrogen bonds both as the donor and the acceptor, contribute to
the formation of a complex system of bonds that connect the components in the crystal. The 3D network from the crystal
is also determined by the participation of O atoms from the inorganic NO," anions to the formation of hydrogen bonds
as the acceptor.

Figure 3. A fragment of crystal packing in I11.
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In the crystal of IV the complex cation [Fe(H,L*)(H,0),] " is connected to the anion (NO,) through the
hydrogen bonds N(1)-H~O(5A), N(7)-H~O(8A), N(7)-H~O(9A), O(1W)-H-O(1A), O2W)-H--O(2A)* and O2W)—
H~O(3A)* (Figure 4, Table 3). In addition, the complex cations are bound to each other through the hydrogen bonds of
the type O(2W)-H-O(2)*. The molecules of the water of crystallization involved in hydrogen bonds both as the donor
and the acceptor, contribute to the formation of a complex system of bonds that connect the components in the crystal.
The 3D network from the crystal is also determined by the participation of O atoms from the inorganic NO,™ anions to
the formation of hydrogen bonds as the acceptor. In the crystal, centrosymmetric clusters of four molecules of water of
crystallization and two NO,™ anions (N(3A), O(3W) and O(6W)) can be seen.

0 A
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Figure 4. A fragment of crystal packing in V.

Microbiology

The influence of iron(II) coordination compounds with nitrogen-containing ligands on the enzyme activity of
Aspergillus niger CNMN FD 10 micromyecete is presented in Table 4. Each type of enzyme reacted differently to the
addition of the coordination compounds into the nutrient medium.

Cellobiohydrolase is an enzyme acting on the key stages of the hydrolysis of cellulose and releasing cellobiose
from the non-reducing ends of the chains. In the control samples, without complexes, on the 6" day of cultivation of
the producer, the activity of the enzyme was 0.14 U/mL. The maximal activity of cellobiohydrolase was observed on
the 7" day of cultivation, constituting 0.18 U/mL. Coordination complexes have demonstrated an obvious inhibitory
effect on the biosynthesis of cellobiohydrolase. Particularly, the inhibition increased with the raise of the concentration
of compounds from 5 mg/L to 15 mg/L. Thus, on the day with the maximum biosynthesis of cellobiohydrolase (the
7" day), using compounds 11, 111 and 1V at the concentration of 5 mg/L, the enzyme activity in experimental samples
constituted 0.16-0.17 U/mL, which was 5.88-12.5% lower than in the control samples (0.18 U/mL). With the augment
of the concentration to 15 mg/L the activity of cellobiohydrolase decreased to 0.11-0.12 U/mL, i.e. it was 39-40% lower,
as compared to the control. Compound | showed the greatest inhibitory effect, reducing the enzyme activity to zero in
the concentration of 15 mg/L. On the next days (8" and 9') the inhibitory effect was maintained.

f-Glucosidase is an enzyme acting at the final stages of cellulose hydrolysis, which cleaves cellobiose (formed
after the action of cellobiohydrolase) to glucose. This enzyme reacted less to the addition of coordination compounds in
the growth medium, in comparison with cellobiohydrolase.

In the control samples the activity of S-glucosidase on the 6 day of cultivation was 2.47 U/mL. The maximal
activity of S-glucosidase was observed on the 7% day, being 2.80 U/mL. On the 8" day the enzyme activity decreased
insignificantly till 2.59 U/mL. On the 9" day a sharp decrease in activity of f-glucosidase to 1.69 U/mL was observed.
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The use of coordination compounds at the lowest concentration (5 mg/L) showed the f-glucosidase activity
of 2.23-2.43 U/mL (on the 6™ day), 2.36-2.66 U/mL (on the 7" day), 2.09-2.53 U/mL (on the 8" day) and 1.47 -
1.63 U/mL (on the 9" day). Comparison with the control samples revealed that the inhibitory effect was not significant.
With the elevation of the concentration of compounds to 15 mg/L, the activity of f-glucosidase decreased more,
however, the enzyme activity of compounds I, 11 and 1V did not exceed 20%. The greatest inhibitory effect both on
the biosynthesis of S-glucosidase and cellobiohydrolase was shown by the iron complex |, containing chloride ions and
dig-ligand. At the concentration of 15 mg/L the activity of S-glucosidase constituted: 1.75 U/mL (control - 2.47 U/mL)
— on the 6™ day, 1.82 U/mL (control - 2.80 U/mL) — on the 7" day; 1.45 U/mL (control - 2.59 U/mL) — on the 8" day,
which was 41.14%; 53.85% and 78.62% lower than the activity in the control samples, respectively.

Endoglucanases are enzymes that hydrolyze cellodextrins and cellulose derivatives, suchas CMC (carboxymethyl
cellulose). In the control samples the activity of endoglucanase varied insignificantly— 5.55 - 5.66 U/mL on the 7"-9t
days of cultivation with maximal activity on the 8" day. As in the case of cellobiohydrolase and B-glucosidase, all tested
complexes demonstrated an inhibitory effect, which enhanced with the increase of the concentration of compounds,
regardless of the culture period. Thus, in the day of the maximal activity of the endoglucanase (the 8" day) it decreased
depending on the complex and the applied concentration (from 5 mg/L to 15 mg/L) from 5.38 U/mL to 3.18 U/mL. The
lowest inhibitory effect was noted in the presence of compound I11: the enzyme activity decreased from 5.38 U/mL to
5.14 U/mL. The highest inhibitory effect was registered in the presence of compound I: the enzyme activity dropped
from 4.04 U/mL to 3.18 U/mL.

Similar results were obtained for xylanase, enzyme that decomposes hemicellulose, one of the major components
of plant cell walls. In the control samples the maximal activity of the xylanase was on the 7" and 8" days, constituting
78.33 U/mL and 77.25 U/mL, respectively. On the 9" day xylanase activity decreased to 43.88 U/mL. Similarly to the
afore-discussed enzymes, the inhibitory effect of all studied coordination compounds raised with the increase of the
concentration, regardless of the culture period. For example, on the 7" day of cultivation, xylanase activity decreased,
depending on the composition of the complex and the concentration (from 5 mg/L to 15 mg/L) from 69.63 U/mL to
41.34 U/mL, as compared to the activity of xylanase in the control samples of 78.33 U/mL. As in the case of the
endoglucanase, the weakest inhibitory effect was shown by complex I11 and the greatest- at the use of complex 1.

The properties of the investigated iron(IlI) coordination compounds with different ligands (especially,
complex I) to inhibit the biosynthesis of cellulases and xylanase at Aspergillus niger CNMN FD 10 micromycete
suggests the possibility of their use in plant protection, namely in the diseases caused by microscopic fungi of the
genus Aspergillus.

Conclusions

Iron(Ill) complexes with Schiff bases with 2,6-diacetylpyridine-bis(nicotinoylhydrazone) and
2,6-diacetylpyridine-bis(isonicotinoylhydrazone) and complexes with semicarbazide diacetic acid dihydrazide and
sulfadiazine, have demonstrated biologic activity. The Schiff bases coordinate to iron(IIl) as pentadentate ligands,
forming coordination compounds with pentagonal bipyramidal molecular structure, their base being composed of
neutral molecule of the Schiff base that are coordinated via the set of the N.O, donor atoms, and the water molecules
localized on its peaks.

All tested Fe(III) complexes with nitrogen-containing ligands, caused an inhibitory effect on the biosynthesis
of hydrolases at Aspergillus niger CNMN FD 10, which increased with the raise of concentration.

Coordination compounds showed different effects on the biosynthesis of the enzymes synthesized by
Aspergillus niger CNMN FD 10 micromycete, due to the different specificity of action of these hydrolases: complexes
largely inhibited cellobiohydrolase and less - f-glucosidase. The inhibitory effect on the endoglucanase and xylanase
was approximately the same.

The greatest inhibitory effect was demonstrated by [Fe(dig)]Cl,-2H,O (l), containing chloride ion and
semicarbazide diacetic acid dihydrazide, the lowest inhibitory effect was shown by [Fe(H,L")(H,0),](NO,),"5H,O (1),
containing the Schiff base 2,6-diacetylpyridine bis(nicotinoylhydrazone) and NO,™ anions.
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Abstract. The synthesis of new drimane and homodrimane lactams, derivatives of octahydro-1H-benzo[d]azepine
and octahydro-1H-benzo[c]azepine, from norambreinolide is reported. Those compounds were prepared by the
Beckmann rearrangement of the corresponding ketoximes.
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Introduction

Many drimane and homodrimane sesquiterpenoids, including those with nitrogen, exhibit various types of a
biological activity: antifungal, antibacterial, antiviral, cytotoxic, antifeedant, etc. [1]. Therefore, the development of
synthetic methods for these compounds is of a scientific and practical importance.

In a search for new biologically active compounds and in continuation of our group’s investigations of obtaining
nitrogen-containing sesquiterpenoids [2-5], in the present paper the synthesis of new drimane and homodrimane lactams
by the Beckmann rearrangement of some ketoximes is described.

Earlier Grant et al. reported the preparation of amides 1-4 by the Beckmann rearrangement of Z- and E- isomers
of oxime 5 obtained from 14,15-dinorlabd-8(17)-en-13-one 6 [6]. Then, Barrero et al. described a multi-step synthesis
of amide 7 from (-)-sclareol [7]. Later, amides 8 and 9 were synthesized by the Beckmann rearrangement of oxime 10
of 11-dihomodriman-8a-ol-12-one 11 [8] (Figure 1).

" 10, R=NOH
11 R=0

Figure 1. Tri-, tetra- and pentanorlabdane amides obtained by the Beckmann rearrangement
and their precursors.

The Beckmann rearrangement is known to occur stereospecifically as a result of anti-migration of the bulkier
radical. Therefore, it has been expected that the major product of the Beckmann rearrangement of oxime 10 would
be amide 7. However, in the case of oxime 10, amide 9 is obtained as a result of the migration of CH,- group and
concomitant dehydration.

Recently, Kharitonov et al. have obtained a mixture of isomeric furanolactams, derivatives of octahydro-1H-
benzo[d]azepine 12 and octahydro-1H-benzo[c]azepines 13 and 14 by the Beckmann rearrangement of the respective
7-oxo-phlomisoic acid ketoxime 15 and its methyl ester 16 (Figure 2) [9].
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N-OH

H,cooC€ -, 15, R=COOH

16, R= COOCHj

Figure 2. Furanolactams obtained by the Beckmann rearrangement of 7-oxo-phlomisoic acid ketoximes
and their precursors.

Results and discussion

Herein, the synthesis of new drimane and homodrimane lactams 17-21 by the Beckmann rearrangement of the
corresponding oximes 22 and 23 is described. Oximes 22 and 23 have been obtained earlier [10] from the commercially
available norambreinolide 24 according to the procedure [11].

The treatment of ketoxime 22 with thionyl chloride in anhydrous dioxane according to the literature procedure
[9,12] resulted in a mixture of isomeric lactams 17 and 19. The Beckmann rearrangement of oxime 23 under these
conditions gave a mixture of lactams 20 and 21 (Scheme 1).

Scheme 1. Synthesis of new drimane and homodrimane lactams.
Reagents and conditions: a) SOCI,, dioxane, 50-60 °C, 9h; b) SOCI,, dioxane, 60-65 °C, 17 h.

It is very likely that thiophenolactam 19 is formed as a result of the interaction of the intermediate lactam 18
with thionyl chloride. The presence of the a,f—unsaturated carbonyl group in the molecule of lactam 18 activated the
methyl groups and promoted the reaction of lactam 18 with thionyl chloride.

It is known that the analogous reactions of o-toluidine and ring-substituted o-toluidines 25 with thionyl chloride
in xylene at reflux temperature yield 2,1-benzisothiazoles 26 (Scheme 2) [13].

CH,

= = N=

L — [ s

R NH, R N
25 26

Scheme 2. Synthesis of 2,1-benzisothiazoles from o-toluidines.
Reagents and conditions: SOCI./xylene, reflux.
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The structures of all new compounds were confirmed by the IR, 'H, C, "N- NMR spectral data and by
elemental analysis.

The NMR data of compound 20 have been assigned (Figures 3, 4) on the base of their 1D ('H, '*C, DEPT-
135°) and 2D homo- ("H/'H COSY-45°, 'H/'"H NOESY) and heteronuclear ("H/**C HSQC, 'H/N HMQC and 'H/"*C
HMBC, 'H/*N HMBC) correlation spectra. According to the NMR spectral data, compound 20 is a homodrimane
lactam. An analysis of 'H, *C, "H/'H COSY and 'H/C HSQC NMR spectra suggested the presence of three isolated
spin systems: CH,CH,CH, (C-11 to C-9), CHCH,NH (C-7 to NH), and CHCH, (C-4 to C-13) (Figure 3). Key 'H/"C
HMBC and 'H/"*N HMBC correlations for lactam 20 are also depicted in Figure 3. The rearranged carbon framework
of compound 20 becomes obvious at a detailed analysis of its 'H/'>*C HMBC spectrum. Thus, the observed correlations
from H-12 to sp? hybridized carbon (C-5, .. 169.9) are indicative for the A’ localization, which was supported also by
the correlations H-12/C-4 and H-12/C-6. A signal of a lactam nitrogen atom has been found at J, 110 ppm in the 'H/"*N
HMQC spectrum, while its proton resonates at J, 5.93 ppm as a broad triplet with /= 5.8 Hz. The position of lactam has
been corroborated by both "H/”>N HMBC and 'H/"*C HMBC spectra. Thus, the H-7/N-2 cross-peak in the 'H/'>N HMBC
spectrum, as well as H,-13/C,, H,-13/C, and H,-13/C, in the 'H/"*C HMBC spectrum, prove the localization of a lactam
function as depicted in Figure 3.

COSY  wm

HMBC H~ *C
HMBC H--->N

Figure 3. Key COSY and HMBC correlations Figure 4. Key NOESY correlations in lactam 20.
in lactam 20.

The migration of a double bond A*® in precursor 23 to A!?, as a result of the reaction, has additionally
generated two centres of isomerism: a geometrical centre at C-5/C-12 and an optical one at C-4. The NOESY correlations
between H-12 and H,-16, as well as H-12 and H-11, demonstrate the frans nature of the isomer at A*!». The NOESY
correlation between H-4 and H-7 indicates that they are in the a-plane and determines the (R) relative configuration at C-4
(Figure 4).

Conclusion

New drimane and homodrimane lactams, derivatives of octahydro-1H-benzo[d]azepine and octahydro-1H-
benzo[c]azepine, which are of a scientific and practical importance as compounds with a potential biological activity,
were synthesized.

Experimental
General experimental procedure

Melting points (m.p.) have been determined on a Boetius heating stage and were not corrected. The IR spectra
have been recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. The NMR spectra have been recorded on
a Bruker 400 Avance III spectrometer at 400.13 MHz for 'H, 100.62 MHz for "*C and 40.55 MHz for "N in CDCI,,
with tetramethylsilane (TMS) as an internal standard. Proton chemical shifts (J) are reported in parts per million (ppm)
and are compared against the residual non-deuterated solvent peak (7.26 ppm for CHCI, of CDCI,). Chemical shifts
of carbon atoms (0) are reported in ppm and are compared against the deuterated solvent peak (77.00 ppm for *C of
CDCl,) and relative to MeNO, in the "N NMR spectra. Coupling constants (J) are recorded in Hertz. Signals in the
'H and *C NMR spectra have been assigned using the DEPT-135, 'H/'"H COSY-45, 'H/C HSQC, 'H/**C HMBC,
and '"H/'H NOESY experiments whereas the '"H/'’N HMBC experiments have been used for the assignment of the "N
nuclei chemical shift. The course of reactions has been monitored by the TLC on Silufol plates with the detection by I,
vapours. The column chromatography has been performed on Silica Gel (L 70-230 mesh Fluka). Chemicals have been
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of commercially available reagent grades being used without further purification. All solvents have been purified and
dried by standard techniques before use.

Beckmann rearrangement of oxime 22

A solution of oxime 22 (200 mg, 0.849 mmol) in anhydrous dioxane (10 mL) has been cooled in an ice bath
and treated dropwise with freshly distilled SOCI, (0.185 mL). Then the reaction mixture has been heated at 50-60°C for
9 h, cooled, diluted with H,O (100 mL), and extracted with Et,0 (3x50 mL). The extract has been washed with water
(3x20 mL) and dried over anhydrous MgSO,. The evaporation of the solvent under a reduced pressure gives the crude
product (220 mg) which has been chromatographed on a column of silica gel (7 g). The elution with a mixture of
EtOAc/light petroleum ether (1:1) gives pure lactam 19 (105 mg, 53 %) as white solid. The elution with EtOAc gives
lactam 17 (7.3 mg, 4 %) as oil.

4,5,14,15,16-Pentamethyl-2-oxo0-2,3,6,7,8,9,10,11-octahydro-1H-benzo[d]azepine (17). Calculated, % for C, _H, NO:
C 76.54,H 10.70, N 5.95. Found, %: C 76.51, H 10.67, N 5.93. IR (v, cm™): 3329, 2924, 2863, 1647, 1605, 1497, 1460,
1392, 1377, 1354, 1304, 1129, 1036, 893, 819, 774, 716. "H NMR (3, ppm): 0.88 (3H, s, CH,-14), 0.94 (3H, s, CH,-15),
1.19 (3H, s, CH,-16), 1.47 (1H, t, J=3.8, J=3.66, H-7), 1.74 (3H, d, J=1, CH,-12), 1.90 (3H, d, J=0.96, CH,-13), 3.08-
3.11 (2H, m, H-1a, H-1b). C NMR (8, ppm): 17.91 (q, C-12), 18.58 (g, C-13), 18.76 (t, C-10), 20.88 (q, C-16), 22.39
(q, C-15), 33.27 (q, C-14), 34.40 (s, C-8), 38.09 (t, C-11), 39.27 (t, C-1), 40.83 (t, C-9), 45.59 (s, C-6), 58.22 (d, C-7),
124.7 (s, C-4), 151.64 (s, C-5), 174.49 (s, C-2). "N NMR (8, ppm): 121.0 (NH).
14,15,16-Trimethyl-4,5-(3,4-thiopheno)-3-0x0-2,3,6,7,8,9,10,11-octahydro-1H-benzo[c]azepine (19). M.p. 188-
190°C (from CHCI, — MeOH (1:1)). Calculated, % for C H,,NOS: C 67.88, H 8.73, N 5.27, S 12.08. Found, %:
C67.85,H8.75,N 5.25, S 12.03. IR (v, cm™'): 3323, 3133, 2924, 2862, 1645, 1606, 1496, 1461, 1392, 1377, 1354, 1304,
1129, 1036, 893, 819, 774, 724. '"H NMR (3, ppm): 0.91 (3H, s, CH,-15), 1.03 (3H, s, CH,-14), 1.40 (3H, s, CH,-16),
1.69 (1H, dd, J=5.64, 2.52, H-7), 2.28 (2H, m, H-1a, H-1b), 7.05 (1H, d, J=3.72, H-12), 8.17 (1H, d, J=3.68, H-13).
BC NMR (8, ppm): 19.18 (t, C-10), 22.08 (q, C-15), 25.93 (q, C-16), 33.12 (q, C-14), 34.33 (s, C-8), 39.84 (t, C-1),
41.14 (t, C-9), 41.86 (s, C-6), 42.64 (t, C-11), 55.35 (d, C-7), 121.45 (d, C-12), 133.87 (d, C-13), 135.01 (s, C-4),
152.31 (s, C-5), 167.34 (s, C-3). "N NMR (3, ppm): 118.0 (NH).

Beckmann rearrangement of oxime 23

A solution of oxime 23 (150 mg, 0.511 mmol) in anhydrous dioxane (7.5 mL) has been cooled in an ice bath
and treated dropwise with freshly distilled SOCI, (0.180 mL). Then the reaction mixture has been heated at 60-65°C for
17 h, cooled, diluted with H,O (75 mL), and extracted with Et,O (3x35 mL). The extract has been washed with water
(3x15mL) and dried over anhydrous MgSO,. The evaporation of the solvent under a reduced pressure gives the crude
product (141 mg) which has been chromatographed on a column of silica gel (7 g). The elution with a mixture of EtOAc/
light petroleum ether (3:2) gives pure lactam 20 (55 mg, 37%) as white solid. The elution with EtOAc/light petroleum
ether mixture (4:1) gives lactam 21 (28 mg, 19%) as oil.

5-Carbomethoxymethinyl-13,14,15,16-tetramethyl-3-0x0-2,3,6,7,8,9,10,11-octahydro-1H-benzo[c]azepine
(20). M.p. 127-129°C (from MeOH). Calculated, % for C_H, NO,: C 69.59, H 9.27, N 4.77. Found, %: C 69.57,
H 9.30, N 4.74. IR (v, cm™): 3290, 3239, 3099, 2929, 1722, 1664, 1620, 1468, 1458, 1379, 1170, 1029, 867, 769.
'HNMR (3, ppm): 0.91 (3H, s, CH,-14), 1.01 (3H, s, CH,-15), 1.22 (1H, td, J=13.2, 4.7, H-9a), 1.23 (1H, dd, J=6.3, 1.5,
H-7a), 1.38 (3H, s, CH,-16), 1.44 (3H, d, J=7.1, CH,-13), 3.29 (1H, ddd, J=15.9, 6.6, 1.5, H-1a), 3.41 (1H, dd, J=15.9,
6.4, H-1b), 3.73 (3H, s, OCH,), 4.69 (1H, q, J=7.1, H-4a), 5.84 (1H, s, H-12), 5.93 (1H, brt, J=5.8, NH). "C NMR
(6, ppm): 19.19 (q, C-16), 19.59 (t, C-10), 19.71 (q, C-13), 22.67 (q, C-15), 33.41 (q, C-14), 35.18 (s, C-8), 38.88
(t, C-11), 39.40 (t, C-1), 41.24 (d, C-4), 41.53 (t, C-9), 45.05 (s, C-6), 51.27 (q, OCH,), 56.89 (d, C-7), 112.56 (d, C-12),
167.14 (s, C-17), 169.56 (s, C-5), 176.66 (s, C-3). "N NMR (3, ppm): 110.0 (NH).
5-Carbomethoxymethyl-13,14,15,16-tetramethyl-3-oxo0-2,3,6,7,8,9,10,11-octahydro-1H-benzo[c]azepine (21).
Calculated, % for C,_H, NO,: C 69.59, H 9.27, N 4.77. Found, %: C 69.56, H 9.30, N 4.75. IR (v, cm™): 3293, 3223,
3083, 2945, 1716, 1661, 1616, 1464, 1434, 1391, 1359, 1169, 1032, 916, 731. 'H NMR (3, ppm): 0.95 (3H, s, CH,-14),
0.97 (3H, s, CH,-15), 1.33 (3H, s, CH,-16), 1.65 (1H, m, H-7), 1.89 (3H, s, CH,-13), 3.30 (2H, s, H-12a, H-12b), 3.71
(3H, s, OCH,), 6.07 (1H, brt, J=5.6, NH). "C NMR (3, ppm): 17.89 (q, C-13), 18.90 (t, C-10), 22.18 (q, C-16), 22.49
(q, C-15), 33.57 (q, C-14), 34.83 (s, C-8), 35.67 (t, C-12), 38.75 (t, C-11), 39.57 (t, C-1), 40.71 (t, C-9), 44.09 (s, C-6),
52.05 (q, OCH,), 57.13 (d, C-7), 121.90 (s, C-4), 146.43 (s, C-5), 171.73 (s, C-17), 174.69 (s, C-3). "N NMR (5, ppm):
108.0 (NH).
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SYNTHESIS AND ANTIMICROBIAL EVALUATION
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Abstract. This study describes the synthesis of some novel compounds containing bis-1,3,4-oxadiazole bearing
quaternary ammonium salt moieties. The target compounds were prepared from 2-(dimethylamino)ethyl methacrylate
(DMAEMA) or 2-(diethylamino) ethyl methacrylate (DEAEMA), using adipic acid as starting material. All the newly
synthesized compounds showed satisfactory analytic data for the proposed structures, which were confirmed by IR
and NMR ('H and "*C) spectroscopy. The newly synthesized compounds were evaluated for their antibacterial activity
against various gram-positive and gram-negative strains of bacteria, and the antifungal activities were tested against
three phytopathogenic fungi namely, Fusarium oxysporum, Fusarium commune and Fusarium rodelens. Some of the
tested compounds displayed promising antibacterial and antifungal activities.
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Introduction

The treatment of bacterial and fungal infectious diseases remains a challenging problem because of the
increasing number of microbial pathogens [1-3]. The current interest in the development of new antimicrobial agents can
be partially ascribed both to the increasing emergence of bacterial resistance to antibiotic therapy and to newly emerging
pathogens [4]. It reinforces the need for the development of new and potent chemical entities or an improvement in the
activity of the well-known chemical compounds. Considering this statement, the synthesis of analogues can be seen
as an efficient approach to optimize an active chemical structure and design new drugs [5-8], since simple structural
changes can lead to better biological activities through modifications of physicochemical properties [9].

Literature survey reveals that compounds containing 1,3,4 oxadiazole nucleus have demonstrated a wide range
of pharmacological activities [10,11], including: anti-inflammatory [12], antimicrobial [13], analgesic [14], antiviral
[15], antiproliferative [16], antitumor [17], antihypertensive [18,19], antioxidant [20], antitubercular [21], sedative-
hypnotic [22] and antibacterial and antifungal activities [23].

Quaternary ammonium salts (QAS) constitute an important class of organic compounds that are present in a large
number of biologically active molecules [24]. It was reported that the quaternary ammonium compounds have antimicrobial
properties [25], show adsorption on negatively charged solids, act on the cell wall and have a direct or indirect lethal effect
on the cell [26]. QAS were introduced as antimicrobial agents by Domagk over eighty years ago [27].

In recent years the number of applications of QAS has been continuously increasing. They are widely used as
biocides [28,29], antibiotic [30], disinfectants [31], antimalarial [32] and antimicrobial properties [33,34]. In the design
of new drugs, the combination of different pharmacophores frame may lead to compounds with interesting biological
profiles [35]. Also, QAS incorporating heterocycles, e.g. 1,3,4-oxadiazole, displayed various pharmacological properties
[36]. Prompted by these investigations, we have synthesized compounds 5a and 5b containing bis-1,3,4oxadiazole
fragment with the attached quaternary ammonium group and their antimicrobial activity has been evaluated.

Materials and methods

All solvents and reagents were obtained from Sigma Aldrich and BIOCHEM. The purity of compounds was
routinely checked by thin layer chromatography (TLC) using silica gel F254 supplied by MERCK, and spots were
observed using iodine as visualizing agent.

All melting points were determined in open capillary tubes on a BUCHI 540 melting point apparatus and are
uncorrected.

The IR spectra in the range of 4000-400 cm™ were recorded as potassium bromide discs on a Shimadzu FTIR-
8300 spectrophotometer.

The 'H and C NMR Spectra were measured in DMSO-d, on a Bruker AM 300 MHz spectrometer (University
of Oran, Es-Senia), operating at 300 MHz for 'H and 75 MHz for *C nuclei, relative to the internal standard of
tetramethylsilane (TMS). Chemical shift values are expressed in parts per million (3, ppm).
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Preparation of diethyl adipate 2

Diethyl adipate 2 was prepared according to the reported in the literature procedure [37]. The adipic acid (5 g,
0.034 mol) was dissolved in 200 mL of absolute ethanol and a few drops of conc. sulphuric acid was added. The mixture
was heated at 80°C in an oil bath for 8 hours, the progress of the reaction being monitored by TLC. After completion of
the reaction, the excess of ethanol was removed under reduced pressure and the residue was extracted with chloroform.
The organic layer extract was washed with a 5% solution of sodium bicarbonate, then the solvent was evaporated and
the product was collected. Yield of compound 2-76%. Liquid, Rf= 0.45 (CHCL,/CH,0H= 8/2); IR (KBr, v cm™): 1706.9
(C=0), 1070.4 (C-O-C).

Adipic acid dihydrazide 3

A mixture of diethyl adipate 2 (5 g, 0.028 mol) and an excess of hydrazine hydrate (0.05 mol) in absolute
ethanol (150 mL) were refluxed for 6 hours on a water bath. The purity of the products was checked by single spot TLC,
the reaction mixture was cooled. Then the solvent was evaporated under reduced pressure to give adipic acid dihydrazide
3. Yield- 67%. Powder, m.p. 180-181°C, Rf= 0.40 (CHCL/CH,OH =9/1); IR (KBr, v cm™): 3222.8 (NH-NH,), 1606.6
(C=0). 'H-NMR: 8.34 (3H, O=C-NHNH,), 1.99 (2H, O=C-CH,CH,), 1.42 (2H, O=C-CH,CH,). "C-NMR: 178.2
(O=C-NHNH,), 39.8 (O=C-CH,CH,), 26.3 (O=C-CH,CH.).

2,2’-butane-1,4-diylbis[5-(bromomethyl)-1,3,4-oxadiazole] (4). A mixture of adipic acid dihydrazide 3 (3g, 0.017 mol),
bromoacetic acid (4.78 g, 0.034 mol) and phosphours oxychloride (5 mL) was refluxed at 80-90°C for 6 hours. After
completion of reaction, as indicated by TLC, the mixture was cooled and poured into ice water and then sodium
bicarbonate solution was added. The resulting solid was collected by filtration, washed with cold water, and dried. Then
the solvent was evaporated under reduced pressure to give 2,2’-butane-1,4-diylbis[5-(bromomethyl)-1,3,4-oxadiazole]
4. Yield- 85%. Crystalline solid, m.p. 114-115°C, Rf'= 0.42 (CHCL,/CH,OH= 4/1); IR (KBr, v cm™): 1643.2 (C=N),
1105.1(C-0-C), 497(C-Br). 'H-NMR: 8.30 (2H, O=C-CH_-Br), 2.17 (2H, N=C-CH,CH,), 1.45 (2H, N=C-CH,CH,).
BC-NMR: 174.8 (N=C-CH,CH,), 172.1 (O=C-CH_-Br), 39.7 (N=C-CH,CH,), 33.8 (N=C-CH,CH,), 24.4 (O=C-CH,
Br).
N,N’-[butane-1,4-diylbis(1,3,4-oxadiazole-5,2-diylmethylene)]bis[N,N-diethyl-2-(methacryloyloxy)ethan
ammonium] bromide (5a). According to the procedure adopted by Guiqgian Lu et al. [38], a mixture of compound 4
(1 g,0.003 mol) and tertiary amine DEAEMA (0.97 g, 0.005 mol) was dissolved in dry acetone (50 mL), in the presence
of hydroquinone. The mixture was gently refluxed for 40 hours on water bath. After cooling, diethyl ether was added,
the target diquaternary ammonium salt 5a was collected by filtration under reduced pressure and washed several times
with diethyl ether. Yield- 82%. Pasty mass, Rf= 0.50 (CHCI,/CH,OH= 4/1); IR (KBr, v cm™): 1737.7(C=0), 1625.9
(C=N), 1460 (C=C), 1026.1 (C-O-C). 'H-NMR: 6.12-5.76 (2H, =CH,), 4.44 (2H, N*CH,CH,), 3.73 (2H,N=C-CH,
N, 3.44 (2H, N"CH,CH,), 2.55 (3H, N"CH,), 1.93 (2H, N=C-CH,CH,), 1.49 (3H,C(CH,)=CH,), 1.23 (2H, N=C-
CH,CH,). "C-NMR: 174.0 (N=C-CH,CH,), 166.5 (C=0), 157.0 (N=C-CH,N"), 136.0 (C(CH,)=CH,), 125.6 (=CH,),
63.3 (N*CH,CH,) 55.7 (N=C-CH, N"), 50.6 (N*CH,CH,), 47.2 (N"CH,), 26.7 (N=C-CH,CH,), 24.4 (N=C-CH,CH,),
17.8 (C(CH,)=CH,).
N,N’-[butane-1,4-diylbis(1,3,4-oxadiazole-5,2-diylmethylene)]bis[2-(methacryloyloxy)-N,N-dimethylethan
ammoinium] bromide (5b). Compound 4 (1 g, 0.003 mol) was dissolved in dry acetone (40 mL) and the resulting solution
was mixed with DMAEMA (0.81g, 0.005 mol), in the presence of hydroquinone. The mixture was gently refluxed for
40 hours on water bath. After completion of the reaction, the solvent was evaporated and the formed precipitate was
filtered, washed with diethyl ether and dried. Yield of compound 5b- 79%. Pasty mass, Rf=0.58 (CHCL,/CH,OH= 4/1);
IR (KBr, v em™): 1737.7 (C=0), 1647.1 (C=N), 1460 (C=C), 1022.2 (C-O-C). 'H-NMR: 6.17-5.75 (2H, =CH,), 4.40
(2H, N*CH,CH,), 3.71 (2H, N=C-CH,N"), 3.39 (2H, N*CH,CH,), 2.78 (3H, N"CH,), 2.50 (2H, N=C-CH,CH,), 1.90
(3H,C(CH,)=CH,), 1.14 (2H, N=C-CH,CH,). "C-NMR: 174.9 (N=C-CH,CH,), 167.0 (C=0), 155.67 (N=C-CH, N"),
136.0 (C(CH,)=CH,), 128.0 (=CH,), 62.3 (N'CH,CH,), 59.0 (N=C-CH, N"), 50.1 (N"CH,CH,), 43.1 (N'CH,), 27.1
(N=C-CH,CH,), 24.3 (N=C-CH,CH,), 17.8 (C(CH,)=CH,).

Testing the biological activity
Determination of minimum inhibitory concentration (MIC)

MIC of the synthesized compounds 3, 4, 5a and 5b was determined by using the broth microdilution method
[39]. The solutions of each tested compounds were prepared in DMSO to get a concentration of 100 mg/mL. From this
stock solution, serial dilutions of the compounds (100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78, 0.39, 0.19, and 0.097 mg/mL)
were prepared. The MIC was recorded in each case as the minimum concentration of the compound, which inhibited the
visible growth of the tested microorganism, and DMSO was used as a negative control.
Antibacterial activity

In order to evaluate the antibacterial activity eleven bacteria have been used: Enterobacter aerogenes (ATCC
51697), Citrobacter freundii (ATCC 8090), Acetobacter aceti (ATCC 15973), Escherichia coli (ATCC 25933), Klebsiella
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pneumoniae (ATCC 70603), Enterobacter cloacae (ATCC 13047), Pseudomonas aeruginosa (ATCC 27853) and
Salmonella enterica (ATCC 13312) as gram negative bacteria and Methicillin-resistant Staphylococcus aureus (MRSA)
(ATCC 43300), Curtobacterium flaccumfaciens (ATCC 53934) and Staphylococcus wavy as gram positive bacteria.

All microorganisms were obtained from Microbiology Laboratory, Institute of Biology, University of Dr.
Moulay Tahar, Saida. The bacterial strains were maintained on Muller-Hinton agar and the tested compounds were
dissolved in DMSO to make a stock solution of 100 mg/mL and the other concentrations were prepared by dilution. A
suspension of the organisms was introduced onto the surface of sterile agar plates, and then incubated at 37 °C for 18 —
24 hrs. After incubation, MIC was determined. All the tests were performed in triplicate.
Antifungal activity

Antifungal activity has been tested on three pathogenic fungi of tomato, such as Fusarium oxysporum MIAE
00123, Fusarium commune MIAE 00112 and Fusarium rodelens MIAE 00129 by the diffusion plate method [40].

All the fungal strains were obtained from collection of pure cultures of the laboratory of Applied Microbiology
Faculty of Nature Sciences and Life, Oran University, Algeria. The test compounds were dissolved in DMSO (1 mL),
mixed with potato dextrose agar PDA at concentrations of 50, 100, 150 and 200 pg/mL and poured onto sterile Petri
dishes (with diameter of 9 cm). A 6 mm disc containing mycelia was transferred to the center of PDA plate. Tree
replications were maintained for each concentration and DMSO was used as a control solvent. Then the inoculated plates
were incubated at 37°C for 4 days and the zone of inhibition was observed and measured. The relative inhibition rate of
the circle mycelium compared to blank assay was calculated via the following equation:

Relative inhibition rate (%) = [(T — C)/T] x 100% (1)

where: 7 is the extended diameter of the circle mycelium during the blank assay,
C is the extended diameter of the circle mycelium during testing.

Results and discussion
Chemistry

The target compounds 5a and 5b were synthesized by a multiple-step procedure as shown in Figure 1. The
synthetic route started from esterfication of adipic acid 1 using ethanol in the presence of sulphuric acid. This ester
reacted with hydrazine hydrate in ethanol to give adipic acid dihydrazide 3. Bis-1,3,4-oxadiazole 4 was obtained by ring
closure reaction upon treating acid hydrazide 3 with bromoacetic acid in phosphorus oxychloride. Finally, the products
5a and 5b were obtained by refluxing compound 4 with the appropriate tertiary amine (DEAEMA or DMAEMA) in
acetone to give the corresponding quaternary ammonium salts.

The physiochemical data of the synthesized compounds (2-4, 5a and 5b) are presented in Table 1. The percentage
yield of all the synthesized compounds was found to be in the range of 67-85%.

The purity of the synthesized compounds was checked by thin layer chromatography and melting points values.
The structures of all the synthesized compounds were confirmed by IR, 'H and *C NMR spectral data.

[ i | I
HOOC{CH;}COOH — Etooc{CH;}COOEt — H2N-NH—C{CH;}C—I\JH—NH2
4 4 4

3
1 2 liii
)“{CH%—k )\ H\ HCHH )\

R—N—R 5a-b R_N_R

| Br Br R1

1

0 CH,
R, - , R=C,H, , CH,
CH;CH—O CH, a b

Figure 1. Synthetic route of the final compounds 5a-b.
Reagents and conditions: (i) C,H,OH and conc. H,SO,, reflux for 8 h; (ii) NH,NH,-H,0, C,H,OH, reflux for
5 h; (iii) POCI,, BrCH,COOH, reflux for 6 h; (iv) DMAEMA/DEAEMA, acetone, reflux for 40 h.
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Table 1
Physical properties and analytical data of the synthesized compounds.
Compound Colour Yield, Melting point, Rfvalue Solvent system
% °C CHCI1,/CH,OH
2 Colorless 76 liquid 0.45 8/2
3 White 67 180-181 0.40 9/1
4 White 85 114-115 0.42 4/1
5a Brown 82 semi-solide 0.50 4/1
5b Brown 79 semi-solide 0.58 4/1

Biological activity
Antibacterial activity

The synthesized compounds have been tested in vitro for their antibacterial activity against eleven bacteria,
such as Enterobacter aerogenes ATCC 51697, Citrobacter freundii ATCC 8090, Acetobacter aceti, Escherichia coli,
Klebsiella pneumoniae, Enterobacter cloacae, Pseudomonas aeruginosa and Salmonella enterica ATCC 13312 as gram
negative bacteria and Methicillin-resistant Staphylococcus aureus (MRSA) ATCC 43300, Curtobacterium flaccumfaciens
and Staphylococcus wavy as gram positive bacteria. The obtained results are summarized in Table 2.

Table 2
Minimal inhibitory concentration in mg/mL of synthesized compounds against tested bacterial strains by
microdilution method.

Strains Compound and values of MIC in mg/mL

3 4 5a 5b
Enterobacter aerogenes (ATCC 51697) 0.097 12.5 25 12.5
Citrobacter freundii (ATCC 8090) 12.5 0.39 0.19 0.097
Acetobacter aceti (ATCC 15973) 1.56 6.25 6.25 6.25
Escherichia coli (ATCC 25933) 6.25 1.56 100 50
Klebsiella pneumoniae (ATCC 70603) 6.25 0.78 25 25
Enterobacter cloacae (ATCC 13047) 3.12 12.5 12.5 12.5
Pseudomonas aeruginosa (ATCC 27853) 3.12 12.5 12.5 12.5
Salmonella enterica (ATCC 13312) 0.78 12.5 12.5 12.5
Methicillin-resistant Staphylococcus aureus (MRSA) 25 0.78 0.78 0.78
(ATCC 43300)
Curtobacterium flaccumfaciens (ATCC 53934) 3.12 12.5 25 25
Staphylococcus wavy 1.56 12.5 12.5 25

As it is shown in Table 2, the results of evaluating the antibacterial properties suggest that all compounds have
very good potential to act as antibacterial agents. The values of MIC ranged between: 0.097-100 mg/mL. Compounds
3 and 4 have shown the highest antibacterial activity against all tested microorganisms. The best activity was observed
against Citrobacter freundii ATCC 8090 and MRSA by compound 5a and 5b, but relatively low antibacterial activity
(MIC 50-100 pg/mL) was observed against Escherichia coli.

Antifungal activity

Similarly, the newly prepared compounds were screened in vitro for their antifungal activity against three
pathogenic fungi of tomato, such as Fusarium oxysporum MIAE 00123, Fusarium commune MIAE 00112 and Fusarium
rodelens MIAE 00129. The results of in vitro antifungal activities are presented in Table 3. The antifungal screening
showed that the maximum inhibitory activity was found for compound 3 against all of tested fungi at concentration of
200 pg/mL, and compound 4 showed good activity against the tested fungi, compound 5a and 5b, showed moderate
activity against Fusarium oxysporum and Fusarium rodelens. However, lower activity was observed for compound 5b
against Fusarium commune.

Table 3
Relative inhibition rate (%) of synthesized compounds against tested fungal strains.
Relative inhibition rate (%)
Compound Fusarium oxysporum Fusarium commune Fusarium rodelens

Concentration in ug/mL

50 100 150 200 50 100 150 200 50 100 150 200

3 145 155 166 188 3.3 122 21.1 22.2 6.6 8.8 30 30

4 122 129 133 155 10 1.1 11.1 11.1 7.7 88 1.1 11.1

5a 5.5 6.6 6.6 7.7 3.3 5.5 6.6 6.6 6.6 66 77 88

5b 5.5 5.5 7.4 14.4 1.1 1.1 3.3 4.4 5.5 66 77 17
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Conclusions

The present study reports on the successful synthesis and antimicrobial activity of some novel
bis-1,3,4-oxadiazole compounds containing quaternary ammoniums salt moiety. The 1,3,4-oxadiazole heterocycle was
synthesized by ring-closing reaction, and quaternary ammonium salt was obtained by N-alkylation. All the synthesized
compounds were structurally characterized using IR and NMR spectroscopic techniques. The newly synthesized
compounds were evaluated for their antibacterial and antifungal activity. The results of biological tests indicated
that most of the synthesized compounds exhibited promising results. Thus, the mixed compounds containing both
1,3,4-oxadiazole and quaternary ammonium salts moieties can serve as interesting lead molecules for further synthetic
and biological evaluation.
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Abstract. DFT method has been carried out to study the substitution effects of NO, group on the electronic properties
(ionization potential, electron affinity, electronegativity, hardness, softness and electrophilicity index) and IR spectral
properties of biphenyl and derivative molecules by using the B3LYP functional and the 3-21G basis set, as well as the
optimization structure. The calculated values of HOMO and LUMO energies, as well as predicted by ChemBioDraw
program 'H and C NMR spectra for the studied compounds are in a good agreement with experimental data. All
properties were calculated by using Gaussian 09 program and GaussianView 5.08 program, except NMR characteristics.

Keywords: DFT calculation, electronic properties, IR and NMR spectra, biphenyl molecule.
Received: September 2015/ Revised final: January 2016/ Accepted.: January 2016

Introduction

Biphenyl is an aromatic hydrocarbon with a molecular formula (C ,H, ), which is an organic compound that
forms colorless crystals. It consists of two connected phenyl rings and has D, symmetry [1]. Biphenyl has density
1.04 g/cm?, melting point 69.71°C and boiling point 255°C [2], being used in organic syntheses, food preservatives, heat

transfer fluids and as an intermediate for polychlorinated biphenyls [3]. The biphenyl derivatives, such as polychlorinated
biphenyls (PCB), were widely used as dielectric and coolant fluids in electrical apparatus, cutting fluids for machining
operations and carbonless copy paper. 4-Aminobiphenyl has been used formerly as a rubber antioxidant and it is still
used in the detection of sulfates and as a model carcinogen in mutagenicity studies and cancer research [4,5]. Many
studies have been carried out on the theoretical calculations of electronic structure, ionization energy and IR spectra for
azide group in 3'-azido-3'-deoxythymidine (AZT), compared to small azide compounds by the using DFT method and
B3LYP/6-311G** basis set [6].

Geometry optimization has been performed and the electronic structure, total energy, electronic potential
surface, UV and IR spectra were computed using TD-DFT//B3LYP method with 6-311G (d, p) basis sets for isoniazid
and its derivative N-cyclopentylidenepyridine-4-carbohydrazide molecules [7]. The correlation between the crystalline
structure and vibrational modes of the latter has been discussed [7]. Theoretical study of calculating the molecular
structure and electronic properties of diphenylanthrazolines molecule was performed using density functional theory
with B3BLYP/6-31G* level [8]. Finally, a study has been carried out to highlight the substitution effects of H, NH,, NMe,,
OCH,, CH,, CI, Br, CN, NO, on the electronic structure and properties, such as HOMO, LUMO, energy gap and dipole
moment of 2,4-domino-5-p-substituted-phenyl-6-ethyl-pyrimidines by using the DFT method and B3LYP with 6-311G
(d) basis set [9].

In the light of the above-mentioned, the aim of this work was to study the influence of hydrogen atom substitution
by NO, groups in different positions on the electronic and spectral properties for biphenyl and derivative molecules
using the B3LYP functional and the 3-21G basis set.

Calculations

The DFT methods have been carried out using the Gaussian 09 program [10]. The geometric optimization of
biphenyl 1 and derivative molecules 2-6 with the substitution of hydrogen atom by NO, groups in the different positions
have been performed with a B3LYP/3-21G level in the gas phase. The hybrid functional B3LYP basis set has been shown
highly successful for calculating the electronic properties, such as electronic states, ionization potentials and energy
gaps, since calculation of the exchange-correlation energy and interaction effects between electrons also show the most
accurate results. Figure 1 shows the geometry optimization of biphenyl 1 and derivative molecules 2-6 in the gas phase
using DFT methods with B3LYP/3-21G level. The EHOMO represents the energy of highest occupied molecular orbital,
while ELUMO represents the lowest unoccupied molecular orbital.

The ionization potential (/P) and electron affinity (EA4) in the framework of Koopmans’ theorem could be
calculated from the energies of HOMO and LUMO as follows by Eqs.(1) and (2) [11]:

I[P = —~EHOMO (1)
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EA=-ELUMO )
The electronegativity (y) has been calculated by Eq.(3) [12]:

P J; EA _ (EHOMO+ELUMO)2 ©)

Where the hardness (7) is defined by Eq.(4) [11]:

_IP-EA @)
2
The softness () and electrophilicity index (/) have been calculated by using the Eqs.(5) and (6) [13, 14]:
G L )
2n
2
WL (©)
2n

Biphenyl 1 3,11-Dinitrobiphenyl 2

a2 'j}' ;-
“ose ot

3,5-Dinitrobiphenyl 4

2,10-Dinitrobiphenyl 5 9,5-Dinitrobiphenyl 6

Figure 1. The optimized structures of biphenyl 1 and derivative molecules 2-6 using
DFT-B3LYP/3-21G method.

Results and discussion

Molecular geometry
The optimized structural parameters of molecules calculated by using DFT —-B3LYP levels with the 3-21G basis

set are listed in Table 1, in accordance with the atom numbering scheme shown in Figure 1. As results from Table 1,
there is no convergence between the bond lengths for R, ., R, R and R, bonds. The C-H bond lengths are in the
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range of 1.079 - 1.085 A and C-C bond length is at 1.373 A and 1.498 A, whereas C—N bond length varies from 1.338 A
to 1.476 A. The N-O bond length of dinitrobiphenyl molecules varies in the range of 1.282 - 1.285 A. All angles of the
dinitrobiphenyl ring (C-C-C angles) vary from 117.602 to 120.220 A(°).

Electronic properties

All properties are computed by the DFT/B3LYP 3-21G method for biphenyl 1 and derivative molecules 2-6.
Table 2 shows the calculated energy values of HOMO and LUMO and electronic properties (values of /P and EA
calculated by Egs.(1) and (2), y values (Eq.(3)), n values (Eq.(4)), S values (Eq.(5)), and ¥ values calculated by Eq.(6)). It
is clear from Table 2 and Figures 2-7 that the substitution of hydrogen atom by NO, group leads to decreasing the energy
values of HOMO and increasing the energy values of LUMO. Figures 2-7 show the electronic density distribution along
the rings C-C. In the different parts of dinitrobiphenyl molecules the electronic density distribution is homogeneous.
It was noticed for all molecules that HOMO shows a bonding character and LUMO shows an antibonding character.
While the values of /P are increasing, the values of E4 are decreasing with the substitutions. The values of y, #, S and
W are increasing. The approximate values of HOMO and LUMO energies are in a good agreement with experimental
values [15].

Table 1
Optimized geometrical parameters of biphenyl 1 and derivative molecules 2-6,
R (A) bond length, bond angles 4 (°).
Molecules Bond length Our data (A) Bond angles Our data (°)

R(CI -C2) 1.4051 A(C2-C3-C4) 120.2203
R(C1-C7) 1.4886 A(C2-C1-C6) 118.6205

1 R(C2-C3) 1.3949 A(C8-C7-C12) 118.6205
R(C3 - C4) 1.3970 A(C1-C6-H17) 119.2746
R(C2 - H13) 1.0840 A(C9-C10-C11) 120.2203
R(CI- C2) 1.3738 A(C2-C1-Cé6) 119.5174
R(C1-C7) 1.4793 A(C4-C3-N21) 94.8932

2 R(C3-N21) 1.3386 A(C1-C6-H16) 116.6752
R(C2 - H13) 1.0825 A(025-N24-026) 125.7101
R(N24-026) 1.2824 A(022-N21-023) 125.8611
R(CI-C2) 1.4012 A(C2-C1-C6) 117.6027
R(C1 -C7) 1.4984 A(C2-C3-N21) 116.8991

3 R(C2-N21) 1.4613 A(CI1-C6-H16) 118.5167
R(C3 - H13) 1.0794 A(025-N24-026) 125.0666
R(N24-026) 1.2850 A(C12-N24-025) 117.3061
R(CI-C2) 1.4027 A(C2-C1-C6) 118.3123
R(C11 - C10) 1.3970 A(C2-C3-N21) 118.9294

4 R(CY9-H17) 1.0835 A(C1-C6-H15) 121.7931
R(C3-N21) 1.4675 A(025-N24-026) 126.1181
R(N24-026) 1.2809 A(C3-N21-023) 116.9433
R(CI-C2) 1.4030 A(C2-C1-C6) 117.4296
R(C11-C10) 1.3886 A(C3-C2-N21) 116.3391

5 R(C9-HI18) 1.0797 A(C7-C12-H20) 119.5894
R(C10 -N21) 1.4625 A(N22-021-N23) 125.6262
R(N21-022) 1.2841 A(C10-N21-023) 117.1702
R(CI- C2) 1.4069 A(C2-C1-C6) 118.6886
R(C10 - C11) 1.3928 A(C10-C9-N21) 119.0676

6 R(C10 - N21) 1.4667 A(C1-C2-H13) 119.3218
R(C2 - H13) 1.0834 A(022-N21-023) 125.7443
R(N21-022) 1.2824 A(C5-N24-026) 117.1239

Table 2
HOMO, LUMO energies and electronic properties (IP, EA, y, 5, S and W) in (eV) units
for biphenyl 1 and derivative molecules 2-6 using DFT with B3LYP/3-21G basis set.
Molecules HOMO LUMO P EA X n S w
1 -6.21309  -0.59891 6.213088 0.598914 -3.40600 2.807087 1.403543 16.28228

-6.02588  -2.88681 6.025876  2.886815 -4.45635 1.569530 0.784765 15.58466
-7.14887  -2.78532 7.148874  2.785318 -4.96710  2.181778 1.090889  26.91446
-7.19377  -3.23566 7.193772  3.235660 -5.21472  1.979056  0.989528 26.90850
-7.27432  -2.97416 7.274317 2974162 -5.12424  2.150077  1.075039  28.22818
-7.34262  -2.90450 7.342616  2.904502 -5.12356  2.219057 1.109529  29.12608

o O wiN
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HOMO LUMO
Figure 2. HOMO and LUMO shapes of the biphenyl 1 molecule using the B3LYP/3-21G method.

o

HOMO LUMO

Figure 3. HOMO and LUMO shapes of the 3,11-dinitrobiphenyl 2 molecule using the B3LYP/3-21G method.

HOMO LUMO

Figure 4. HOMO and LUMO shapes of 2,12-dinitrobiphenyl 3 molecule using the B3LYP/3-21G method.

HOMO LUMO

Figure 5. HOMO and LUMO shapes of 3,5-dinitrobiphenyl 4 molecule using the B3LYP/3-21G method.
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HOMO
Figure 6. HOMO and LUMO shapes of 2,10-dinitrobiphenyl 5 using the B3LYP/3-21G method.

.y,-.

HOMO LUMO
Figure 7. HOMO and LUMO shapes of 9,5-dinitrobiphenyl 6 molecule using the B3LYP/3-21G method.

IR spectra

Figures 8-10 show the computed IR spectra of biphenyl molecules 1-6. The harmonic vibrational frequencies
were calculated for the studied molecules by using B3LYP level with a 3-21G basis set. The substitution of hydrogen
atoms by NO, leads to increasing in the number of vibrational modes. According to the rule of (3N-6), the biphenyl
molecule has 60 degrees of freedom, while the dinitrobiphenyl molecules have 72 degrees of freedom. All degrees of
freedom for biphenyl 1 and its derivatives 2-6 are represented by stretching, bending, rocking and scissoring mode.
For a biphenyl molecule, the (C—H) symmetric stretching has been studied around 3221.33 cm™ and asymmetric- at
3205.55 cm'. The in-plane vibrations have been calculated at 957.55 cm’'. The out-of-plane (C-H) vibrations found at
557.30 cm™ are in a good agreement with experimental values at 552.90 cm™' [1]. The (C-C) stretching vibrations have
been studied in the region 1634.33 cm! and (C—C-C)- at 516.16 cm™. According to Figures 8-10, in the IR spectra
of dinitrobiphenyl molecules 2-6 the new peaks in the vibration modes are registered, in comparison with biphenyl
molecule 1, due to existing of stretched bond, such as (C-N), (C-H) and (N-O) for 2-6 molecules. The symmetric
stretching of (C-H) has been observed in the range of 3265.99-3225.80 cm™ and asymmetric stretching- in the region
3194.29 — 3208.81 cm. The (C-N) stretching has been observed in the region 1600.77 - 1190.03 cm', whilst the
stretching of (C-C) bond is shown in the range of 1648.56 - 1632.25 cm™ and the stretching of (N-O) bond is shown in
the region 1362.28 -1458.81 cm™. The NO, groups have the rocking mode appeared in the region 74.03 - 270.29 cm',
while the wagging modes appeared in the region 262.77 - 411.34 cm™ and the scissoring mode appeared in the region
701.63 — 874.59 cm™.
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Figure 8. Calculated IR spectra of biphenyl 1 and its derivative 2.
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Figure 9. Calculated IR spectra of biphenyl derivatives 3 and 4.
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Figure 10. Calculated IR spectra of biphenyl derivatives 5 and 6.

NMR spectra

NMR spectra of 'H and "*C of biphenyl 1 and derivative molecules 2-6 (Figures 11-16) were computed by using
the ChemBioDraw Program. Shielding has been considered to be one of the most effective factors that influence the
chemical shift. In sites around the nucleus, where the electronic density is higher, the diamagnetic shielding becomes
higher. It is clear from Figures 11-16 that the substitution of hydrogen atoms by NO, groups in dinitrobiphenyl molecules
2-6 leads to increasing of the value of chemical shift in '"H NMR spectra and weak increase in chemical shift of *C
nuclei. The molecules 3 and 5 have a complex 'H NMR spectrum, because of the mutual influences between the nuclei
inside the molecules. The molecule 4 has high values of chemical shift for 'H nuclei that are found in the interval 7.4 -
9.4 ppm and "*C nuclei in the interval 117.0 - 149.3 ppm. This is due to the effect of electronic density cyclic currents
and electrons delocalization causing the strong shielding. The values of chemical shifts for 'H and “*C nuclei in NMR
spectra for biphenyl 1 are in a good agreement with experimental values [16].
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Figure 11. Predicted *H and *C NMR spectra for biphenyl 1.
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Figure 12. Predicted *H and *C NMR spectra for biphenyl derivative 2.
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Figure 13. Predicted *H and **C NMR spectra for biphenyl derivative 3.
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Figure 14. Predicted *H and **C NMR spectra for biphenyl derivative 4.
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Figure 15. Predicted *H and **C NMR spectra for biphenyl derivative 5.
6 6
g g 7 3 S o 3 z 1 0 w W h W & @ £ D D
lH 13C
Figure 16. Predicted *H and **C NMR spectra for biphenyl derivative 6.
Conclusions

The values of geometric optimization (bond length and its angles) for dinitrobiphenyl molecules 2-6 are slightly
different in the case of substitution of hydrogen by NO, groups, also depending on the substituted atom’s position.

The HOMO energy values are decreasing, while the LUMO energy values are increasing at the substitution of
hydrogen atoms by NO, groups, the HOMO and LUMO energy values for biphenyl molecule 1 being in a good agreement
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with experimental values. The electronic density is distributed to the different parts of dinitrobiphenyl molecules 2-6 and
along the C-C rings.

The values of /P are increasing, while the values of the £4 are decreasing in case of the substitution of the
hydrogen atoms by NO, groups, while the calculated values of y, S, 7 and W are increasing.

According to the IR spectra, the substitution of hydrogen atoms by NO, groups leads to increasing the number
of vibrational modes, also the stretching vibrations of dinitrobiphenyl molecules 2-6 are increasing compeer with
biphenyl molecule 1.

According to the data of 'H and "C NMR spectra, it was found that the substitution of hydrogen atoms by NO,
groups causes appearance of new peaks for dinitrobiphenyl molecules 2-6. The molecules 3 and 5 have a complex 'H
NMR spectrum, because of the mutual influences between the nuclei inside the molecules, which lead to increase in
intensity of some lines with respect to the other spectrum lines. The molecule 4 has high values in chemical shift of 'H
nuclei and *C nuclei in comparison with the other dinitrobiphenyl molecules.
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Abstract. Here we report new work on the synthesis and an electron microscopy study of the earliest known magnetic
material, magnetite (Fe,0,). We have synthesized a variety of magnetite nanoparticles which appear to have biogenic
signatures and could give insights into how the nanomagnetite in biological systems forms, and how they may be
associated with Alzheimer’s disease. We have also synthesized mesoporous magnetite nanoparticles which have
potential use in the targeted drug delivery.
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Introduction

Magnetite (Fe,O,) in the form of lodestone is the original magnetic material used by mankind to navigate the
Earth by following geomagnetic field lines. It is also used for navigation in Nature by honey bees, homing pigeons and
bacteria. Currently, magnetic nanoparticles are used for data storage, magnetic resonance imaging (MRI) and are the
potential colloidal mediators for cancer magnetic hyperthermia. This area of nanotechnology spans the boundaries of
chemistry, biology, medicine and materials science.

The earliest reported medical use of magnetite powder for internal applications was in the 11th century A.D. by
the Persian physician and philosopher Avicenna of Bokhara [1,2]. Today magnetic nanoparticles are used for magnetic
resonance imaging (MRI) and as colloidal mediators for magnetic hyperthermia cancer treatment [3].

In 1992, it was reported that magnetite (Fe,O,) is present in the human brain [4] and more recently that nanoscale
biogenic magnetite is associated with neurodegenerative diseases such as Alzheimer’s [5]. Although this association was
first discovered over fifty years ago by Goodman [6], to date the magnetite’s origin and formation are not certain. Here
we show that the synthesis of magnetite in the presence of the surfactant sodium dodecyl sulphate (SDS) gives rise to a
variety of nanoscale morphologies, some of which look remarkably similar to magnetite found in organisms, suggesting
that similar processes may be involved. Furthermore, these 0D materials with nanoscale dimensions and with the
potential to show quantum confinement effects are of interest in the areas of biosensors [7], biomedical imaging [8] and
as tunneling magnetoresistance (TRM) sensor elements in magnetic random access memory (MRAM) configurations,
which can be used to form magnetic, programmable biochips [9].

In the more extensively studied magnetotactic bacteria [10], biogenically controlled morphologies of magnetite,
which normally crystallises in a cubic space group, occur in the form of nanocrystals.These have been found to have
elongated {111} axes often with rhombic or truncated dodecahedral morphology. They are part of intracellular structures
called magnetosomes [11], which consist of a nanocrystal surrounded by a lipid bilayer membrane. They arrange ina 1D
array to form a “compass needle”, which is utilised by the bacteria to sense the Earth’s magnetic field [12,13]. Figure 1
shows two typical examples of these magnetotactic bacteria [14].

Taking this lead from biology, where the biogenic templates produce magnetite of defined shapes and sizes, we
have been interested in investigating how surfactant molecules could similarly influence magnetite formation.

Figure 1. Two examples of magnetite in magnetotactic bacteria. Left: Magnetospirillum magnetotacticum
(whole organism) showing the location of magnetoite crystals and Right: an example of a string of bullet-
shaped crystals within a magnetotactic bacterium [14],

Copyright (2008) Federation of European Microbiological Societies.
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Experimental
Materials

All chemicals were reagent grade and used without further purification. Ferrous chloride tetrahydrate
(FeCl,-4H,0 > 99%), sodium hydroxide (NaOH > 97%) and sodium dodecyl sulphate (SDS > 99%) were purcheased
from Sigma-Aldrich. Double distilled water, sodium hydroxide solutions and SDS solutions were deoxygenated by
bubbling through N, gas for 1 h prior to use. The synthesis of magnetite was performed under nitrogen in an autoclave
using a 20 mL Teflon insert.
Compounds 1-5 preparation

To an aqueous solution containing FeCl,-4H,O and SDS, a deoxygenated aqueous NaOH solution was added
(Table 1). The autoclave was heated to 200 °C for 24 h and after cooling the magnetite was isolated as detailed below.

Table 1
Reagent quantities and concentrations used to prepare compounds 1-5.
Compound FeCl,-4H,0 (0.2 M) NaOH (1 M) SDS
1 5.0 mL 2.0 mL 0.5 mL (15 mM)
2 5.0 mL 1.0 mL 2.0 mL (15 mM)
3 5.0 mL 1.0 mL 0.5 mL (35 mM)
4 5.0 mL 1.0 mL 0.5 mL (35 mM)
5 5.0 mL 1.0 mL 0.5 mL (35 mM)

The suspended magnetite/surfactant product was put in a sonication bath (Qualilab USR-30 H) for 1 h. The
suspension was then diluted with a 20 fold excess of distilled water before being sonicated again for 10 min and
centrifuged (Heraeus Instruments, Labofuge 400) at 3500 rcf for 30 min. The samples containing particles less than
100 nm in size were filtered (NC10; Schleicher & Schuell) prior to sonication and centrifugation. The magnetite sediment
was suspended in ethanol and sonicated for a few seconds and then “spotted” onto carbon coated copper grids of
400 mesh size for TEM examination and onto 1 ¢cm squares of polished silicon wafers for SEM examination and then
dried before analysis.

Equipment

Scanning electron microscopy (SEM) was performed using a LEO 1530 scanning electron microscope operating
at 3 KeV. Transmission electron microscopy (TEM) measurements were performed using a Tecnai T20 ST transmission
electron microscope operating at 200 KeV.

Results and discussion
In the course of our experiments, we found that hydrothermal conditions can be used to produce octahedral
magnetite (Figure 2) as typically observed under geological conditions (Figure 3).

. .f.'.'.’.r)(.f.l’.l’.f H.HJ|IH.H i I |I||||| n\lll'.u'. l\'-u‘".\'.- ,' AN
4 .
Figure 2. Octahedrally shaped magnetite. SEM of Figure 3. Geological octahedrally shaped
magnetite formed hydrothermally without SDS present. magnetite crystallised on feldspar and quartz

found in Bolivia (photo by S. Malik).

However, when SDS (Figure 4) is present, we found instead a variety of magnetite morphologies, which appear
to have biogenic trademarks. SDS (Figure 4) is commonly used to mimic hydrophobic binding environments such as
cell membranes [15] and has been used to study the folding and thermal stability of cytochrome ¢ (cyt c¢), which is a
biologically important electron transfer system [16].
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Figure 4. The anionic surfactant SDS.

The synthesis of magnetite in the presence of SDS under hydrothermal conditions yielded a variety of magnetite
morphologies, as revealed by SEM and TEM. We discuss five of these morphologies here.

Firstly, bullet shaped needles with an aspect ratio of 1:6-8 and 1-2 pm in length with square-pyramidal endings
(system 1, Figure 5) can be observed as aligned bundles and rather unusually these crystals frequently grow with a 90°
bend. Acicular magnetite and maghemite with similar aspect ratios and sizes are commonly used for magnetic media
devices. However, the route of synthesis of these crystallites is not straightforward and typically involves the synthesis
of goethite (a-FeOOH) or lepidocrocite (y-FeOOH), followed by dehydration to form hematite (a-Fe,0,) and then
reduction to magnetite. Then, this can be re-oxidised to give maghemite [17,18].

Arrays of magnetite octahedra (system 2, Figure 6) were observed having 80-100 nm dimensions and forming
1D stacks of up to 4 pm in length. In 2008, Schumann et al. reported magnetofossils derived from magnetotactic bacteria
which, as seen from their SEM images and drawings depicted in Figure 7, show similar morphological features with
spearhead-like magnetite particles.

Figure 5. Bullet shaped needles which are frequently Figure 6. SEM of ordered 1D array of
observed with a 90° bend. nanocrystallites.

1Y

{2200

Figure 7. Magnetofossils derived from magnetotactic bacteria [19].
Copyright (2008) National Academy of Sciences, USA.

Whiskers with an aspect ratio of 1:10 (system 3, Figures 8 (a) to (d)), typically around 100-200 nm in length,
are also formed and they self-assemble into 2D hexagonal plates and 3D “flower” motifs.
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(© (d)
Figure 8. (2) SEM overview and detail (inset);
(b) TEM overview of whiskers forming 2D hexagonal plate motifs;
(c) SEM overview of magnetite whiskers in 3D flower motifs;
(d) TEM detail of whisker tip.

String-like crystallite assemblies are observed (system 4, Figure 9) with the strings composed of nanocrystals
less than 10 nm in diameter arranged in helical bundles of 70-200 nm in diameter and up to 5 pm in length. These are
reminiscent of the magnetite spheres reported by Hou et al. [20], which were prepared hydrothermally by reducing
[Fe(acac),] in the presence of various surfactants, and is the only other report of such an unusual form of magnetite
produced hydrothermally. Finally, mesoporous nanocrystallites form (system 5, Figure 10 (a) and (b)) with diameters of
40-100 nm and morphology similar to the widely reported truncated dodecahedral shape seen in certain magnetotactic
bacteria [12]. These nanocrystallites, as observed for system 3, also seem to self-align. The “question-mark” motif seen
in Figure 10 (a) is typical.

(b)
Figure 9. SEM of string-like assemblies composed of  Figure 10. (a) TEM overview and (b) TEM detail of
nanocrystallites (the insert shows a TEM image). mesoporous magnetite nanocrystallites.

It has been reported that magnetosome vesicles are present before magnetite formation in magnetotactic bacteria
[21] and we can draw a parallel to this situation given the presence of SDS micelles providing a reaction space for
formation of nanocrystalline magnetite arrays. In addition to its “biogenic signature”, this mesoporous nanomagnetite
may prove useful for targeted drug delivery [22].

Conclusions

In Nature, the synthesis of the bacterial magnetosome seems to be a complex process that involves several
discrete steps, including magnetosome vesicle formation, iron uptake by the cell, iron transport into the magnetosome
vesicle and controlled Fe,O, biomineralization within the magnetosome vesicle. In general, there has been little research
regarding the methods by which bacteria synthesize these mineral crystals in specific morphologies.

In our experiments, we have shown that the synthesis of magnetite in the presence of the surfactant sodium
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dodecyl sulphate gives rise to a variety of nanoscale morphologies, some of which look remarkably similar to magnetite
found in organisms, suggesting that similar morphological control processes may be involved.

Furthermore, these 0D materials with nanoscale dimensions are of interest in the areas of biosensors and
biomedical imaging. The magnetite whiskers, in particular, are ideally suited for use in “lab-on-a-bead” devices, which
have whisker morphology and are set to be the next-generation lab-on-a-chip devices. They are both cheaper and better
suited to use in field diagnostics and theranostics. In addition, the whiskers are the ideal shape for use as tunneling
magnetoresistance (TRM) sensor elements in magnetic random access memory (MRAM) configurations, which can be
used to form magnetic, programmable biochips.
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Abstract. Thermodynamic and kinetic mechanisms of forming six semicarbazones have been investigated
computationally by DFT B3LYP method. All the reactions proceed via two transitions and include two consecutive
steps: bimolecular and unimolecular. The computed transition steps have varying equilibrium constants values,
enthalpy of activation and Gibbs energy of activation, depending on the semicarbazone involved. Also depending
on the semicarbazones involved some of the consecutive steps are found to have varying enthalpy of reactions and
spontaneity.
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Introduction

Semicarbazones are derivatives of imines formed by a condensation reaction between ketones or aldehydes and
semicarbazide. They are classified as imine derivatives since they are formed from the reaction of an aldehyde or ketone
with the terminal amino group of semicarbazide, which behaves similarly to primary amines. Some semicarbazones,
such as nitrofurazone and thiosemicarbazones are known to have anti-viral and anti-cancer activity, usually mediated
by binding to copper or iron in cells. Many semicarbazones are crystalline solids, useful for the identification of the
parent aldehydes or ketones by melting point analysis [1]. Semicarbazones show a wide range of bioactivities, and their
chemistry and pharmacological applications have been extensively studied. The biological properties of semicarbazones
are often related to metal ion coordination. A variety of 5-nitrofuryl semicarbazone derivatives have been developed for
the therapy of Chagas disease, a major problem in the Central and the South America [2]. Antiepileptic drug search has
come a long way, particularly of the last two decades. With increased understanding of the pathophysiology of epilepsy,
the conventional approaches have, to a great extent, been replaced by mechanism based approaches. The last decade has
witnessed the emergence of semicarbazones as potential anticonvulsant agents [3,4]. Due to their biological activity there
is a huge interest in the chemistry of semicarbazones [5-7]. Dimmock et al. have reported semicarbazones as potential
anticonvulsant agents. A number of aryloxy aryl semicarbazones have shown significant anticonvulsant activity [8]. Also
Padeya and his co-workers have reported on the synthesis of several analogs of semicarbazones and thiosemicarbazones
with anticonvulsant properties [9-11]. To the best of our knowledge, literature on theoretical or semi-empirical kinetic
and thermodynamic data on the reaction mechanisms of preparation of these very important molecules is very scanty.
Current study attempts to provide information in this area by using theoretical and computational methods.

Computational Methods

The computation was carried out using SPARTAN14 program suite on intel(R) CORE(TM) i5-4200U CPU
@ 1.60GHz 2.30 GHz hp computer. The geometries of the reactants, transition states, intermediates and products were
optimized using Molecular mechanics to remove strain energies. This was followed by semi empirical optimizations
at RM1 theory level. Finally, DFT Becke’s three parameter nonlocal exchange functional with the nonlocal correlation
functional of Lee, Yang, Parr (B3LYP) with 6-311+G** basis set calculations was employed. Intrinsic reaction coordinate
calculation was carried out at B3LYP theory level. Furthermore, heat of formation was calculated for all the stationary
points using thermochemical recipe at T, theory level after the optimization. For equilibrium geometries and transition
states, the nature of the critical points was confirmed by an analytic frequency computation, and all the transition states
have imaginary frequencies. All the energy parameters of the reaction mechanisms are calculated using the reported in
literature expressions. Gibbs energy change, reaction rates (k) and equilibrium constants (K) were calculated using the
expressions (1)-(5) given below [12]:

# —
AGlyog 15Ky = AHY — TASH @)
kT 2
k(298.15%) = _hio e2S"/R g —AH*/RT @

K298.151) = e ~AGY/RT ®)
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K(298151) = e ~AG°/RT ®)
e? As* 4

A= th;Te &, for bimolecular step )
as* 5

A= ek:Te &, for unimolecular step ®)

where AG*, AH* and AS* stand for Gibbs energy change, enthalpy change and entropy change, respectively, for
reaction between reactant(s) and a transition state, k; is Boltzmann’s constant, R is gas constant, h is Planck’s constant,
c° is concentration (taken as unity), T is temperature and stands for Gibbs energy change for reaction between reactant(s)
and intermediate or product.

Results and discussion
Reaction between m-nitrobenzaldehyde and semicarbazide

The computed general reaction mechanism of forming the (E)-2-(3-nitrobenzylidene)hydrazinecarboxamide
and water from m-nitrobenzaldehyde and semicarbazide is presented and discussed herein. Figures 1 and 2 show the
general reaction mechanism and schematic diagram of relative electronic energy of reaction, respectively, while Tables
1 and 2, respectively, present thermodynamic and kinetic parameters of the computed reaction mechanism.
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P1 P2
Figure 1. General scheme for the mechanism of reaction between m-nitrobenzaldehyde and semicarbazide.
Table 1
DFT B3LYP (6-311+G**) calculated thermodynamic parameters for reaction
between m-nitrobenzaldehyde and semicarbazide.
Steps A‘S‘feactwn Aeractwn AGfeactwn Asfeactton AHﬁeactton AGﬁeactlon
(IJmol*K?) (kJmol?) (kJmol?) (Jmol*K?) (kJmol?) (kJmol?)
A+ B=TSI -238.89 -24.16 +47.06
A+B-INT -246.60 -40.82 +32.71
INT=TSII +36.78 -0.60 -11.12
INT->P1+P2 +173.30 +9.99 -41.68
Table 2

DFT B3LYP (6-311+G**) calculated activation energy (E,), frequency factor (A), rate constant (k) and
equilibrium constant (K) for reaction between m- nltrobenzaldehyde and semicarbazide.

Steps E, A K, K, k, K,
(kJmol?) (dm®mol-s?t) (sh)
A+B=TSI +55.92 15.26 dm®*mol-s? 1.86x10°
A+B-INT 3.53x10*
INTI=TSII +31.24 1.41x10%s? 2.00x107
INT -P1+P2 5.18x10%*
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From Tables 1 and 2, the first transition step has a huge energy barrier to overcome. This step is also associated with
positive Gibbs energy of activation, suggesting that the step is non-spontaneous, and so energy input is a necessity to

initiate it. Meanwhile the second transition step is less demanding in terms of energy, having less activation energy, but

it is also reasonably spontaneous (having negative Gibbs energy of activation). Thus, the first step is exothermic but non-
spontaneous. The spontaneity barrier for this step will be overcome by the higher exothermic value of the step, making
the step energetically feasible. The second step is slightly endothermic but averagely spontaneous. The first transition

step is associated with less pre-exponential factor, as compared to the second step, hence supporting the low equilibrium
constant computed for the bimolecular transition step and the rate determining bimolecular step. The energy profile of
the reaction is shown in Figure 2.
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Figure 2. Diagram of relative electronic energies along the channels of the reaction
between m-nitrobenzaldehyde and semicarbazide.

Reaction between furfural and semicarbazide

Presented as Figure 3 below is the general formation pathways for (Z)-2-(furan-2-ylmethylene)

hydrazinecarboxamide and water from furfural and semicarbazide. Figure 4 shows the schematic diagram of the relative

electronic energies of this reaction. Tables 3 and 4 present thermodynamic and kinetic parameters of the computed
reaction mechanism, correspondingly.
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Figure 3. General scheme for the mechanism of reaction between furfural and semicarbazide
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Table 3
DFT B3LYP (6-311+G**) calculated thermodynamic parameters for reaction between
furfural and semicarbazide.
Steps A‘S‘feaction AH‘feaCtion AGfeaction A'S‘??eaction A feaction AGr?eaction
(IJmol*K?) (kJmol?) (kJmol ™) (Jmol*K?) (kJmol™?) (kJmol™?)
A+ B=TSI -225.75 -12.55 +54.76
A+B—INT -234.53 -52.74 17.19
INT=TS I +6.66 +4.27 +2.28
INT-P1+P2 169.80 7.59 -43.04
Table 4

DFT B3LYP (6-311+G**) calculated activation energy (E,), frequency factor (A), rate constant (k) and
equilibrium constant (K) for reaction between furfural and semicarbazide.

Steps E, A K, K, K, K,
(kJmol ™) (dm®*mol*s?) (sh
A+B=TSI 168.06 74.09 dm®mol-is? 9.75x10*
A+B-INT 1.58x10°
INT2TSII  +157.01 3.76x10%s 3.47x107
INT-P1+P2 2.47x10%2

From the high energy requirements (Gibbs energy of activation and activation energy) presented in Tables 3 and
4, the first transition step appears almost impossible without energy input into the system. Though exothermic from the
enthalpy of activation value, the energy release from this step does not reach the huge energy requirement. This position
is complimented by the low equilibrium constant, as presented in Table 4, suggesting some adjustment in reaction
conditions for forward reaction. Similar trend is also observed in the second transition step that have high energy
barrier, Gibbs energy of activation and enthalpy of activation, being also associated with low equilibrium constant.
The frequency factor is indicative that only a small fraction of the reacting species is able to undergo useful collision
(with required threshold energy) and finally resulting in product formation. Again the second transition step is highly
demanding in energetics for forward reaction. The first step of the consecutive reaction has a very high exothermic
enthalpy but slightly positive Gibbs energy of activation. This is favourable in terms of energy requirements, since
the exothermic enthalpy value is much more than the Gibbs energy of reaction. Conversely, the second consecutive
step is computed to be slightly endothermic but highly spontaneous. So, the energy needed for the forward reaction is
compensated for by the Gibbs energy of reaction. The bimolecular step is also found to be the rate determining step. The
Figure 4 shows the energy reaction profile of the reaction scheme between furfural and semicarbazide.
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Reaction between p-chlorobenzaldehyde and semicarbazide

The mechanism of synthesis of 2-((4-chlorophenyl(hydroxy)methyl) hydrazinecarboxamide and water starting
from p-chlorobenzaldehyde and semicarbazide is schematically presented in Figure 5. Figure 6 shows the schematic
diagram of the electronic energies for this mechanism of reaction. Thermodynamic and kinetic data are presented in
Tables 5 and 6, respectively.
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Figure 5. General mechanism scheme for reaction between p-chlorobenzaldehyde and semicarbazide.

Table 5
DFT B3LYP (6-311+G**) calculated thermodynamic parameters
for reaction between p-chlorobenzaldehyde and semicarbazide.
Steps Asfeaction Aeraction AGfeaci:ion A roeaction A ﬂeaction AG:')eaction
(Jmol*K™) (kJmol™) (kJmol™) (Jmol*K?) (kJmol™) (kJmol™)
A +B=TSI -235.91 -14.04 +56.30
A+B=INT -243.19 -32.74 +39.77
INT=TSIHI +26.99 +6.44 -1.61
INT->P1+P2 +171.20 +3.01 -48.03
Table 6

DFT B3LYP (6-311+G**) calculated activation energy (E,), frequency factor (A), rate constant (k) and
equilibrium constant (K) for reaction between p-chlorobenzaldehyde and semicarbazide.

Steps E, A K, K, k, K,
(kJmol?) (dm®mol-s?) (sh)
A+B=TSI +57.76 21.85 dm®molis? 1.08x107
A+B-INT 8.52x10*
INT=TS I +32.29 4.34x10%st 2.60x108
INT->P1+P2 1.18x10%

The bimolecular transition step, though exothermic, is highly non spontaneous, and it has slightly high energy
barrier to overcome. Hence energy input is necessary to kick start the reaction. The energy parameters for this step are
presented in Table 5. Very small percentage of the reacting molecules possesses the threshold energy to undergo useful
collision; this is evident from frequency factor and equilibrium constant values presented in Table 6. The unimolecular
transition step is calculated to be sparingly endothermic and spontaneous, as suggested by the values of enthalpy of
activation and Gibbs energy of activation (Table 5). This step has relatively less activation energy to overcome, when
compared to the bimolecular step, and it is also favoured more by both pre-exponential factor and equilibrium constant
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values. The first bimolecular step is found to be exothermic (by enthalpy of reaction) and non-spontaneous (by reaction
free energy), indicating on the slight feasibility of this step, since the energy requirements (Table 5) for the reaction
to be spontaneous are compensated for by the reaction enthalpy. Thus, bimolecular step is calculated to be the rate
determining step and hence the rate determining of the overall reaction mechanism. The data for the reaction kinetics are
presented in Table 6. The unimolecular consecutive step is predominantly spontaneous and slightly endothermic by the
enthalpy value. In terms of energy, this step is highly feasible, as the energy requirements for endothermicity are by far

overwhelmed by the Gibbs energy of reaction. Energy reaction profile for the mechanistic scheme of reaction is shown
in Figure 6.
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Figure 6. Diagram of relative electronic energies along the channels of the reaction
between p-chlorobenzaldehyde and semicarbazide.

Reaction between benzaldehyde and semicarbazide

The computed mechanism of combination between benzaldehyde and semicarbazide, resulting in formation of
(E)-2-benzylidenehydrazinecarboxamide and water, is shown in Figure 7, while Figure 8 presents the schematic diagram

of the electronic energies for this reaction mechanism. The calculated thermodynamic and kinetic parameters are shown
in Tables 7 and 8, respectively.
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Figure 7. General scheme for the mechanism of reaction between benzaldehyde and semicarbazide
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Table 7
DFT B3LYP (6-311+G**) calculated thermodynamic parameters for reaction between
benzaldehyde and semicarbazide.
Steps Asfeaction AI_Irt*eaction AGfeaction A geaction A geaction AG:]eaction
(IJmol*K?) (kJmol?) (kJmol?) (IJmol*K?) (kJmol?) (kJmol?)
A+ B=TSI -232.78 -24.89 +44.51
A+B—INT -241.47 -26.76 +45.23
INT=TS I +14.84 -15.40 -19.83
INTI-P1+P2 +173.83 +15.07 -36.76
Table 8
DFT B3LYP (6-311+G**) calculated activation energy (E,), frequency factor (A), rate constant (k) and
equilibrium constant (K) for reaction between benzaldehyde and semicarbazide.
Steps E, A k, K, k, K,
(kJmol?) (dm®mol-is?) (sh)
A+B=TSI +66.69  31.84 dm®molis? 1.19x10°8
A+B-INT 9.88x10*
INT=TS I +213.72 1.01x10%s? 2.75%10°
INT-P1+P2 1.85x10%*

From Tables 7 and 8, the first (bimolecular) transition step has high activation energy to overcome and it is non-
spontaneous too, though the step is computed to have an exothermic enthalpy of activation. The net effect is that some
energy has to be supplied in order to initiate the reaction. As in the mechanisms of formation of the other semicarbazones
under discussion in the current paper, the first transition step is characterized by low collision frequency factor and
equilibrium constant values. These values suggest that the reaction conditions need to be adjusted for forward reaction,
leading to product formation. The unimolecular transition step is calculated to be slightly spontaneous and exothermic.
The energy from these spontaneity and exothermicity do not match huge activation energy demand of this step, therefore
some intervention in form of energy input is necessary for the reaction to proceed. However, this step is found to
be associated with high pre-exponential factor and equilibrium constant values. In the consecutive reaction steps, the

unimolecular step is exothermic and non-spontaneous with energy deficit of about 20 kJmol* (Table 7). The energy

deficit in the bimolecular step is offset by the excess energy in the unimolecular step, and hence, overall, the consecutive
step is feasible. In addition, the second step in the consecutive scheme is computed to be the rate determining step and

the reaction rate overall.
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Figure 8. Diagram of relative electronic energies along the channels of the reactions between
benzaldehyde and semicarbazide.

Reaction between p-methylbenzaldehyde and semicarbazide
Figure 9 illustrates the general reaction mechanism of formation of (E)-2-(4-methylbenzylidene)
hydrazinecarboxamide (semicarbazone) and water, starting with p-methylbenzaldehyde and semicarbazide, while
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Figurel0 depicts the schematic diagram of the electronic energy of the discussed reaction mechanism. Tables 9 and 10
present thermodynamic and kinetic parameters, correspondingly, for the computed mechanism.

As shown in Tables 9 and 10, the first transition step was computed to have positive activation energy and
positive Gibbs energy of activation, i.e. reaction is non-spontaneous, but exothermic (from enthalpy of activation). The
step has huge energy deficit of slightly above 90 kJ/mol, which need to be supplied in order to initiate the reaction.
The step is calculated to have very low frequency factor and small equilibrium constant values, also suggesting some
adjustment in the reaction conditions to favour forward reaction. Furthermore, the second transition step is found to be
hugely demanding in terms of energy, as it is calculated to have high energy barrier, and be highly non-spontaneous
(from Gibbs energy of activation) and also endothermic (from enthalpy of activation) values. The first bimolecular
step is exothermic and non-spontaneous, with an energy deficit as presented in Table 9. The second consecutive step is
slightly exothermic but highly spontaneous with energy surplus of above 73 kJ/mol. So, the deficit in the bimolecular
step is being compensated for by the surplus in the unimolecular consecutive step. Also, the second step is found to be
the rate determining step, as presented in Table 10.
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Figure 9. General scheme for the mechanism of reaction between p-methylbenzaldehyde and semicarbazide.

Table 9
DFT B3LYP (6-311+G**) calculated thermodynamic parameters for reaction between
p-methylbenzaldehyde and semicarbazide.
Steps ASfeaction AI-I:t:action Acfeaction Asﬁeaction AH;)eaction AGﬁeactt’on
(Jmol*K?) (kJmol?) (kJmol?) (JmoltK?) (kJmol?) (kJmol?)
A+ B=TSI -234.54 -23.12 +46.81
A+B-INT -242.36 -28.53 +43.73
INT=TS I +8.52 +280.45 +277.91
INT-P1+P2 +238.25 -1.90 -72.93
Table 10

DFT B3LYP (6-311+G**) calculated activation energy (E,), frequency factor (A), rate constant (k) and
equilibrium constant (K) for reaction between p-methylbenzaldehyde and semicarbazide.

Steps E, A K, K, k,(s1) K,
(kJmol?) (dm®molis?)
A+ B=TSI +68.79 25.77 dmmolis?t 2.18x10°8
A+B-INT 3.92x10*
INT=2TS I +183.26 4.70x10%s! 5.99x10%?
INT-P1+P2 1.28x10°%
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Figure 10. Diagram of relative electronic energies along the channels of the reaction
between p-methylbenzaldehyde and semicarbazide.

Reaction between o-hydroxybenzaldehyde and semicarbazide

The computed mechanism of formation of (E)-2-(2-hydroxybenzylidene)hydrazinecarboxamide and water
from o-hydroxybenzaldehyde and semicarbazide is presented in Figure 1. Figure 12 presents the schematic diagram of

the electronic energy of the reaction mechanism. Tables 11 and 12, respectively, present thermodynamic and kinetic data
for this reaction mechanism.
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Figure 11. General scheme for the mechanism of reaction between
o-hydroxybenzaldehyde and semicarbazide.
Tablell
DFT B3LYP (6-311+G**) calculated thermodynamic parameters for reaction between
o-hydroxybenzaldehyde and semicarbazide.
Steps ASﬁeaction A1-I1i\ietlclri011 AGfeactian A feaction A :eaction AGﬁeactian
(IJmol*K?) (kJmol?) (kJmol?) (IJmol*K?) (kJmol?) (kJmol?)
A+B=TSI -196.39 -22.75 +35.80
A+B-INT -204.96 -43.59 +17.52
INT=TS I -6.69 +25.68 +27.67
INT—P1+P2 +135.74 +109.03 +68.56
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Table 12

DFT B3LYP (6-311+G™**) calculated activation energy (E,), frequency factor (A), rate constant (k) and
Kl

equilibrium constant (K) for reaction between o-hydroxybenzaldehyde and semicarbazide.
Steps E, A K, K, k,
(kJmol?) (dm®mol-s?) (sh)

A+B=TSI +60.91 2.53x10°dm3mol-*s* 8.53x10*
A+B-INT 3.32x10°
INT=2TS I +257.04 2.08x10%s 9.39x10™
INT->P1+P2 6.05x10%

After computing the first transition step we found that it is exothermic and non-spontaneous with somewhat

high activation energy to overcome. It has an energy deficit of about 74 ki/mol. The collision factor of this step is less,
in comparison with that of the second transition step. The unimolecular transition step is endothermic (from enthalpy
of activation) and non-spontaneous (from Gibbs energy of activation), with very high activation barrier. The energy
requirements for this step are found to be in the neighbourhood of 300kJ/mol, suggestive of energy supply to sustain the
reaction. However, the pre-exponential factor of the step seems to indicate otherwise. The first bimolecular step has an
appreciable amount of energy released to the system, as compared to Gibbs energy required for the step to be spontaneous
and hence, the reaction is expected to proceed in the presented direction easily. Meanwhile, the unimolecular consecutive
step appears to be highly demanding as it is computed to be highly endothermic and non-spontaneous. For this step to be
feasible external energy intake is actually a necessity and the step is calculated to be the rate determining step.

751

200 -
= 150 T
[=] i \
E r [}
-i ] 1
= 100 - . \
& 51 i \
E so- W % ! \
u s L1 { \ P1+P2
= A+E 'J [ 1] —t
E 0 - — “ ;r
k7] v i
& \ ]
et L] i
g -50 \ /
: b1 [}
-5 - NOINT

-150 -
Figure 12. Energy profile for reaction between o-hydroxylbenzaldehyde and semicarbazide.

General mechanism and rate law of the reaction of synthesis of semicarbazones
From all the general reaction schemes given above, the reaction mechanism consists of the following steps:

k
A+B : AB*
k—2
AB# _k2_> C
C kl C#
K.
[ S

The rate laws for all the products of the reaction can be written as follows:

da[P]
— = k{[C*]

#
afet] _ —ky[C*] = K4 [CH*] + KL[C]

dt
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AT _iier + ka[c*] + kolAB*]
dt
ﬂgﬂz_hwm_uﬂwﬂ+%wwl

Using steady state approximation, from Eq.(7)

k1
1= ————|[C
] ke + kI, (€]

Using Eq.(8) and Eq.(10), we have

ky(ki+ kL)[AB¥]

1= kiky

Similarly, from Eq.(9), we have

__k
[AB*] = kz+—k’_2[A][B]

Eq.(11) and Eq.(12) yield:

koky(ky + ki)

C=f
)= kit T k)

[A][B]

From Eq.(13) and Eq.(10), we have

#] — k2k£
("1 = G iy AIE)

Therefore, the overall rate law can be written as:

d[P]  kjk;
dt — (ky+ k.,)

[A][B]

kaky

where —22— = K, experimental rate constant.

(katklp)

Conclusions

(8)

9)

(10)

(11)

(12)

(13)

(14)

(15)

According to the obtained results, some steps in the semicarbazones’s formation mechanisms were found to
require energy input, while in other steps huge amount of energy was released to the system, and the energy barriers were
not too high, thus making the reaction thermodynamically feasible on the whole. The mechanisms of the reaction were
found to consist of two transition states (bi- and unimolecular), in some of the mechanisms the first bimolecular step was
computed to be the rate determining step, while in others it was the unimolecular step that determines the reaction pace.
Furthermore, the substituent position (ortho-, para- and meta-) significantly influenced the reaction feasibility: para-
and meta- positions enhanced the reaction, ortho- position was noted to have negatively influenced the reaction, leading
to endothermic reaction, as observed in the case of interaction between ortho-hydroxybenzaldehyde and semicarbazide.

Kinetically, the rate constant values of the examined reaction mechanisms were also found to be unambiguous.
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PHOTOELECTRIC PROPERTIES OF HETEROSTRUCTURES BASED ON
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Abstract. Planar organic heterostructures have been prepared using poly-N-epoxypropylcarbazole films and
poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene] by the method of successive deposition adding
2,3,9,10,16,17,23,24-zinc octabutylphthalocyanine. Photoelectric, photodielectric and photovoltaic properties of the
heterostructures have been studied. It has been found that the structure photosensitivity in the red part of spectrum
is remarkably enhanced by adding the metal complex into the m-conjugate polymer. It has also been established
that metal sensitizers are capable of slowing down the photovoltaic rise and decay transients exhibited after the
illuminating light is switched on and off, respectively. The likely origin of these effects is suggested, relating to deep
traps generated by the metal complex.
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Introduction

Over the last decades, the considerable effort has been devoted to the development of low-cost and flexible organic
photonic devices based on molecular composition of aromatic and heteroaromatic compounds absorbing light within the
solar range. Quite recently, the superior photovoltaic performance has been demonstrated employing phthalocyanines,
and the new class of conjugate polymers containing para-phenylenevinylene (PPV), porphyrin and fullerene fragments
have been reported [1-4]. One of the most popular material of this type is poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) with the long-wavelength absorption edge occurred at about 600 nm.

It has been previously reported that MEH-PPV—based film structures reveal the photoelectric effect, and the
photovoltage (PV) have been observed in these structures [5]. In order to shift the photosensitivity spectrum of this
material to the near infrared, the polymer composite films (PCF) doped by organic dyes or metal complexes have been
usually employed [6-11]. The occurrence of the light absorbing centres and the resulting generation of electron-hole
(e—h) pairs provide the pathways for the inner photoeffect sensitizing observed in PCF. The effectiveness of the light-
electricity transformation is mainly determined by the e~/ pair lifetime. The lifetime can be considerably enhanced by
introducing the hetero-interface, consisting of two PCF with different electronic properties. In this case, the transport
probability for carriers, moving from one PCF to the other one, depends upon the energy barriers occurring at the
interface and can reduce the geminate recombination probability of the carriers.

This type of heterostructures can be designed using, e.g. MEH-PPV and carbazolyl-containing polymers or
oligomers (for example, poly-N-epoxypropyl-carbazole, PEPC). The first structure possesses both the electron and
whole conductivity, whereas the second one is solely of p-type. Despite the large number of papers regarding the
photovoltaic devices with carbazolyl groups [12], there is a lack of experimental studies aimed to investigate the
photoelectric properties of film heterostructures containing MEH-PPV and PEPC with sensitizing dopants.

Therefore, the purpose of this work was to develop the photosensitive PCF heterostructures based on PEPC and
MEH-PPV doped with sensitizing 2,3,9,10,16,17,23,24-zinc octabutylphthalocyanine (Pc®'Zn). The photoconductive,
photovoltaic and photo-dielectric properties of these devices have been investigated together with the photoexcited
carrier dynamics.

Experimental

The starting materials were PEPC, MEH-PPV and PcP'Zn with the structural formulas shown in Figure 1.
The glass substrates (3x2cm?) were initially cleaned with a liquid mixture of acetone and rinsed with distilled water.
A thin (~ 1000nm) conductive Indium Tin Oxide (ITO, SnO,:In,0,) layer was deposited onto the substrate. The PEPC
or MEH-PPV polymer films, with (concentration of 3 wt%) or without metal additives, were then spin-coated from
polymer solutions onto the ITO covered substrates and dried on air at 80°C during 24 hours. The thickness of polymer
layers was L = 2.0um in all the sample structures, as measured by an interference microscope. The structures were finally
Ag-covered by a thermal evaporation technique.
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In this work, three types of the PCF samples, sketched in Figure 2 and marked below as CC1, CC2 and CC3,
were used.

Q NS/
| N Nas —No—=p Bu
(—cH—cH—0-), a
Bu Bu
a) b) )

Figure 1. Structural formulas of PEPC (a), MEH-PPV (b), Pc®"Zn (c).

Application of voltage U (1 to 300V) between the ITO and Ag electrodes (Figure 2) allows the current generation
with the density of j to flow in PCF. It changes when the layers are illuminated through the bottom side of the structures
shown in Figure 2. Importantly, PEPC is colourless and it does not absorb in the visible part of the spectrum because its
absorption falls within the near ultraviolet part of the spectrum. In turn, MEH-PPV absorbs effectively the light within
300 — 600 nm limits with a peak at about 500 nm (Figure 3, spectrum 1), whereas Pc®*Zn absorbs within the range from
500 to 800 nm, as it shown in spectrum 2 (Figure 3). To mediate between the photoexcitations of MEH-PPV and Pc®'Zn,
nearly resonant conditions are employed using green and red light-emitting diodes (LEDs) with the peak wavelengths
close to the peak absorption of MEH-PPV (Figure 3, spectra 1 and 4) and Pc®*Zn (Figure 3, spectra 2 and 3).

Sample CC1 - Ag
"~ MEH-PPV
A —rPEPC
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T—glass % rgn
208 2
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+3wl°ﬁPcB”Zn —— MEH-PPV Zos :
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ITO % 04 z
|~ glass 8 =
5 3
Sample CC3 Ag =02 g
+3wt%PcBuzn ——MEH-PPV Sopl——— A
~i10 <7400 500 g00 700 800 900
Wavelength (nm)
Tglass

Figure 2. Schematic structure of the samples used in Figure 3. Absorption of MEH-PPV (1) and Pc®'Zn
experiments. (2) compared with the red (3) and green (4) LED
emission spectra.

The same green and red light is used for generation of photocurrent (PC) and PV signals which ones are directly
registered at the ITO and Ag electrodes by an amplifier followed by a digital oscilloscope. With the electrical circuitry
used, the positive sign of PV indicates that the Ag contact becomes positive with respect to ITO. The LEDs were
controlled by the external bias in the form of square-function pulse. Light pulse lengths of 230 s and 300 ms to 100 s
were used for the PC and PV measurements, respectively, with rise and fall times of 1ms. The PC and PV signals were
supplied to a voltmeter, followed by a digital oscilloscope and stored on a computer. The electrical circuitry details are
given elsewhere [13].

Several decay transients, taken with a single light pulse, were stored on a computer with the time interval of 20
and 40 min between the consecutive pulses for samples CC2 and CC3, respectively, which were greater than the PC and
PV decay times. Then the stored transients were averaged as many times as required to achieve a given signal-to-noise
ratio.
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The electrical loss tangent (fand), inherent to dispersion in electrical conductivity, and capacitance (C) of the
sandwich structure were taken employing standard techniques at 1-kHz rf voltage ranged from 1 to 30V, both in dark

and under the LED illumination. The values of Atand = (tans,,, — tand )/tand  and AC = (C,,, - C,))/C , were analyzed,
where the subscripts 0 and PH correspond to appropriate values measured before and at the illumination, respectively.
All measurements were recorded at room temperature.

Results and discussion

The PC transients are shown in Figure 4. Samples CC1 have exhibited the lowest peak of PC signal, whereas
samples CC2 have shown the highest one. The PC decays, measured after the light is turned off, are also markedly different,
depending on the polarity of the applied voltage U. As seen in Figure 4, sample CC3 has exhibited the longest decay.

The peak PC;j depends on the strength of the applied electric field (Figure 5), and the curves appear to be
linear in the double-log coordinates, so thatj ~ U" with m > 2.

Himax
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2 —
— 2 .
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T == T 1 T T T T T T T 1
5 4 2 Jlo 2 4
E (107 V/m)
1 1 ! 1 | -2
0 200 400 t(s) .
Figure 4. Normalized PC transients taken in samples Figure 5. The peak PC valuej _vs applied electric
CC1(1,1),CC2 (2,2’) and CC3 (3, 3’°) at the positive field strength E taken in samples CC2 (1) and CC3
(1 to 3) and negative (1’ to 3’) polarity of applied (2) at illumination with the green LED having a peak
voltage U on the ITO electrode. The green LED with intensity of 20 W/m?.

a peak intensity of 20 W/m? is used as illumination
source. Arrow indicates the moment when the light is
turned off.

The PV transients are shown in Figures 6-8. The most important, samples CC1, made-up without the
phthalocyanine complex, exhibited a very weak PV with very short rise and decay times (Figure 6).

The PV signal is substantially greater in samples CC2 and CC3, the PV transients depend rather sensitively
on the illumination wavelength (Figures 7 and 8). It may thus be concluded that doping of MEH-PPV with the Pc®'Zn
complex enhances PV, even in the spectral range of a maximum absorption of MEH-PPV. Next, the PV transient shapes
have changed considerably when the transients are taken repeatedly, although the decay relaxes to zero value in all cases.
This may be considered to be a memory effect during consecutive illuminations.

It is also found that, after the LED light is switched on, the tand and C values increase symbatically. These
ones are completely relaxed after the light is switched off. Figure 9 illustrates the changes in fand upon illumination. It
is seen that, similar to the PC and PV transients, samples CC1 posses the lowest times of the photo-dielectric response.
According the data presented in Figures 4 and 9, it can concluded that, in contrast to samples CC1, samples CC2 and
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CC3 contain deep traps capturing photoexcited carriers and slowing down the transients. The traps are obviously due
to PcB'Zn complexes. This is also supported by the PV data shown in Figures 6-8, illustrating that the PV kinetics is
symbate with the kinetics of fand and C taken after light is switched on and switched off. Therefore, Pc®*Zn in MEH-PPV
has sensitizing properties, which are most likely to be due to deep traps arisen in the vicinity of the Pc®*Zn molecule.
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Figure 6. Time-dependent PV of sample CC1 at the Figure 7. Time-dependent PV of sample CC2
red (1) and green (2) LED illumination. Curve 2 is at the red (a) and green (b) LED illumination. Curve
arbitrarily shifted in the vertical direction. numbers indicate the consecutive decay traces
captured with the time intervals of 20 min.
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Figure 8. Time-dependent PV of sample CC3 at the red Figure 9. Time-dependent Atand of samples
(a) and green (b) LED illumination. Curve numbers CC1(1),CC2(2)uCC3(3
indicate the consecutive decay traces captured with the at the green LED illumination.

time intervals of 40 minutes.
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Conclusions

PcB'Zn-sensitized MEH-PPV heterostructures have a superior photovoltaic performance in comparison with

MEH-PPV structures. It is suggested that zinc octabutylphthalocyanine complexes incorporated into MEH-PPV produce
deep traps localized at the Pc®*Zn molecule. The trap-mediated photo-electric and photo-dielectric transients exhibit
prolonged transient times, indicative of trap-induced capture of charges. This charge turns out to screen the electric field
developed at the hetero-interface and the barrier field due to metal contacts. The latter fact is capable of reversing the
photovoltage sign due to prolonged light illumination.
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Abstract. In this paper the determination of catalytic activities of nanoporous KAU and SKN carbon materials, as
well as catalytic activities of their modified (oxygen— and nitrogen—containing) forms and of enzyme catalase by
calculating the Michaelis constants according to the kinetics of substrate decomposition has been reported. It has
been shown that nitrogen—containing materials provide the highest catalytic activity in non—aqueous media, while the
activity of catalase in non-aqueous media is small. It has been established that the catalytic activity of the samples
does not correlate with structural parameters but depends on the change of their surface chemistry. The catalytic
activity is decreased by the addition of oxygen atoms and, vice-versa, is increased by addition of nitrogen atoms. It
has been found that the catalytic activity of studied samples correlates with surface basicity as well as the presence of
quaternary nitrogen in the chemical structure.
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Introduction

Recent increase in the number of enterprises of chemical, pharmaceutical, metallurgical and food industry leads
to a continuous environmental pollution with harmful organic and inorganic substances. Mankind is in a continuous
search to solve this problem. Due to high surface area, nanoporous carbon materials (NCM) are used as absorbers
in sorption technologies and catalysts supports for water and air purification from harmful organic substances [1].
Activated carbon (AC) ranks first among these materials because of a number of its advantages: it is a cost-effective,
affordable and not specific sorbent, while the possibility of significant variation of parameters increases its applicability.
Activated carbon is a widely used adsorbent for air purification from harmful gases, such as SO,, CO, [2] and it is also
used as a catalyst for the oxidation of SO, to SO, [3]. AC is known to be also used for wastewater treatment from heavy
metals and their compounds (Cr(VI), Cu(I), Ni(Il), Pb(Il), Hg [4-6]), from organic compounds (diphenyl, phenol and
chlorinated organic compounds [7-9]).

Pollution by pharmaceutical products, such as tetracycline, a residue of veterinary drugs found in wastewater,
as well as in drinking water, has been reported [10]. Wastewater may be purified by adsorption of tetracycline by
carbon nanotubes [10]. Nowadays, carbon nanotubes become promising materials for replacing AC adsorbents in water
purification from organic pollutants.

NCM can also be used as catalysts in heterogeneous catalysis. In particular, AC is used as a catalyst in reactions
of halogenation, organic compounds decomposition, oxidation-reduction, dehydrogenation etc. [11]. These properties of
AC are suitable for drinking water purification from organic pollutants as well as for wastewater treatment.

In this paper the study regarding the catalytic activity of carbon nanoporous materials with different contents
of heteroatoms in a model reaction of benzoyl peroxide decomposition in non-aqueous media is presented. This
investigation has been resulted in establishing correlations between the structure of the carbon matrix, modification of
their surface chemistry and the catalytic activity.

Experimental
Materials

In this study two series of nanoporous carbon materials have been used: i) nitrogen-containing active carbon
SKN (obtained from nitrogen-containing precursor vinylpyridine resin) and its modified forms - SKNo (oxidized with
nitric acid) and N-SKN (nitrogen-enriched, obtained by urea impregnation followed by the heat treatment [12]); ii)
active carbon KAU (obtained from the shells of apricot stones) and its modified forms — KAUo (oxidized with nitric
acid), nitrogen-containing N-KAU (obtained by urea impregnation followed by the heat treatment [12]) and KAUo-NH,
(oxidized KAUo chemically modified with 1,5-pentanediamine).

Enzyme catalase (from bovine liver, K 1.11.1.6, activity 329300 a.u.) was purchased from Fluka, powdered
benzoyl peroxide (contained 25 % water) and ethyl acetate (for liquid chromatography, 99.8 %) were purchased from
Merck KGaA.
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Methods

The structure and adsorption parameters of AC were determined from nitrogen adsorption-desorption isotherms
at 77 K. The isotherms were measured using Autosorb-1-MP (Quantachrome), with prior degassing at 473 K for
12 hours. The specific surface area (S,,,) was calculated using the Brunauer-Emmett-Teller (BET) equation. The volume
of micropores (V) was determined using the -method. The Density Function Theory (DFT) was used to calculate the
pore volume distribution as a function of radius and pore radius (R). The sorption volume (V) of pores was determined
by measuring the benzene adsorption in desiccator, elemental composition — by Prehlya and Dumas methods [13,14].

Qualitative and quantitative characterization of functional groups on the surface of AC samples was performed
by the Béehm titration method [15].

The chemical state of nitrogen atoms on the surface of NCM samples was examined by X-rays photoelectron
spectroscopy (XPS) on the instrument VG ESCA.

The catalytic activity of nanoporous carbon materials and enzyme catalase has been determined on a model
reaction of benzoyl peroxide decomposition by Michaelis constants calculation.

Weighed portions of benzoyl peroxide (BP) were used to prepare solutions (ethyl acetate) with desired
concentrations (from 1 to 10 %). The BP concentration in the product was determined by iodometric titration.

The kinetics of BP decomposition in non-aqueous media was studied by the volumetric method. The BP
decomposition was performed in a thermostated cell with stirring. The temperature of the reaction mixture was measured
with an accuracy of + 0.5 °C, ambient temperature with accuracy of + 1 °C, the amount of gases released in the reaction,
with an accuracy of + 0.01 mL. The released gas volume measurements were carried out for 120 minutes. Each experiment
was performed using 10 mL of BP solution. Michaelis constant (K , mM) was used for quantitative assessment of catalytic
activity and for the comparison of this value for carbon nanomaterials and their modified forms. Initial reaction velocity
(V) for different substrate concentrations was used to determine the Michaelis constant [16]. The affinity constant X,)
(an inverse value to the Michaelis constant) was calculated to facilitate the perception of obtained data.

The linear correlation of the catalytic activity (Y) expressed in terms of the K on parameters (X ) of carbon
nanomaterials was studied.

Results and discussion

In order to establish the factors that affect the catalytic activity of the carbon material in a chosen reaction, a
series of NCM samples have been synthesized with different structural and sorption characteristics, surface chemistry,
and the presence of heteroatom in the structure. It has been shown that sorption pore volume and specific surface area
vary within the range of 0.50-0.90 cm’/g and 650-2140 m?/g, respectively.

Considering the KAU type carbon as an example, it can be observed that it is a material of mixed porosity with
a predominance of micropores, which is evident in the sample N-KAU (77.4 % micropores) (Figure 1). The oxidation
of KAU type carbon material leads to an insignificant decrease in the number of micropores and a reduced surface
area (Table 1). At the same time, impregnation of carbon with urea increases the fraction of micropores, and to a lesser
extent the specific surface area, which can be explained by the different influence of urea and nitric acid on the AC
modification. Impregnation with urea does not affect the microporous structure, while the interaction with the carbon
matrix occurs in mesopores, part of them being converted into micropores. Nitric acid, in its turn, also oxidizes the
surface of the micropores, thus reducing their surface.
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Figure 1. N-KAU pore size distributions by DFT method.
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Elemental analysis of carbon samples shows that during oxidation the number of oxygen atoms increases twice
and 35-fold for SKN and activated carbon KAU, respectively. The increase in the number of hydrogen atoms suggests
the formation of oxygen-containing functional groups on the SKN and KAU samples surfaces (Table 1). Titration
results reveal that newly formed surface groups have a predominantly acid character. The total number of acidic groups
increases during carbon oxidation by 18 and 20 times for SKN and KAU, respectively. Chemical immobilization of
1,5-pentanediamine on the surface of oxidized KAU leads to an almost 2-fold decrease of the total number of acid
groups. Moreover, titration results show only the presence of phenolic groups on the AC surface.

Table 1
Structural and sorption characteristics, and elemental composition of studied samples.
Elemental composition, wt% Vv Fraction S
s micropore R, BET
NCM 0 N cm’/g 4 m/g
C H volume, nm
(x,) (X)) X)) 0 (X,)
KAU 99.40 0.20 0.06 0.30 0.50 55.0 0.58 920
KAUo 96.30 1.10 2.10 0.60 0.85 53.8 0.57 790
N-KAU 89.20 2.33 6.24 2.20 0.91 77.4 0.55 940
KAUo-NH, 78.60 1.98 16.80 3.30 0.56 66.7 0.73 650
SKN 91.20 0.96 6.50 1.30 0.75 nd.” n.d. 1970
SKNo 85.80 0.90 11.20 2.00 0.80 n.d. n.d. 2140
N-SKN 91.25 1.20 3.70 3.85 0.84 n.d. n.d. 1650
R? n.d. n.d. 0.01 0.13 0.34 n.d. n.d. 0.01

*n.d.- not determined

V - total pore volume

R - pore radius

S, - surface area determined by BET

Basic groups on samples surfaces were determined for SKN, N-SKN, N-KAU and KAUo-NH, (Table 2) in
amounts ranging from 0.12 to 1.90 meq/g, probably, due to the presence of nitrogen atoms in the structure of these
materials. According to elemental analysis, the lowest nitrogen atoms content of 0.30% was found in the carbon KAU.
The number of nitrogen atoms in AC structure increased twice as a result of oxidation by nitric acid, possibly because
of carbon surface nitration processes. Functionalization of KAU allowed including nitrogen atoms up to 2.20%. SKN
contained nitrogen obtained from the vinylpyridine resin [17]. The total nitrogen content in the synthetic carbon SKN
increased with oxidation, too. The highest nitrogen content of 3.85% was achieved for the N-SKN carbon. It should
be noted that the number of basic groups in the N-SKN activated carbon increased by 12 times compared to the initial
material. The chemical immobilization of 1,5-pentanediamine on the surface of KAUo resulted in the appearance of
basic groups associated with the presence of nitrogen in the structure, but their content was 8.6 times lower compared
to the N-KAU.

Table 2
Functional groups on the surfaces of investigated samples.
Functional groups, meq/g

NCM 2 of acidic basic

. . . groups
carboxylic lactonic phenolic groups X)

x) *

KAU 0.04 0.06 0.02 0.12 0.00
KAUo 0.84 0.20 1.39 2.43 0.00
N-KAU 0.00 0.45 0.05 0.50 1.90
KAUo-NH, 0.00 0.00 1.27 1.27 0.22
SKN 0.08 0.02 0.02 0.12 0.12
SKNo 1.04 0.10 1.01 2.15 0.00
N-SKN 0.00 0.00 0.73 0.73 1.44
R2 n.d.” n.d. n.d. 0.14 0.93

“n.d.- not determined
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Analysis of the temperature-programmed desorption mass spectra of BP decomposition product showed that
decomposition of 1 mole BP released 2 moles of gas that allowed performing quantitative determination of changes in
BP concentration in time by the measurement of the released gas volume [18].

The catalytic activity of materials during the process of BP decomposition was experimentally determined
(Figure 2). The coefficient of determination (R’) of calculated affinity constants and the Michaelis constant during an
experiment was not lower than 0.85.
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Figure 2. The catalytic activity of the investigated materials.

It was established that the catalytic activity of the investigated materials (Ka/, mM!, (Y)) decreased in the
following order: N-KAU (34.5) > N-SKN (18.2) > SKN (6.2) > SKNo (4.0) > catalase (3.7) > KAUo-NH, (3.4) > KAU
(2.1) > KAUo (0.9). The catalytic activity of nitrogen containing NCM was larger than that of enzyme catalase. Among
all investigated materials the N-KAU showed the highest value. On the other hand, N-SKN showed a significant activity,
3-folds higher than that of the initial SKN. The SKNo was characterized by less activity than other nitrogen-containing
NCM. The KAUo-NH, material was more active than KAU and KAUo, which had the lowest activities. Thus, nitrogen-
containing materials provided higher catalytic activity than other NCMs, which could be explained by the fact that
nitrogen as an electron-donating element provided a higher mobility of electrons in the carbon matrix and reduced
the electron work function at the carbon/liquid or carbon/gas interfaces. Oxidation of carbon materials decreased their
catalytic activity reducing the electron-donating ability which hindered the electron transport through the BP molecule.
The catalytic activity of catalase in the BP decomposition process in non-aqueous media had an intermediate value
between the nitrogen-containing NCM material KAUo-NH, and SKNo. This indicates that carbon nanomaterials can be
used as biocatalysts in non-aqueous environment and under certain conditions to achieve a higher efficiency compared
to enzymes.

Next, the factors influencing the catalase-like activity of investigated NCM in BP decomposition in non-
aqueous media have been investigated. No correlation (R?) between catalytic activity (K, Y) and structural factors
(X, and X)) has been detected: R ?=0.34 and R,” = 0.01, respectively (Table 1), indicating that those parameters are of
secondary importance. The total content of surface acidic groups (X,) and oxygen content (X)) (Table 2) affects also the
catalytic activity: R = 0.14 and R’ = 0.01, respectively. At the same time, a correlation has been found between the
presence of basic groups (X,) and the catalytic activity: R,’ = 0.93. It has been suggested that surface basicity is related
to the presence of nitrogen-containing groups in the NCM structure. However, the catalytic activity is not correlated with
the total nitrogen content (X,) R’ = 0.13. Probably, the catalytic activity of nitrogen-containing NCM depends on the
chemical state of the nitrogen atoms, and not on the total nitrogen content in the structure.

The chemical state of nitrogen atoms and their relative content in the studied NCM was determined from the
analysis of N 1s spectra XPS (Table 3). It was shown that the catalytic enzyme-like activity of carbon nanomaterials
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correlated with the presence of quaternary nitrogen through increasing electron-donating capacity of the carbon matrix.
The higher activity of the modified nitrogen-containing NCM N-KAU and N-SKN compared to SKN could be attributed
to the different content of quaternary nitrogen.

The obtained data are in agreement with the correlation between the activity and the basic groups on the NCM
surface. Similar conclusions have been made in a published paper [19], where the authors showed that the presence of
quaternary nitrogen increased the activity of AC in epoxidation of styrene and oxidative dehydrogenation of propane by
increasing electron-donating of carbon atoms.

Table 3
The correlation between the chemical state of nitrogen and catalytic activity of NCM.
State of nitrogen atoms (relative content, %)
K
Sample P ZZ;Zlcl_ pyrrolic pyridinic }])\[)}_}Zilsz gNmO;;) C=N quaternary m]\q/;’ !
X Y
KAU 0.00 35.59 57.58 3.98 2.85 0.00 0.00 2.12
KAUo 0.00 6.44 89.27 2.83 1.46 0.00 0.00 0.89
N-KAU 0.00 1.12 67.38 0.00 4.09 14.18 13.23 34.48
KAUo-NH, 35.93 0.00 60.67 1.30 0.00 0.00 2.10 3.44
SKN 48.69 0.00 25.52 10.03 2.19 13.57 0.00 6.17
SKNo 0.00 29.41 45.12 0.35 3.07 21.37 0.00 4.00
N-SKN 0.00 0.00 64.45 2.39 0.23 32.39 0.54 18.18
R? 0.07 0.14 0.01 0.11 0.14 0.23 0.77

Conclusions

In this work the catalytic activity of carbon nanomaterials in a model reaction of benzoyl peroxide decomposition
by Michaelis constants calculation, according to the kinetics of substrate decomposition, has been experimentally
determined. A series of N-NCM prospective catalysts for organic peroxides decomposition in non-aqueous media
have been synthesized. A number of carbon materials like KAU and SKN, their modified forms (oxidized, nitrogen-
containing) and enzyme catalase have been tested. It has been shown that carbon materials exhibit an enzyme-like
activity in non-aqueous media. It has been established that the catalytic ability of the samples does not correlate with the
structural parameters but depends on their surface chemistry. The introduction of oxygen atoms decreases and nitrogen
atoms increases the catalytic activity of the modified carbon nanomaterials. It has been shown that the enzyme-like
catalytic activity of carbon nanomaterials correlates with the presence of quaternary nitrogen of the NCM.
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PHASE DIAGRAM OF GELATINE-POLYURONATE COLLOIDS: ITS
APPLICATION FOR MICROENCAPSULATION AND NOT ONLY
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Abstract. Phase state and the charge of colloidal particles in the gelatine-polyuronate system were studied. A
method for comparative evaluation of molecular weight of colloids by means of viscosimetric measurements and
electrophoresis was developed. It is shown that the Diagram {Phase state = f (composition, pH)} contains six well-
defined regions. The diagram explains and predicts the behaviour of protein-polysaccharide colloids, which are
included in beverages or forms the shells of oil-containing microcapsules.
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Introduction

Poorly soluble or electro-statically agglomerated macromolecular compounds derive from interaction of
protein zwitterions with polyanions, in particular, with polyuronic acids and their salts [1]. These interactions are of
great practical interest, insofar as much of foods contain biopolymers in different combinations [2]. Recently, there
were published many papers devoted to the joint use of the proteins and polysaccharides, originate from different
natural raw materials, in various pharmaceutical and food systems [3-6]. These compounds have a greater ability to
precipitate the colloidal suspensions, compared to pure linear polymers [7]. It is believed that these mixtures are in
fact the covalent chemical compounds or supra-molecular three-dimensional structures with high molecular weight,
charged as zwitterions due to the presence of proteins [8-10]. Due to this fact, the mixtures are capable to precipitate
not only the neutral particles, but also charged particles, both positive and negative. Such three-dimensional structures
(3D) appear also during the complex coacervation of oppositely charged macromolecules on the oil droplets surface in
the microencapsulation processes [11]. The optimum conditions of precipitation of alginate-gelatine coacervates were
obtained in vitro, using measurements of turbidity and viscosity [1].

The study led to the elaboration of different phase diagrams, which reflects complex interactions between
the negatively charged polysaccharides and zwitterions of proteins [8,12,13]. The interaction of proteins with
polysaccharides was described in numerous research papers, but not in the exhaustive form. Among the problematic
issues it can be identified the determination of the molecular weight of the resulting supramolecular structures. In our
view, the estimation of the molecular weights will be useful for calculating of the microcapsule shells parameters, as
well as to determine the conditions of deposition of neutral colloidal particles. Detailed analysis of the phase state of
the gelatine-polyuronate system is important to determine the optimal sedimentation conditions, or opposite, to prevent
the coagulation of proteins by small amounts of extraneous poly-anions. In constructing of the phase diagram of the
gelatine-polyuronate, it is important to consider the sign and magnitude of charge of generated complexes. Unambiguous
information about the charge of colloidal particles is given by method of electrophoresis, allowing to measure the zeta
potential and to fractionate the charged particles [14,15]. Values of charges are important for explanation and prognosis
of the colloids behaviour in food systems containing proteins and polysaccharides. This equally applies to colloids used
for the microencapsulation of biologically active substances [4,8,11].

Experimental part
Preparation of gelatine solutions

Macromolecular complexes were prepared using air-dried instant soluble food gelatine of premium grade
(Lisichansk Gelatin Factory, ALC). All gelatine samples were incubated in a bath with boiling water for at least 5
minutes with continuous stirring until their complete dissolution. The native pH of gelatine solutions was in the range
of 6.3...6.9. To adjust the desirable pH values, which were situated at the range of 2.5...8.0 units, the pH value was
decreased by adding of small crystals of citric acid, or was increased by adding of solid potassium hydroxide. Pure
gelatine solutions (0.5%) were prepared to determine the isoelectric point (IEP) of gelatine, in order to determine and
to consider its type. The gels with the highest turbidity, indicating zero charge of macromolecules, were obtained after
24h in the vials with pH value ranged from 4.7 to 4.9. These values correspond to IEP of the gelatine type “B”, equal to
4.6...5.4, usually obtained by alkaline hydrolysis of skins [12].
Preparation of polyuronates

Pure preparations of alginic acid and hyaluronic acid were isolated from thallus of Laminaria Japonica [16]
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and from cockscombs of Gallus Domesticus [17], respectively. Potassium salts were prepared by dropwise addition of
KOH into suspensions of corresponding acids, up to their complete dissolution at pH = 5.5...7.5. Potassium alginate
has been used as the main polyuronate, because of the possibility to separate it in pure form in situ [16]. Preparations of
hyaluronic acid cannot be considered as “pure”, because of inevitable presence of protein traces [9, 17]. Due to this fact,
the salts of hyaluronic acid have been used to prepare coacervate microcapsules, in order to verify the applicability of
results to similar systems, not only to gelatine-alginate system.
Specific viscosity and viscosimetric molecular weights

Viscosimetric measurements of high molecular compounds (HMC) were determined by viscosimeter
“VPJ-1-0.34” (Apparaturshhik Co., Russia).
Preparation of colloids

The gelatine-polyuronate colloidal systems only by leisurely addition of polyuronate solutions in the gelatine,
never vice versa, were prepared. Combination of biopolymers was accompanied by vigorous stirring, and after that, the
colloids were subjected to analysis immediately.
Oil-containing microcapsules

The microcapsules, containing walnut oil or sunflower oil, with gelatine-alginate or gelatine-hyaluronate shells,
were obtained by complex coacervation method [18]. The ratio of gelatine/polyuranate in the shells of microcapsules
was of 3.0...6.0. Mass fraction of encapsulated oil was no less than 75%. Their sizes were ranged from 5.0 to
50.0 microns. Estimated thickness of shells was approx. 0.38 microns.
Electrokinetic potential

Zeta potential ({) of colloids was measured by simply device (Figure 1).

@llle}— « —{ai

k®)

S G

Figure 1. Electrophoretic device: a) source of voltage; b) digital multi-tester; c) stainless steel electrodes;
d) sol border; e) U-shaped tube; f) movement of “—charged particles (on left), “+”charged (right).

Electrophoresis was performed in U-shaped tubes of 1.0 cm width. Process has been occurred on the surface
of hand-made integral electrodes, confectioned from stainless steel AISI 304 (“inox” for cookware). The distance
between surfaces of the electrodes was from 15.0 to 25.0 cm. The field strength values (E) were adjusted in the range of
100...400 V/m by Stand for Testing of Automatically Equipment (STAE) “SPA-97” (Contragent Co., Ukraine). Operating
voltage has been monitored by means of Digital Multi-tester “UT33C” (Shenzhen Sunkoo-Reid Electronic Co., China).
The {-potential was calculated by the Helmholtz-Smoluchowski equation, Eq.(1) [7,14,15]:

oV nl-L
Z_s-so-H_e-eo-U-‘r )

where, constants: 7 = 1-103 (Pa); s —the viscosity of water; ¢ = 89, non-dimensional — dielectric constant of water;
g, = 8.85:10" (F/m) — electric permittivity of vacuum; variables: 7 (m/s) — velocity of colloid particles;
H (V/m) — intensity of electric field; / (m) — run of colloidal particles in the electric field; 7 (s) — time of electrophoresis;
L (m) — distance between surfaces of electrodes (effective tube length); U (V) — voltage.
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Results and discussion
Molecular weights of high molecular polymeric compounds (HMCs) pure samples

In contrast to the low molecular substances, HMCs do not have constant molecular weight. First, it is
characteristic for in situ preparations of HMC, obtained from natural sources, having molecular weights that differ
in function of characteristics of raw material. Thus, the molecular weights of linear biopolymers ranges from 10°D
to 10°D (1...1000kD) [2,19]. Secondly, the HMCs molecular weight is almost always seeming, owing to intra- and
intermolecular interactions, taking place in the HMCs solutions under the influence of various physical and chemical
factors [20]. This is especially characteristic for the macromolecules of proteins and polysaccharides, such as gelatine,
alginate, and hyaluronate, because their properties are pH-dependent, due to their polyionic structure, containing acidic

or basic functional groups. So-called viscosimetric molecular weight of most types of polymers is usually calculated by
Mark-Houwink-Sakurada equation, Eq.(2) [20,21]:

Ya
Myyc = <M>

- @

where, K and a - constants, properly for the pair polymer-solvent; /#/ - intrinsic viscosity, which is calculated by
extrapolation of function , = f{C(HMC)} to zero concentration of HMC (Figures 2 and 3). For calculations of M, .,
we have considered maximum values of /5], because of straightening of HMCs at high pH value [6-7].

epH=45 MpH=55 ApH=6.5 epH=45 MpH=55 ApH=65
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Figure 2. Viscosity of alginate. Figure 3. Viscosity of gelatine.

Samples of alginate, separated from thallus of Laminaria Japonica, possess intrinsic viscosity [7] = 9.37 %",
or 937 mL/g in other units. This value is close to intrinsic viscosity of commercial alginate (Sigma-Aldrich Corporation,
USA), equal to 1040 mL/g [21]. For this reason, respective values of K (0.0073) and « (0.92) for commercial alginate
were used to calculate molecular weight of “our” native alginate. Resulted value, 357 kD, is in good correlation with

many reported results [20-22]. In case of linear proteins, as gelatine, the Mark-Houwink-Sakurada equation usually in
form of Eq.(3) is written [19]:

Mprotein _ ([n] )1/ :

i a (3)

For gelatine type “B”, M is equal to 110D, representing average molecular weight of structural unit of protein

molecule (“average” amino acid). Experimental intrinsic viscosity of gelatine was 50.8 mL/g. Referenced values [19] of
constants K (0.166) and a (0.885) have been used to calculate the molecular weight of gelatine, being equal to 70.8 kD.

Estimation of the molecular weights of colloids

It can be assumed that the formation of gelatine-polyuronate systems is possible in a wide range of pH (2.0...8.0).
Extreme values of pH correspond to cationic form of gelatine (Gel*) and its anionic form (Gel’), respectively. However,
in the pH range from 8.0 to 5.0, any types of condensed (solid) colloidal systems do not form, but their interaction is
not excluded. Both polymers at pH > 5.0 contribute to total (specific) viscosity of solution. For transparent mixtures of
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gelatine and polyuronic salts this dependence is different. Recall that the charge of polyuronate is an order of magnitude
greater than gelatine (zwitter-ion) total charge. Due to this fact, one molecule of alginate or hyaluronate can neutralize
several gelatine molecules. The analysis demonstrates that specific viscosity of mixtures depends logarithmically on
ratio m /m,, (Figure 4). This function possesses a good value of approximation accuracy, R* = 0.973. It allowed us to
represent this dependence in the linear form (Figure 5). In our view, this linear relationship is well explained by a large
number of charges in polyuronate molecules, being ten times higher than that of gelatine at equal pH values.

The weight ratio of gelatine/polyuronate allowed us to calculate the number of gelatine molecules, accompanied

with one molecule of alginate, i.e. molar ratio of the biopolymers, n_ / n Alg? Eq.(4):

NGel _ Mgel | Myg @
nAlg mAlg MGel
There were also estimated the minimal possible molecular weight of Gel4lg complexes, M, | Al reported to the
one molecule of alginate, deducing following equation, Eq.(5):
Ngel MgGel
M =M — Mg = M, 1
GelAlg Alg + Nalg Gel Alg (mAlg + ) (5)
3,0 3,0
= =
> 2,5 1 > 25 A
2 50 - y =-0.51In(x) + 2.054 2 0. y=-1.179x + 2.054
g 2 R2=0.973 2% R =0.973
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S 1,0 A 8 1,0 1
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d
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Figure 4. Specific viscosity: logarithmic function. Figure 5. Specific viscosity: linear function.

At pH < IEP the interaction of gelatine with alginate leads to the formation of various colloids, including
viscous solutions, large floccules, sols and gels. Naturally, the measuring of zeta-potential for solid colloids was possible
only for the stable sols consisting from small particles, which does not precipitate immediately (Table 1).

Table 1
Type of colloidal systems and {-potential of stable sols.
me,/m,, 1.1 2.5 4.3 6.7 10 15 23 40 90
log,(m/m,,) 0.041 0398 0.633  0.826  1.00 1.18 1.37 1.60 1.95
Ny ! My, 8 18 30 47 70 105 162 281 632
M, 10, D 0.75 1.25 1.89 2.75 3.93 5.71 8.57 14.6 32.5
pH Colloids, sols, if (-potential values are showed; A =+ 3.0 mV
4.5 high-viscous solutions -40.7 -32.0 +14.5
4.0 -34.1 -39.8 -22.7 large dense floccules +17.0 gels
3.5 -37.8 -34.9 -26.2 -20.3  +8.7 +11.6 +17.4 +29.1 gels

As follows from the {-potential (Table 1), the GelAlg complexes have negative charges, when m /m Al TALI0
is low, and they have positive charges, when this ratio is high. By lowering the pH value of biopolymer solutions, the
recharging point of resulted particles is gradually shifting in the direction of increasing the alginate concentration.
Intersection points of curves (= f{log, (m /m i) with values of (= 0.0, correspond to the composition of completely
neutral colloids (Figure 6). In these conditions, the formation of neutral complexes GelAlg®, able to precipitate quickly,
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takes place. The sign inversion occurs at the log, (m,, /m ap) < 1.7 at the pH = 4.5 (Figure 6, a), decreases to = 1.1 at the
pH = 4.0 (Figure 6, b) and is reduced to = 0.9 at the pH = 3.5 (Figure 6, ¢).

Charge of large floccules, not measurable by electrophoresis

It is problematically to study gelatine-alginate interaction at low pH value, because of precipitation of
alginic acid (HAlg) and strong increasing positive charge of gelatine macromolecules. Moreover, the pH values lower
than 3.0 are impossible to obtain by means of citric acid, and a small amount of HCI is necessary. In this condition,
electrophoresis will be aggravated by electrolyze of HCI solution, resulting H, , - at cathode and C12(Gas) at anode. This
fact makes impossible to determine correct the zeta potential of colloid particles. The large floccules are formed quickly
and are separated spontancously from the supernatant solutions in many cases. Even in instances when floccules do not
precipitate immediately and have been subjected to electrophoresis, they did not form a clearly defined borders so as it
was shown in Figure 1. We cannot quantify the charge values in these conditions, but we can estimate the changes of
charge sign due to the characteristic behaviour of colloidal suspensions [7]. Thus, after the stirring of obtained colloids
about 20...30 minutes in each system was established an equilibrium. The system stability remains unchanged for the
next several days (Figure 7).

40~
-50

electrokinetic potential, {, mV
)

00 02 04 06 08 1.0 12 14 16 18 2.0

109;0(Mge/Mayg)

Figure 6. Dependence of electrokinetic potential { of the polyelectrolytes concentration ratio:
a) at pH =4.5; b) at pH = 4.0; ¢) at pH =3.5.

b e ] [Eeddd
4448 o] $eded] |Heeed
444 4444 44444 bed] [reeee
e dldedd e ddddd] | dbddd
48444 \eaaad Bizisld 4 b bt ppbd] |eedes
] padds] |baed] ] e R R R
i dibed] [eeees 48 4o it [eeeee] [eeees
S4544| |44 4344] | 40044 a8 o] |esdd] |Sooid
taaasd il ERERY \aasad Bizsass 44444 bt [rreed] |eeees
bbb [Hdbbd dddbd] |bbbd] |debtd bbb Sdddd] [Edddd] | Sdddd] | Eddde
Caased [l EERE podai] fease e atbt | [eesae] [eeees] |eeses
dibird] [4eed Fraa s wibdrt] |ered i ] [t [eeeee] [Heded
bbb ] [dddd] freded (et | frede] |eevee] [pteed Thdbd] [ Fbddd | fedtdd] [eered] |[Feeed] |Fedes
o] 4ot foeebd et |eeet IR W EREE hedd] [Heerd ERRESS [ EERRES | PEERE) | EETe | Eree
b ad ]| [eedbd]| feedis] Pratad] [eiis] Jreedd \aasad Bizaasd 44444 44444 a4t | [edads]| freais] [resed] [$eead] |eeebs
dibbd] [debes| [4eees] [redee] [oodds] Joodbd] [etdbd] | #ebee] |ebeed b d] |deees] Peeees] [eeees] [edtis] Joddbd] [eetbd] |eaeea] |eotes

0.2 04 06 08 10 1.2 14 16 1.8 02 04 06 08 10 12 1.4 16 1.8
- - = =0+ + + + + - -=z20 4+ + + + + +

Figure 7. The sedimentation equilibrium aspect; log, (m /m Alg); sign of the floccules charge.
Left for pH = 3.0; right for pH = 2.5.

The maximum density of floccules formed at pH = 3.0 corresponds to the range of concentration m,, /m Ale ratio
from 4.0 to 10.0. In a more acidic medium (pH = 2.5) the range of rapid deposition of dense flocks shifted towards lower
values of m /m Als ratio (from 2.0 to 7.0). At the same time, in each case the contents of both external vials remained
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in suspension. It is obvious that the formation and rapid deposition of large floccules testifies zero charge of GelAlg
colloids [7]. Conversely, decreasing the deposition rate in excess of one polyelectrolyte indicates the presence of large
quantities of stabilizing charges. Naturally, this charge is negative in the left edge of series, because of excess of alginate
anions, and is positive in the right edge of series. At low pH values (3.0 and 2.5), the changes of floccules charge
correspond to the {-potential changes for particles of sols with high dispersion grade, obtained at pH > 3.0. During the
increasing of m /m, ratio, the charges of Geldlg colloids became positive, similarly with changes shown in Table 1.
Neutralization points, obtained using Figures 4 and 5, allow to estimate n_/n Als ratio by Eq.(4) and M, AlgO for neutral
3D-colloids by Eq.(5) (Table 2).

Table 2
Parameters of neutral 3D-colloids GelAlg'.
pH 4.5 4.0 3.5 3.0 2.5
logw(mcel/mAlg) 1.7 1.1 0.9 0.80 0.60
me/m,, 50.1 12.6 7.9 6.3 4.0
Re /Ry, 352 89 56 44 28
M\ 10 D 18.2 4.86 3.18 2.61 1.79

Results of calculations showed in the Table 2 demonstrate clearly that inversion of charge (neutral) point shifts
towards smaller values of the m, / m,, ratio when pH became lower. In other words, at pH values approaching the IEP,
even a small amount of polyuronic salts causes the coagulation of the proteins.

Phase diagram construction and its applications for microcapsules

The data obtained and discussed above can be extrapolated in visual interpretation of function pH—composition,
resulting phase state diagram of the gelatine-alginate system (Figure 8).

The phase state diagram of gelatine-alginate at various pH values shows the phase phenomena occurring in the
pH range of 2.0...6.0 at concentrations from 0.0 % to 3.0 % of gelatine and from 0.0 % to 0.3 % of alginate. These values
correspond to the concentrations, used in the producing of beverages by means of protein-carbohydrate interaction [5],
and to the conditions of microencapsulation by the method of complex coacervation [4,18]. Recall that at pH values
more than [EP, gelatine is in form of negative-zwitterion, and is becoming “pure” anion at pH > 10. At the same time,
gelatine is in form of positive charged zwitterion at pH lower than IEP, and is converted in “pure” cation, Gel*, at
pH <2.0[3,10].
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Figure 8. Phase diagram of the gelatine-alginate system.

The Region I corresponds to the mutual repulsion of negatively charged zwitterions Gel~" and “pure” anions
of Alg™. Although the main part of the Region I is located at pH > 5 (above the isoelectric point of gelatine), it still comes
down to a pH of = 4.5 in the left side, wherein the ratio m, /m Alg is low. We explain this fact that at high concentrations
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of alginate occur full repayments of positive charges of gelatine by the excess of negative charges, as evidenced by the
formation of transparent viscous solutions instead of sols and floccules in these conditions.

In the Region I1, the formation of a high-negatively charged sols or suspensions formed from the large floccules
takes place. In such colloidal systems the sedimentation does not occurs for several days. Deposition delay takes place
because of powerful repulsion between surfaces of floccules. It is known that alginic or hyaluronic acid occurs in the
anionic form at pH greater than 3.5 [9,23]. Due to this fact, there is a sufficient number of negative charges of alginate
in this Region, which can neutralize many molecules of gelatine-zwitterion. Excess of negative charges, derived from
alginate, is decisive for electrokinetic potential of the colloidal system in this Region, and total charge of resulting
colloids (GelAlg") are negative. Colloids, formed in this Region, can minimize the using of gelatine in production of
wines for the consumers, which abstain from the proteins of animal origin [24]. Electrokinetic properties of so charged
colloids can be similar to agent properties for the binding of metal ions [25], and in our opinion, can substitute these
agents in the production of wines and beverages.

In the Region III, there is an interaction similar to that observed in the Region II: colloids are kinetic stable and
do not precipitate quickly, i.e., large excess of the gelatine in the form of zwitterions causes the global charge of colloids
to be positive. Therefore, we have named as Gel*Alg the floccules and sols obtained in these conditions.

The Region IV characterizes the formation of dense large flocks that undergo rapid sedimentation, which
occurs in few minutes. The impossibility to determine their charge by electrophoresis proves that charges of sols and
floccules, resulting in the Region IV, are close to zero. Numerically, the change of charge point is shifted to the higher
gelatine concentrations, when pH increases (Table 1). Control experiments showed the greatest turbidity of pure gelatine
solutions at pH 4.75-5.00. Therefore, the top point of this area corresponds to the isoelectric point of gelatine type
“B” [12]. This fact explains nearly neutral charge of complexes GelAlg in the conditions, when m /m,, ratio tends to
infinite and pH is near IEP value. Moreover, the neutral flocks form the agglomerates, which quickly lose their ability
to peptize. According to the basic knowledge of colloid chemistry, the conditions, corresponding to the Region IV,
are of practically importance for the deposition of undesirable colloids in beverages by means of co-sedimentation
mechanism [7]. Therefore, it can be argued that the formation of neutral 3D-structures GelAlg® is not desirable in other
cases, when the repulsion between the colloidal particles, but not their mutual coagulation, is necessary. Thus, it should
be demonstrated that neutral charge of protein-polyuronate complexes GelAlg or GelHur is undesirable for stability of
oil-containing microcapsules, possessing the shells, which are formed from these biopolymers.

In the Region V that is characterized by low pH values, the pattern is a somewhat peculiar. At pH < 4 gelatine
solutions acquire high transparency, inherent for the true solutions of HMC and for non-colloids. This transparency
appears because of straightening of the molecules due to the intra-molecular repulsion (excess of positive charges in
the zwitterions Gel™) [6,7]. At the same time, the solutions of alginate in this pH range, behave quite differently. At pH
values below 3.8, the alginate solutions lose their transparency and the alginate precipitates in form of alginic acid at
pH = 3.5, taking place a reaction: Alg~ + H* — HAlg. Solutions of the hyaluronates behaved similarly: hyaluronic acid
precipitates in the form of gelled sticks by lowering the pH below 3.5. Thus, in the Region V the formation of GelAlg or
GelHur floccules is accompanied and is aggravated by the protonation of polyanions.

The above-described phase diagram “gelatine-alginate” explains well the behaviour and stability of lipid-
containing microcapsules with gelatine-polyuronate shells under various conditions. In the model solutions with pH
corresponding to the Regions II...VI, microcapsules behave differently. In the conditions of Region II the microcapsules
are high stable and do not stick (Figure 9, a). For neutral Geldlg® or GelHur" complexes, microcapsules suffer
agglomeration (Figure 9, b) and total destruction (Figure 9, ¢).

a b c

Figure 9. Microcapsules with gelatine-hyaluronic shells: a) stable, in the conditions of Region II; b) coagulated
in the conditions of Regions V or VI; ¢) destroyed after 3 days in the conditions of Region VI.
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It can be noted that gelatine-alginate or gelatine-hyaluronate shells of microcapsules, being under the conditions
of Region VI, undergo following reactions:

Geldlg= + H" — GelAlg® (or: GelHur~+ H* — GelHur°) (6)
GelAlg® + H — HAlg + Gel” (or: GelHur® + H — HHur® + Gel") (7)

In our opinion, the complete destruction of high-molecular structures does not occur immediately. Only structural
recombination of shells, described by Eq.(6) and Eq.(7), accompanied by a change of their charge and, obviously, with
latent changes in the conformation of macromolecules, take place. Due to this fact, the destruction of microcapsules with
removal of lipid phase completed after 3...4 days. Conglutination of microcapsules and recombination of their shells,
occurring in Regions V and VI, are accompanied by the release of encapsulated content and with the formation of foam-
like dodecahedron structures, consisting of protein-poliuronate colloids (Figure 9, ¢).

The regularities of formation of charged colloids, probably, also refer to protein-based colloids, which are
formed with different polyuronic acids, pectins and other polysaccharides possessing acidic functional groups.

Conclusions

There were found the conditions for the formation of negatively charged, the positively charged and the neutral
colloids. It was observed that the properties of protein/polyuronate system depend on their mass ratio logarithmically.
The molecular weight of neutral charged colloids decreases with diminishing the pH value. A phase state diagram, which
reflects the influence of pH and ratio of the components (gelatine and alginate) on electric charge and stability of the
resulting polymer complexes, was developed. The Diagram is of great practical interest for predicting the properties of
different food systems. In particular, the Diagram shows the most suitable conditions for obtaining of microcapsules
with stable gelatine-alginate or gelatine-hyaluronate shells with a negative electric charge {Region II, pH = 3.0...4.5,
me /m Als ratio 2...8, Geldlg, M, e = (1.23) 10°D}. Due to their negative charge, the colloids, obtained in the Region
I, can be used for sedimentation of different positively charged particles in different food systems, inclusive wines
and beverages. The Region III, with strong positive charge of colloids {pH = 3.0...4.0, m_ /m At — 40..90, Gel'Alg,
Mg, = (15..35) - 10°D}, is suitable for microencapsulation, but is characterized by great consumption of gelatine
for shell’s constructing. Phase diagram shows that gelatine-alginate colloids with { = 0 {Region 1V, pH = 3.0...4.5,
me /m Als ratio 10...30, GelAlg’, M, e = (4..10) - 10°D} are not suitable for microencapsulation. At the same time, the
complexes with zero charge, obtained under the conditions of Region IV, are of greatest interest for quickly clarification
of beverages.
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