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PREFACE
We feel pleasure in presenting the manual as adapted concise course in Medical chemistry for the First year English medium students of Medical Universities. The manual is written strictly in accordance with the prescribed syllabus. We feel convinced that the students face a lot of difficulty in understanding the language and the wide contents of the chemistry books. Therefore, we have made an attempt to bring out a simplified, helpful, comprehensible, brief book. The information has been given as compact description of all theoretical and practical questions needed to complete the course of Medical chemistry successfully in accordance with the modern examination system. The contents of the manual have been divided in two modules which comprise all topics to be considered.  Exercises have been included to enable students to apply their knowledge of the essential facts required in a course. 
It is hoped that the manual will be received as an effective laconic text book and English medium students would find mastering the basics of Medical chemistry not such a difficult task after going through the contents and exercises. 

Module 1

Acid-base equilibria and complex formation in biological liquids

Informative module 1

Chemistry of biogenic elements.

Complex formation in biological liquids
BIOGENIC s-, p- AND d- BLOCK ELEMENTS: 

BIOLOGICAL ROLE, APPLICATION IN MEDICINE
Characteristic of the subject

All living organisms consist of different quantities of all known chemical elements. 96% of the human body is made up of four p-block elements — organogens: carbon, oxygen, hydrogen, and nitrogen. There is a great content of sodium, potassium, calcium, phosphorus, sulfur, etc. in the human organism. Microelements, which majority is represented by d-block elements, in the composition of enzymes, hormones, vitamins and other biologically active substances participate in reproduction, growth, and metabolism processes. Studying of properties of chemical elements, their role in vital activity is necessary for a future physician for better understanding the normal and pathological processes taking place in the human organism. 
Practical skills

1. To be able to characterize elements from the point of view of their electronic structure and their position in Mendeleyev’s Periodic table.

2. To have the idea about biogenic role of the most important s- and p-block elements.

3. To be able to characterize electronic structure of d-block elements atoms and to predict their properties.
4.  To have the idea about biogenic role of d-block elements.
Questions
1. Chemical elements: common data.

2. Biogenic elements:  general aspects.
3. Biological role of chemical elements, application in medicine. 
1. Chemical elements: common data

All matter in the Universe occurs in the form of atoms of a small number of elements. An atom is the fundamental unit of an element. For each element, it consists of a unique (fixed) number of positively charged protons in a central nucleus - the atomic number for that element - surrounded by a cloud of an equal number of negatively charged electrons. Electrons exist in principal energy levels known as shells. The electron capacity for the first shell is 2, for the second shell is 8, for the third is 18, for the fourth is 32.  

 Shells contain one or more subshells. The first shell  has an s subshell. The second shell  has two subshells, an s and a p. The third shell has three (s, p and d) and the fourth shell  has four  (s, p, d and f). Each subshell is composed of one or more orbitals.  An orbital is the region of space where there is the highest probability of finding a particular electron. An orbital can contain one or two electrons. An             s subshell is composed of one orbital and has a capacity of two electrons. A                 p subshell is composed of three orbitals, so it has a capacity of six electrons (two per orbital). A d subshell is composed of five orbitals (maximum is 10 electrons), and f subshell is composed of seven orbitals (14 electrons). The different types of orbitals are differentiated by their shape. 

There are 92 naturally occurring chemical elements in the Universe. In the Universe, the chemical elements differ greatly in their relative abundance. Hydrogen and helium are the most common elements. In the Earth System, the chemical elements also differ greatly in their relative abundance. There are about 25 biogenic elements which play major roles in the living systems. 

The Periodic Table is a two-dimensional tabular arrangement portraying the elements in terms of similarities and differences in chemical properties. This method makes use of the periodicity, or repeating nature, of properties of the elements. The periodicity results from the way in which electrons fill in s, p, d, and f orbitals. 

In the table, the elements are arranged in rows in increasing order of atomic number, running from left to right across the table. The horizontal rows are called periods. The periods are numbered from one to seven using Arabic numerals, corresponding to the seven energy levels of an atom that can contain electrons. Across each period, going from left to right, there is a progression from metals to non-metals.

The columns are termed groups or chemical families and are usually denoted with roman numerals.  There are eight groups (I to VIII). In each group, the outermost electron shell contains the same number of electrons for each member. The number of electrons in this outermost shell is the group number. The number of electrons in the outermost energy level (valance electrons) determines the chemical characteristics of the element. In the periodic classification of elements, the elements have been broadly divided into four blocks namely s, p, d, and f-blocks. The division is based on the type of atomic orbital which receives the last electron in the atom. 
The groups are numbered from left to right by Roman numerals I through VIII and the letters A and B. The elements belonging to s- and p – blocks in the periodic table are called representative elements or the main groups elements. They belong to groups  I – VIII A. The main elements of life – macroelements (macrominerals) – C, H, O, N, P, S, Na, Ca, K, Mg, Cl – are in this category.                All s-block elements are metals possessing pronounced reducing properties. They locate in groups IA and IIA. Highly reactive metals – alkali metals are in group IA. Another group of metals that are also chemically reactive is found in group IIA and are known as the alkaline earth metals. Atoms of these elements show the constant valence and oxidation state. Valence of IA group elements is 1, oxidation state +1, and valence of IIA group elements is 2, oxidation state +2. All of these elements are metals possessing pronounced reducing properties. Reducing properties and ionic radii increase while going down the group. Electronegativity decreases in the same direction. 

The main biometals are sodium, magnesium, potassium, calcium, lithium. Beryllium, strontium, and barium are toxic. 

s-block elements easily react with hydrogen, oxygen, halogens, sulfur with formation of hydrides, oxides or peroxides, halides and sulfides correspondently.  

s-block elements oxides and hydroxides are basic, accept of beryllium ones which are amphoteric  in nature.  Hydroxides of Li, Na, K, Rb, Cs, Ca, Sr, and Ba are strong bases called alkali.  

 The elements belonging to groups IIIA to VIIIA belong to p-block.  Some of them are metals and others are non-metals.  Five out of thirty p-block elements (C, O, N, P, S) are organogens.  Group VIIA are all the most active nonmetals and are known as the halogens. They are oxidizing agents, decreasing in oxidizing power (and chemical reactivity) with increasing period, so that fluorine is the most reactive and iodine the least. Characteristic valences and oxidation states for                  p-block elements are:

IIIA group – III, +3; 

IVA group – II, IV, -4, +2, +4; 

VA group – III, V, -3, +3, +5.  Nitrogen has a special position – its valences in the compounds are I, II, III, and IV; typical oxidation states are from -3 to +5.

VIA group – II, IV, VI, -2, +4, +6. The valence of oxygen in the compounds is usually II and oxidation state – -2.  Only in peroxides oxygen is -1, e.g. H2O2. 

VII group – I, III, V, VII, -1, +1, +3, +5, +7. Fluorine always has valence I and oxidation state -1.  

p-block elements react with metals, hydrogen, oxygen, sulfur, halogens, and water.                  
The elements in group VIIIA are collectively termed noble or inert gases. Their electronic configurations are very stable as the outer shell of electrons is complete. They exist as monatomic gases.

 The B group elements consist of three rows of 10 elements in the middle of the table and are called the transition elements, or transition metals. They are          d-block elements. These elements have very similar chemical properties not only within the group, but also along periods. All the transition elements are metals. In contrast to representative elements, the transition elements form a large number of coordination complexes. Such vitally important biological compounds as hemoglobin, myoglobin,  vit B12, cytochromes, catalase, peroxidase, chlorophyll, etc are  complexes (complex compounds).  
IIIB group consists of scandium (Sc), yttrium (Y), lanthanum (La), and actinium (Ac). The oxidation state of the scandium subgroup elements is +3 in most of their compounds.  The valence is III. 

 IVB group consists of elements titanium (Ti), zirconium (Zr), and hafnium (Hf). The most stable oxidation state is +4, the +3 oxidation state is known only for titanium. The typical valence is IV. Titanium owing to inactivity to the organism’s tissues is widely used in medicine – prosthesis (including dentistry), medical instruments, etc.

 VB group consists of vanadium (V), niobium (Nb) and tantalum (Ta). The most stable oxidation state is +5, the maximal valence is V. Metallic vanadium in the form of alloy with gold is used in prosthetic dentistry. The great biological compatibility is unique property of tantalum which is widely used in bone and plastic surgery.

VIB group consists of chromium (Cr), molybdenum (Mo) and tungsten (W).  The maximum oxidation state of the elements of this group is +6. The other oxidation state is +3. The maximal valence is VI.  The most abundant element of this group is chromium. Biological activity of chromium is due to its ability to form coordination complexes.

 VIIB group consists of manganese (Mn), technetium (Tc) and rhenium (Re). Of these elements, manganese is important. The maximum oxidation state of manganese is +7 but it also shows +2, +3, +4, and +6. The maximal valence is VII.   It is one of the most abundant elements.

VIIIB group. The elements of this group constitute three triads:                       Iron (Fe), Cobalt (Co), Nickel (Ni); 

Ruthenium (Ru), Rhodium (Rh), Palladium (Pd); 

Osmium (Os), Iridium (Ir), Platinum (Pt). 

The first triad is known as ferrous metals. Iron and cobalt exhibit oxidation states of +3 and +2 in their compounds while nickel compounds are generally in the +2 oxidation state. The elements of second and third triads - are collectively called platinum metals.  Ions of iron, cobalt, nickel, and platinum are able to form complex compounds. Coordination number of iron is 6, of cobalt and nickel is 4 and 6, and of platinum is 4. 
 IB group consists of metals copper (Cu), silver (Ag) and gold (Au). These metals are collectively known as coinage metals. The most stable oxidation state for copper is +2 while silver and gold have +1 stable oxidation state. These metals form alloys with many other metals. Among these metals, copper is the most abundant. Coordination number of Ag+ is 2, of Cu 2+ is 4, and of Au 3+ is 4. 

IIB group consists of zinc (Zn), cadmium (Cd) and mercury (Hg). This group has a characteristic oxidation state of +2, except for mercury which also forms +1 compounds. Mercurous ion, Hg(I) is unique in the sense that it consists of two atoms of mercury linked by a covalent bond.  Mercurous ion, is therefore, written as Hg22+. For example, mercurous chloride (calomel) is written as Hg2Cl2 [Cl-Hg-Hg-Cl]. Hg+ as such does not exist. 

Mercury is only metal which exists as liquid at room temperature. Zinc has a great tendency to form complex compounds. Coordination number of zinc is 4, of cadmium is 6, and mercury shows 4 and 6. 

The elements in which the last electron enters the f-orbital of their atom are called f-block elements. In these elements, the last electron is added to the                 f-orbital of the third to the outermost (called antepenultimate) energy level. These elements are also called inner transition elements. Elements 58 to 71 are the Lanthanide or Rare Earth elements. Elements 90 to 102 (to 103 if the elements that have been created artificially are counted) are termed the Actinide elements. Lanthanide and Actinide form two rows of 14 elements at the bottom of the table.
2. Biogenic elements: general aspects

Living organisms, like all other matter on earth, are composed of atoms of the naturally occurring elements.  Fifteen elements – oxygen, silicon, aluminum, iron, calcium, sodium, potassium, magnesium, hydrogen, titanium, chlorine, phosphorus, carbon, sulfur, nitrogen – constitute 99,68% of Earth's mass.  All other elements make up less than 1%. 82 out of 92 of naturally occurring elements are found in living organisms, and there are about 25 elements that have so far been shown to be essential to life. 

Some elements widely present in nature are seldom detected in human and vice versa. Peculiarities of elemental accumulation are displayed in this fact – active and selective use of outer elements to support homeostasis and construct organism independently of changing environmental parameters.

Hydrogen, carbon, nitrogen, and oxygen make up 96% of the mass of human body. Calcium, phosphorus, potassium and sulfur constitute 3% of the mass of human body. Iodine, iron, sodium, chlorine, magnesium, copper, manganese, cobalt, zinc and other elements make up 1%. 

The biogenic elements can be classified as macroelements (macrominerals)  - the content in the organism is more than 10-2% and   microelements (trace elements) - the content in the organism is 10-3 – 10-5%.  

Macroelements are elements found in almost all of Earth's living systems. There are 11 of them. Six are called organogens or major biogenic elements. Organogens are: C, O, H, N, P, S. The content of them is 97% in the organism. These elements have not very large atomic radii and intermediate values of electronegativity. These facts are favorable for strong covalent bonds formation. Remaining five macrominerals or minor biogenic elements (elements found in living systems in relatively small quantities), are Ca, Cl, Mg, K, Na. 
 
Microelements are essential elements necessary only in very small quantities to maintain the chemical reactions on which life depends. These are: Cu, Fe, Mo, Zn, Co, F, I, B, Mn, Se, As, Si, Cr, Ni, Sn, V. 


The main organogen is carbon. It is capable to form strong covalent bonds. Carbon, hydrogen, oxygen, nitrogen, sulfur, phosphorus constitute proteins, nucleic acids, carbohydrates, lipids. In the proteins the content of carbon is           51 – 55%, oxygen – 22 – 24%, nitrogen – 15 – 18%, hydrogen – 5 – 7%, sulfur – 0.3– 2.5%.  Besides, organogens make up many inorganic molecules (carbon dioxide, nitrogen (II) oxide (important bioregulator) and anions (carbonate, phosphate, sulfate, etc) which are important for body functions.  Nowadays it is recognized that the microelements play very important nutritional role.  
Conception of microelementoses has been introduced to mark all pathological processes provoked by deficiency, surplus or misbalance of microelements. 

3. Biological role of chemical elements, application in medicine
Carbon The total content of the carbon in human organism make up 21.15%(mass).  Carbon – is a base of all organic compounds. Carbon is characterized by the ability to form covalent bonds.  From the biochemical point of view is very important that all chemical bonds formed by the carbon are strong and labile at the same time, which means that they can be broken easily in the course of biochemical reactions. That’s why carbon is considered to be organogen number one. Carbon is in composition of all tissues, cells and biologically important compounds: proteins (from 50.6 to 54.5%(mass)), vitamins, hormones, enzymes, etc. 

 Carbon dioxide (3 – 5 –7 %) in mixture with oxygen is used in medicine for inhalations. It stimulates and excites respiratory center. Mixture of carbon dioxide and oxygen is administered in case of shock, depressing of respiratory center, asphyxia in newborns, poisonings, etc. Beverages containing CO2 increase secretion and absorption in alimentary canal.   Dry ice is used for freezing of tissues in histology, in dermatology it is applied for cure neurodermite, leprosy, warts, etc. 

Potassium and sodium bicarbonates along with carbonic acid form buffer system in the organism. Activated carbon (pharmaceutical compound) adsorbs gases, alkaloids, toxins. It is administered in case of meteorism, alimentary intoxications, poisonings with alkaloids and salts of heavy metals. Sodium bicarbonate (pharmaceutical compound) neutralizes hydrochloric acid of the gastric juice, i.e. possesses antacid properties, increases alkaline buffer capacity of the blood and takes out acidosis. It is administered in case of hyperacid gastritis, peptic ulcer of a stomach and duodenal intestine, acidosis. It is prescribed externally in otolaryngology, stomatology and ophthalmology. It may be used for neutralization of acids got on the mucosas and integuments. 

Hydrogen is one of six elements – organogens (C, H, O, N, P, S), which constitute 97,4% of human body mass. Hydrogen makes up about 10 % of human body mass. Hydrogen is included into composition of most important organic and inorganic substances which play great biological role in the human organism. For example, the content of the hydrogen in the proteins is from 6,5 to 7,3%, molecules of nucleic acids are connected by hydrogen bonds. Hydrogen also is a component of such biologically important compounds as vitamins, hormones, enzymes, water, etc. The water content in the body of the adult person is about 70 %. 
Water is the necessary metabolite; it participates in hydrolysis reactions, hydration and swelling processes. Water maintains acid-base, osmotic, hemodynamic, and thermal equilibria, and also provides turgor of tissues. The natural mineral water possessing physical influence on an organism is applied in medicine. Hydrogen peroxide Н2О2 in the form of 3% solution is used as disinfectant and hemostatic substance.  
Oxygen  is organogen. The total content of oxygen in the human organism is 62.43%. The organism of adult men consumes 264 cm3 of oxygen per minute in the rest state. Oxygen plays an exceedingly important role in nature. It takes part in all types of metabolism. It participates in one of the most important vital processes – respiration. Another important process which oxygen participates in is the decomposition and decay of dead animals and plants. Here complex organic compounds transform into simpler ones (in the long run into CO2, water and nitrogen), and the latter again return to the general cycle of substances in nature. Plants produce oxygen in the course of photosynthesis.  All oxidation-reduction reactions proceed in the presence of oxygen. Oxygen enters the composition of proteins (21.5 – 23.5%), carbohydrates, lipids, nucleic acids, vitamins, hormones, enzymes, etc. The lowering of the oxygen content in the organism decreases its protective activity. When oxygen is used along with carbonic acid, it stimulates respiratory and vasomotor centers. Oxygen introduced in stomach suppresses some helminthes (ascarides).  Oxygen and its compounds help cure cardiovascular, infectious diseases, malignant tumors, etc. Oxygenotherapy finds its use in many branches of medicine.  Oxygen is used in case of hypoxia, pneumonia, poisoning with carbon monoxide, hydrocyanic acid. In anesthesiology it is employed along with inhalation narcotics. Radioactive isotope 15O is used for the determination of oxygen content in the organs. 

Ozone O3 is of great biological importance.  Being a strong oxidizing agent, ozone kills bacteria, fungi, viruses and is therefore used for disinfecting water and air. If inhaled along with air it stimulates metabolism, kidneys function, increases protective functions of the organism, and improves sleep and state of health. That is why it is used in treatment of heart, kidneys, alimentary canal, skin diseases, helps cure tuberculosis, etc.   

Ozone is poisonous. Its maximum allowable content in air is 10-5%. Its odour is well discerned at this concentration. At higher concentrations it causes headache, nausea, nasal bleeding, and eyes inflammation. Ozone layer protects the Earth from the harmful solar ultraviolet radiation. 

Nitrogen is one of six elements – organogens (C, H, O, N, P, S) which form the majority of human body mass (97.4%). The total amount of nitrogen in the organism is 3.1% mass. Nitrogen is the obligatory component of aminoacids, proteins (15 to 17.6%), vitamins, hormones, phospholipids, nucleic acids, etc. Nitrogen forms rather strong polar covalent bonds which can be broken easily under the action of enzymes. This fact favors to biochemical reactions.      
Free nitrogen is the main component of the air, which contains 78.2% of it.  Liquid nitrogen is affective agent in treatment of some skin and mucosas diseases (warts, vascular birthmarks, papillomas, etc.). Nitrous oxide (N2O) is a safe anaestetic with very few side effects. It is widely used to induce surgical anaesthesis. Spirit of ammonia is widely used in medicine. If taken orally or inhaled it stimulates central nervous system. It is used in case of faints, alcoholic intoxications. A number of inorganic and organic nitrites (sodium nitrite, ethyl nitrite, glyceryl trinitrate (nitroglycerine), etc. have been reported as useful coronary dilators. Nitroglycerine is taken sublingually and is useful for both relief of heart attacks and long term management of angina patient. It produces vasodilation in several minutes. Ammonium chloride is used as diuretic in case of edemas caused by heart failure. Besides, NH4Cl is used as expectorant. Nitric acid is employed in laboratory researches for quantitative determination of proteins in the urine and other biological fluids. The source of nitrogen is meat, fish and milk (protein containing products). 

Phosphorus is one of organogens. The total content of phosphorus in the human organism is 0.95%. It is needed by all living beings because it enters the composition of some proteins of both a vegetable and an animal origin (0.5 – 0.6%), nucleic acids, nucleotides, phospholipids, enzymes, etc.  Phosphorus is contained in proteins of milk, blood, brain, and nerve tissues. A large amount of phosphorus (85% of total amount) is also contained in the bones and teeth, mainly in the form of the compounds 3Ca3(PO4)2·Ca(OH)2 and 3Ca3(PO4)2·CaCO3·H2O. The daily requirement for phosphorus in human is 1.3g. Carbohydrates and fatty acids can be utilized in the organism only being phosphorylated. Phosphorus metabolism is closely bound with calcium one. Calcium can not be assimilated well in the lack of phosphorous and vitamin D which results in rickets developing.   Phosphorus plays an especially important role in activity of brain, skeletal and cardiac muscle. Phosphorus takes part in ionic transmembrane transport. Phosphoric acid and its salts form buffer systems which maintain the pH level in the organism. Significant energy portion evolved in metabolism of carbohydrates and other compounds accumulates in the organic compounds of phosphoric acid rich in energy. Phosphate groups joining ADP form ATP which is the universal energy source and supports physiological activity of organism cells. Phosphorus metabolism is regulated by parathyroid glands.

Some phosphorus containing compounds are used in medicine. ATP is prescribed in case of muscle dystrophy, muscle atrophy, myocardial dystrophy, stenocardia, hypertension, etc. Calcium glycerophosphate enhances anabolic processes, normalize the nerve system function. It is prescribed in neurasthenia, overfatigue, dystrophy, etc. Phosphorus compounds are also employed in stomatology. 

Milk and fish can serve as the source of phosphorus. 

Sulfur  is organogen (0.16%). The daily requirement in adult men is about 4-5g. Sulfur enters the composition of many organic substances including aminoacids (cystine, cysteine, methionine), proteins, hormones (insulin), vitamins (vit B1). There is a lot of sulfur in the hair keratin, wool, bones, and nerve tissue. In the organism sulfur gets oxidized with formation of sulfuric acid, which participates in detoxication of poisonous compounds formed in intestine from aminoacids (phenol, cresol, skatole, indole), and alien substances, e.g. drugs, etc.  

Purified sulfur has antimicrobic and antiparasitic action. It is used externally in dermatology. Sulfur dioxide SO2 serves as a disinfectant for destroying mould fungi in basements, cellars, fermentation tanks, etc. Sulfozinum (1% solution of sulfur in peach-kernel oil) is administered for treatment of schizophrenia, general paralysis, dipsomania.

If used internally along with organic substances, precipitated sulfur (pharmaceutical compound) forms sulfides and pentathionic acid which possess antimicrobic and antiparasitic action. It is used in dermatology.

Sodium thiosulfate (Na2S2O3) and its 30% solution for injections are used for detoxication, as anti-inflammatory, antiallergic and antiparasitic agents. Sodium thiosulfate is also administered as antidote in poisonings with heavy metals, hydrocyanic acid, halogens, arsenic, and mercury. Lean, fish and milk provide sulfur for the organism.

Calcium is one of the most widespread elements in nature. Calcium is present in every cell of human body. It is a macroelement (1.4 %). The daily requirement for calcium is 0.8-0.9g.  Concentration of calcium ions in the organism is regulated by hormones of parathyroid gland.  Calcium absorption in the organism depends upon many factors and is controlled by vitamin D. In the case of vitamin D deficiency the absorption of calcium decreases. Calcium being in the form of salts CaCO3 and Ca3(PO4)2  is the major structural  component of osseous tissue and teeth.   The content of calcium in bones closely relates with the presence of phosphoric acid salts. Hardness and growth of skeleton, bones mineralization depend upon the content of calcium. Calcium is actively involved in the processes of neuromuscular excitation (as an antagonist to K+ ions), muscular contraction, and blood clotting; calcium affects the permeability of cell membranes. Ca2+ ions promote acetylcholine secretion (magnesium antagonist). Calcium is present in the composition of some enzymes (e.g. lecithinase) and influences their activity. Calcium ions influence acid-base equilibrium; thyroid glands function, possess anti-inflammatory and desensitized actions.  Calcium ions are antagonists for the sodium, potassium and magnesium ions. 

Calcium chloride decreases vessels permeability, causes antiallergic and anti-inflammatory action. It is used in case of allergy, radiation sickness, bleeding, bones fractures, dermal diseases, and poisonings with magnesium salts, oxalic acid, hydrofluoric acid, lead, mercury, and phosgene. Calcium carbonate deposited CaCO3 has antacid and absorptive properties. It is administered internally to treat disorders of alimentary canal. Calcium sulfate (dried gypsum) 2CaSO4·H2O is applied for gypsum bandages in case of fractures. Calcium hydroxide and calcium oxide find their use in stomatology.  Soluble calcium salts are used in medicine for electrophoresis.

Milk food, vegetables, cereals are the source of calcium for the organism. 

Sodium is a macroelement (0.25 %). It is the main extracellular ion. It is contained in the plasma, lymph, digestive juice. Daily requirement for human is 4 – 7 g. Among the blood plasma cations, sodium heads the list and accounts for 93%(mass) of their total amount. Sodium is a major osmotically active ion in extracellular space.   Sodium plays the most important role in water-and-salt balance, regulation of nervous-muscle activity, kidneys function. Na+ ion participates in the maintenance of pH in the organism. Sodium and potassium ions provide generation and sustenance of bioelectric potentials – the so-called resting potential and action potential in the nerve cell and myocytes (sodium pump). These ions maintain transmission of nervous impulses through membranes of nervous cells and sustain a normal excitability of cells.  

The change of sodium ions content in an organism disturbs functions of nervous, cardiovascular systems, smooth and skeletal muscles. Sodium influences the function of enzymes and participates in the regulation of water metabolism. Sodium is able to increase the swelling of proteins (fixing of water by proteins). 

Isotonic solution of sodium chloride (0,9%(mass)) is used to help cure poisonings, toxic dyspepsia, vomiting, cholera, acute hemorrhage, shock. It is also used for dissolution of different medicines. The hypertonic solution is administered intravenously for treatment of pulmonary, gastric, intestinal and other internal bleedings. Externally it is applied as compresses to cure purulent wounds. 
Sodium sulfate is used as purgative, cholagogue agent, diuretic. Sodium bicarbonate neutralizes hydrochloric acid of the gastric juice, increases buffer capacity of the blood and reduces acidosis. Sodium bicarbonate is administered orally for cure of hyperacid gastritis, peptic ulcer of a stomach and duodenal intestine. 

The source of sodium for the organism is common salt (NaCl). 

Potassium is a macroelement (0.22%). It is in composition of organs and tissues of the organism. It is contained in liver, kidneys, heart, brain, muscles, blood, etc. Potassium is the main intracellular ion, so the potassium level in the cells is much higher as compared to the extracellular space. Potassium ions along with sodium ions are responsible for the generation and sustenance of bioelectric potentials. Potassium ions participate in the protein synthesis, carbohydrates metabolism, they influence activity of some enzymes. Potassium is especially essential for muscle activity, including myocardium, supporting of water-salt balance, and function of endocrine system. 

The increased content of potassium in the organism is accompanied by decreasing of nerve and muscles excitability and conductibility, large doses of potassium suppress cardiac contraction (bradycardia). Toxic doses cause appearing of small intestine ulcers and cardiac standstill.   

The decreased content of potassium leads to grave disturbances of cardiac performance (tachycardia). 
Potassium chloride helps cure serious intoxications, persistent vomiting, muscular dystrophy, disturbances of cardiac rhythm; it is used for restoration of potassium level in the organism. Potassium acetate CH3COOK is applied for edemas reducing. Potassium bromide and potassium iodide are administered for nervous system and myocytes regulation.  Potassium orotate is antiarrhythmic substance. 
Vegetables (e.g. Brussels sprouts) and meat are the source of potassium for the organism. 

Potassium surplus may lead to calcium deficiency.

Magnesium is a macroelement (0.04%). The bivalent magnesium ion, Mg2+, is found mostly within the cells. Topography of magnesium in the organism is the following: dentine, enamel of teeth, bones, pancreas, skeletal muscles, kidneys, brain, liver, heart. The daily requirement is 10 mg per 1kg of body weight.  In biological fluids magnesium is present in the free state as well as being bonded with proteins.   There is a lot of magnesium in plants.  It is in composition of chlorophyll molecules C55H72O5N4Mg (up to 2%(mass)), Mg2+ ions are complexing agents in these molecules.  Magnesium is of great importance for the organism. Ions Mg2+, depending upon the concentration, block or provide nervous - muscular transmission, they suppress the respiratory center, decrease the arterial pressure. Magnesium is a component and activator of some enzymes, (e.g. carboxypeptidase, cholinesterase, etc.) Magnesium forms complex compounds with proteins of some enzymes (e.g. enolase, phosphorylase, etc). Mg2+ ions inhibit acetylcholine secretion, promote cholesterine excretion, and stimulate peristalsis of the intestine and bile secretion. They also influence carbohydrate metabolism, stimulate protein formation, regulate energy storage and redemption in ATP, decrease excitation in nervous cells, and relax cardiac muscle.

Magnesium compounds are widely used in medicine.  Magnesium sulfate MgSO4·7H2O, or Epsom salt, is recommended for the treatment of cramps, hypertension, gallbladder disease, for anesthesia of labor. If administered internally it provides laxative, cholagogue, diuretic actions. White clay (ammonium silicate with calcium and magnesium silicates impurity) possesses adsorbing properties. In dermatology it is used externally in the composition of powders, ointments, pastes, internally – in case of intoxication. Magnesium thiosulfate  MgS2O3  is prescribed internally in case of hypertension, atherosclerosis, chronic coronary failure, alimentary canal disorders.  Magnesium carbonate (magnesia alba) 3MgCO3
[image: image2.wmf]´

Mg(OH)2·3H2O, magnesium oxide (magnesia usta) and magnesium trisilicate Mg2Si2O8 ·H2O have antacid action, they are used in case of hyperacid gastritis, peptic ulcer of stomach and duodenum, poisonings with acids. Magnesium peroxide (MgO2
[image: image3.wmf]´

MgO) is antimicrobic and astringent substance. It is used in case of dyspepsia, meteorism, and diarrhea. Asparcam consisting of potassium aspartate and magnesium aspartate is used to compensate the deficiency of potassium and magnesium in the organism and is prescribed as antiarrhytmic drug.  
Vegetables with green leaves (containing chlorophyll) are the source of magnesium for the organism. Surplus of magnesium may lead to calcium deficiency. 

Chlorine is a macroelement 
(10-2%). Mainly it is present in extracellular liquid. The daily requirement for chlorine is 4-6 g. Chlorine ions promote deposition of glycogen in the liver, participate in the blood buffer system formation, osmotic pressure and water-and-salt balance regulation. Chlorine enters the composition of many enzymes, activates amylase secreted by salivary glands. Chlorine ion Cl- is in composition of hydrochloric acid which is very important for digestion. A concentration of hydrochloric acid in the gastric juice of healthy men is  0.5%. The content of hydrochloric acid in the gastric juice may vary   in different pathological conditions. That’s why determination of hydrochloric acid content in gastric juice is of great diagnostic and clinical significance. Chlorine is used for disinfection because it destroys microorganisms by interacting with amino groups of amino acids in microbe cells. Chlorine enters the composition of many organic compounds which possess narcotic and anesthetic properties. These compounds are widely used in medicine. 


Hydrochloric acid diluted (8.2-8.4%) – pharmaceutical compound – stimulates pancreatic gland and liver secretion, activates stomach and intestine function, promotes iron absorption in alimentary tract, has antimicrobic action. It is used in case of anacid and hypoacid gastritis, dyspepsia. 

Sodium chloride is used for isotonic solution preparation, for bathes and showers. Sodium hypochlorite NaClO (0.5% solution) is used for spraying of wounds. Lime chloride CaOCl2 is employed for disinfection. Many chlorine containing compounds (chloroform, pantocidum, chloraminum) are used as solvents and medicines.   Chlorine deficiency in the organism may be caused by vomiting, treatment with diuretics, kidneys diseases. The main source of chlorine for the organism is a table salt.  

Iodine is a microelement (10-4%). Iodine is essential for life and as constantly present in the organism. 15 mg of the total amount is contained in thyroid gland, the rest – in muscles, skin, bones, kidneys, brain, blood, etc. The concentration of iodine in blood is constant - 10-6% - 10-5%. Iodine gets into the body in the composition of food and water.  The daily requirement for iodine is 0.2g. Iodine is required for normal thyroid function. It is found in thyroid hormones (thyroxine, triiodothyronine). In children the iodine deficiency results in cretinism. In the adult age it leads to the compensatory enlargement of the thyroidal tissue – endemic goiter. The therapy of this pathologic state is dietary intake of iodine-enriched nutrients, in particular, table salt with inorganic iodine additives. Iodine participates in water-and-salt balance, influences concentration of potassium and sodium ions in the organism. Iodine stimulates immunity. Iodine and its compounds increase activity of some sex hormones. 
Tincture of iodine (5 and 10% solution) is used externally as antiseptic and anti-inflammatory agent. It is administered internally in case of hypothyroidism and hyperthyroidism, endemic goiter, atherosclerosis, bronchitis, asthma, rheumatism, poisoning with mercury, lead, etc. Microiodum (iodine – 0.0005g, potassium iodide – 0.005 g, valeriana – 0.05g) is a tranquilizer. Iodine compounds are employed as radiopaque substances (cardiotrastum, bilignostum) due to the ability of iodine to retain x-rays. Radioactive isotope 131I is used to cure thyrotoxicosis, thyroid gland cancer. The source of iodine is table salt with inorganic iodine additives, seafood. 

Iron is essential microelement (10-5 %). The daily requirement for iron is        10 mg for men and 15 mg for women. Major part of iron is contained in erythrocytes (60 – 73 % enter the composition of hemoglobin) and in cytochromes which are enzymes of electron transport chain in mitochondria. Iron participates in oxidation-reduction reactions, taking place in the organism. Iron ions Fe2+ and Fe3+ enter the composition of many enzymes, e.g. catalase, cytochrome oxidase, peroxidase, etc. Four ions Fe2+ are in composition of hemoglobin (C3032O872N780S8Fe4). The hem iron always retains its oxidation state unchanged. The deficiency of iron in the organism develops into an anemia. Iron containing compounds are widely used in medicine as antianemic agents. 
Cobalt is a microelement (10-5 %). It accumulates in liver, kidneys, pancreatic gland. The daily requirement for cobalt is 0,05-0,1mg. Cobalt is related to enzymes, vitamins, hormones. It influences protein, fat, carbohydrate and mineral metabolisms. It is also relates to growth and reproduction functions. It stimulates hemogenesis by increasing the number of erythrocytes and hemoglobin quantity in the blood. In case of cobalt deficiency the quantity of hemoglobin in the blood decreases. But if cobalt is taken in surplus immunobiological reactivity of the organism decreases, conditioned-reflex activity is disturbed; hemopoietic organs are affected, etc. Cobalt stimulates vitamins metabolism, e.g. metabolism of ascorbic acid, nicotinic acid (vitamin PP) synthesis, and especially cyanocobalamin (Vitamin B12 C63H90N14PCo) synthesis. Its content in this vitamin is 4,5 %. Cyanocobalamin plays important role in hemopoiesis and other processes. Micro doses of cobalt salts stimulate protein metabolism, e.g. promote deposition of proteins in tissues, increase muscle proteins synthesis. Cobalt stimulates formation of glycogen. Cobalt salts in dose 1-5mg cause hypoglycemia, in higher doses – hyperglycemia. Cobalt sulfate CoSO4 stimulates calcium and phosphorus assimilation. Cobalt ions, depending on concentration, can act either as activator or inhibitor of enzymes, especially of oxidizing enzymes.  Cobalt suppresses excitability of central nerve system. Cobalt chloride CoCl2 stimulates immunity by increasing the rate of phagocytosis. 


Several preparations of cobalt are used in medicine. Cyanocobalamin        (Vit B12), coamidum (complex preparation of Co with nicotinic acid amide) along with iron preparations are used to cure anemias, liver and nerve diseases, etc. Cobalt sulfate CoSO4 is administered in case of anemias related to pregnancy and labor. Cobalt preparations along with manganese preparations are used in inflammations of vessels, liver, in case of epilepsy, hypertension. Radiocobalt-60 (60Co) is used to cure cancer.  Products of animal origin are the source of cobalt for the organism.

Copper is essential microelement (10-4 %). Most copper of the organism is contained in liver, the least – in bones. The daily requirement for copper in adults is 2-3 mg. Copper of the blood plasma makes part of ceruloplasmin. Copper is the part of enzymes essential for the formation of hemoglobin, blood vessels, bones, tendons, and the myelin sheath. Copper relates to enzymes, vitamins, hormones, and other biologically active substances. It enhances the action of insulin and hypophyseal hormones, which stimulate development and function of genital glands. Copper salts stimulate growth and development of the organism; it gives the basis to assume that copper promotes protein synthesis and influences protein metabolism. Copper has specific action on hemoglobin synthesis and erythrocytes formation. Copper participates in carbohydrate metabolism regulation. It possesses insulin-like activity and promotes glycogen formation in liver. Copper influences water and mineral metabolisms. 


Copper makes part of the active site of the enzymes oxidases: cytochrome-c-oxidase, ferroxidase, etc. Copper can act either as activator or inhibitor of enzymes. Copper sulfate CuSO4 (0,003-0,25 mg %) increases immunobiological reactivity of the organism.  

Copper sulfate CuSO4 is applied as antiseptic, astringent and caustic substance. It is used as antidote in poisoning with white phosphorus. Micro doses of copper are administered for treatment of anemias, including those related to pregnancy and labor. Copper preparations are used in psychiatry as they decrease excitation in psychopaths. Copper containing compounds along with iodine are prescribed for prophylaxis and treatment of endemic goiter.   
Zinc is essential microelement (10-3 %). Most zinc of the organism is contained in retina, prostate gland, sperm, mammary gland, liver, muscles. The daily requirement for zinc in adults is 10-15 mg. It increases in the period of growth, sexual maturation, and pregnancy. Zinc relates to endocrine glands function. Zinc influences reproduction processes. It stimulates growth and development, which means that it participates in protein metabolism. Zinc ions take part in fat metabolism, e.g. they decrease the content of fat in organs, in particular in liver.   Zinc also influences the level of glucose in the blood. Zinc is the component of insulin and stimulates insulin secretion. Zinc influences mineral metabolism: when added to food it increases phosphorus excretion and decreases that of calcium. 

Zinc is an essential component of more than 40 enzyme systems, e.g. carboanhydrase, aldolase, lactate dehydrogenase, malate dehydrogenase, carboxypeptidase. Zinc activates several enzymes (peroxidase, aminopeptidase, enolase, arginase), and inhibits others (phosphoglucomutase, protease, alkaline phosphatase, ribonuclease, etc.). Zinc chloride increases the phagocytal activity of leucocytes, i.e. zinc stimulates immunity. Zinc participates in respiration, particularly in the electrons transfer. 

Zinc sulfate ZnSO4 has antimicrobic action, causes astringent and anti-inflammatory effect. Diluted solutions of zinc sulfate (0,1-0,25 %) are used in ophthalmology.  Zinc chloride has astringent and antiseptic effect and is used to heal ulcers, fistulas, etc. Zinc oxide is applied in dermatology in the form of ointments and powders as astringent and antimicrobic agent.  Radioactive isotope 65Zn is used to cure cancers. Several zinc compounds are employed in stomatology. 

In high concentrations zinc compounds are poisonous. 

Self-check exercises
1. Which of the following is s-block element?

a. Sodium
b. Zinc
c. Phosphorus
          d. Manganese

2. Which of the following is organogen?

a. Sodium
          b. Potassium 
          c. Hydrogen
d. Iron
3. Which of the following is macroelement:
a. Manganese
b. Iron 
c. Iodine
d. Magnesium
Ans. 1 – a; 2 – c; 3 – d
Complex Formation in Biological Systems

Characteristic of the subject

Coordination compounds (complexes) are widely present in the minerals, plants and animals, and play many important functions. Many biologically important compounds are coordination compounds in which complicated organic species are bound to metal ions. The common examples are: hemoglobin which is coordination compound of iron, chlorophyll which is coordination compound of magnesium, etc.

Practical skills

1. To be able to determine the type of the complex compound.

2. To be able to name the complex compound.

3. To be able to write the equation of the complex ion dissociation.

4. To be able to write the equation of the constant of instability of the complex ion.

5. To be able to determine the oxidation state of the complexing agent (central ion), the charge of complex ion, coordination number.

6. To know the application of complexons in medicine.
Questions
1. Complexes: general aspects.

2. Structure of complex compounds.
3. Bonding in coordination compounds.

4. Spatial structure and isomerism in coordination compounds.
5. Classification of complex compounds.
6. Nomenclature of coordination compounds (given by IUPAC).

7. Equilibria in the solutions of complexes. Stability of complex compounds.
8. Biologically important complexes. Chelation.
9. Complexometric analysis. 

1. Complexes: general aspects

Complexes (coordination compounds, complex compounds) are a special class of compounds in which the central metal atom or ion is surrounded by oppositely charged ions or neutral molecules more than its normal valence. These compounds are widely present in the minerals, plants and animals and play many important functions. Many biologically important compounds are coordination compounds in which complicated organic species are bound to metal ions. The common examples are: haemoglobin which is coordination compound of iron, vitamin B12 which is coordination compound of cobalt, chlorophyll which is coordination compound of magnesium, etc. 

2. Structure of complex compounds
Complex ion

A coordination compound contains a central metal atom or ion surrounded by a number of oppositely charged ions or neutral molecules. For example, [Co(NH3)3Cl3] is a coordination compound in which the cobalt (+3) ion is surrounded by three ammonia molecules and three negatively charged chloride ions. Other examples are [Ni(NH3)6]Cl2, K[Ag(CN)2], [Cu(NH3)4]SO4, etc. A coordination compound contains a complex ion. For example, [Ni(NH3)6]Cl2 contains complex ion [Ni(NH3)6]2+, [Cu(NH3)4]SO4 contains  complex ion [Cu(NH3)4]2+, K[Ag(CN)2] contains  complex ion [Ag(CN)2]- and so on.  
A complex ion is an electrically charged species which consists of a central metal atom or ion surrounded by a group of ions or neutral molecules. For example, [Ni(NH3)6]2+ is a complex ion in which the central nickel ion, Ni2+, is surrounded by six ammonia molecules. It may be noted that the complex ion may be positively charged or negatively charged or a neutral species. 


Cationic complex is a complex ion which has a net positive charge. For example, [Co(NH3)6]3+, [Ni(NH3)6]2+

Anionic complex is a complex ion which has a net negative charge. For example, [Ag(CN)2]-, [Fe(CN)6]4-.


Neutral complex is a complex ion which has no net charge. For example, [Co(NH3)3Cl3], [Ni(CO)4], [Pt(NH3)2Cl2]. 

Complexing agent (central ion) and ligands

Complexing agent (central metal atom or ion) is the atom or cation to which one or more neutral molecules or anions are attached. 

 Ligands are neutral molecules or ions attached to the complexing agent.  In the complex ion [Ni(NH3)6]2+, Ni2+ ion is the central ion and the molecules of ammonia are the ligands. 
The ligands are attached to the central metal atom or ion through coordinate bonds. It means that while central ion should have vacant orbitals, the ligands should have lone pairs of electrons in the outermost orbitals which can be donated to the central ion. The atom in the ligand which can donate the electron pairs is called donor atom. For example, in ammonia nitrogen is the donor atom and in water oxygen is the donor atom.

Types of ligands


The ligands may contain one or more than one donor atoms for coordination with the central atom. Accordingly, the ligands are classified as follows: 

1. Unidentate or monodentate ligands are ligands which can coordinate to the central ion through only one donor atom.   For example, NH3, H2O, Cl–, CN–, OH–, etc.  

2. Bidentate ligands are ligands which have two donor atoms and therefore, can coordinate to the central ion at two positions. For example, oxalate ion C2O42-, Ethylenediamine H2N-CH2-CH2-NH2 (abbreviated as en). 

3. Polydentate ligands are those having more than two donor atoms present in the molecule. Theses may be called tridentate, tetradentate ligands etc. depending upon the number of donor atoms present in their molecules. The doubly charged anion of ethylenediaminetetraacetic acid is a tetradentate ligand:
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Coordination sphere
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Coordination sphere is combination of the central metal atom and the ligands (molecules or ions) directly bonded to it. This part of the complex behaves as one unit and is non-ionizable. It is generally written in a square bracket. For example, [Pt(NH3)4]2+ represents coordination sphere in the compound [Pt(NH3)4]Cl2. The portion outside the square bracket (coordination sphere) is ionizable. Ionization:

[Pt(NH3)4]Cl2  
[image: image6.wmf]¬

®

 [Pt(NH3)4]2+ + 2Cl– 

[Co(NH3)3Cl3]  does not ionize because there is no group outside the square bracket. 

Coordination number

Coordination number (C.N.) of central metal atom or ion is the total number of σ-bonds formed by complexing agent and ligands. For example:

[Ag(CN)2]–

                C.N. of Ag+
= 2

[Cu(NH3)4]2+

C.N. of Cu2+= 4


[Co(NH3)3Cl3]

C.N. of Co3+= 6


[Fe(C2O4)3]3–

C.N. of Fe3+
= 6


Oxalate ion C2O42- is a bidentate ligand so it forms two bonds and three oxalate ions make C.N.=6. 
Charge of a complex ion


The charge of complex ion is the algebraic sum of charges carried by the central ion and the ligands coordinated to it. For example, [Ni(NH3)6]2+ carries a charge of +2 because Ni2+ ion carries a charge of +2 and ammonia molecule is neutral. 

[Ni(NH3)6]2+:  Charge = +2 +6(0) = +2.


A coordination compound sometimes may not have any charge. For example, [Co(NH3)3Cl3]    carries no charge because Co3+ ion carries a charge of +3,    three   ammonia molecule are neutral and three Cl- ions carry together a charge     of –3.  

[Co(NH3)3Cl3]0:  Charge = +3 +3(0)–3 =0.

Oxidation number or oxidation state of the central metal atom

It is the number which represents the charge which an atom actually has when combined with the other ions or molecules. For example, the oxidation number of Co in the complex [Co(NH3)6]3+ is +3. Oxidation number of the central atom is the main factor affecting the coordination number. 

    
Knowing the charge of the complex ion, we can calculate the oxidation number of the central metal atom. For this, the oxidation number of the central metal atom is assumed to be x and the oxidation number of all other species are substituted. The sum of the oxidation numbers is equated to the total charge of the complex and the value of x is calculated. 

[Ni(NH3)6]2+:



x+6(0)=+2


or
x=+2              

O.N. of Ni = +2

[Co(NH3)5Cl]2+:


        x+5(0)–1=+2


or
x=+3              

O.N. of Co =+3

O.N. of Fe =+2

[Ni(CO)4]:



            x+4(0)=0


or
x=0                  O.N. of Ni =0

These calculations will be used while writing the names of compounds. 

The different terms in a complex [Co(NH3)4Cl2]Cl are illustrated below:

 SHAPE  \* MERGEFORMAT 



3. Bonding in coordination compounds

-  The complexing agent is usually a d-element, as d-elements have number of empty d-orbitals available for accepting of ligands’ electrons. 

-  The central metal ion in the complex compound provides a number of empty orbitals for the formation of coordinate bonds with suitable ligands.
-   The appropriate atomic orbitals (s, p and d) of the metal hybridize to give a set of equivalent orbitals.  

- Each ligand has at least one orbital (of donor atom) containing a lone pair of electrons.

- The empty hybrid orbitals of metal ion overlap with filled orbitals of the ligand to form metal-ligand coordinate covalent bonds. 

4. Spatial structure and isomerism in coordination compounds

Identical ligands are symmetrically arranged in the space around the central atom. The even coordination numbers 2, 4, and 6 are encountered more often. The following geometrical configurations correspond to them:


[image: image8.wmf]Square-planar (C.N. = 4)

Tetrahedral (C.N. = 4)

Linear configuration (C.N. = 2)


For the coordination number 4 and tetrahedral configuration, all the positions of the ligands relative to the central atom are equivalent. Consequently, tetrahedral complexes of the [MA2B2] type (where M is the central atom and A and B are ligands) have no isomers. For square-planar configuration two isomers are possible. For example, the complex [Pt(NH3)2Cl2] have two isomeric forms differing in colour, solubility, reactivity, and the way of preparation. In one of the isomers, the chlorine atoms are diagonally opposite (trans-isomer), and in the other one they adjacent to each other (cis-isomer). 
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5. Classification of complex compounds

The basic types of complex compounds include the following.

Ammines – complexes in which ammonia molecules are the ligands, for instance [Cu(NH3)4]SO4, [Co(NH3)6]Cl3. Complexes similar to the ammines are known in which the role of the ligands is played by amine molecules: CH3NH2 (methylamine), C2H5NH2 (ethylamine), H2NCH2CH2NH2 (ethylenediamine), etc. Such complexes are known as aminates. 

Aquacomplexes contain water as the ligand: [Co(H2O)6]Cl2, [Al(H2O)6]Cl3, etc. 

Acidocomplexes. In these complexes, anions are the ligands. For example, K2[PtCl4], K4[Fe(CN)6], Na2[Sn(OH)4], Na2[Sn(OH)6]. 

Transition series exist between these classes, which include complexes with different ligands. Below is given the transition series between the ammines and Acidocomplexes of platinum (II): [Pt(NH3)4]Cl2, [Pt(NH3)3Cl]Cl, [Pt(NH3)2Cl2], [Pt(NH3)Cl3], and K2[PtCl4]. 

Cyclic or chelate (from the Greek word “chele” – claw) complex compounds contain a bi- or polydentate ligand that grips the central atom, as it were, like the claws of a crab. Chelating ligand is attached by two or more donor atoms to the same central metal ion forming a ring structure. 
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The group of chelates also includes intracomplex compounds in which the central atom is part of a ring, forming covalent bonds with ligands in various ways – donor-acceptor bonds and bonds at the expense of unpaired atomic electrons. Complexes of this kind are very characteristic of the aminocarboxylic acids. Their simplest representative is aminoacetic acid (glycine) NH2CH2COOH – it forms chelates with Cu2+, Pt2+ ions, for example:
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Complexes are also known with more complicated aminocarboxylic acids and their analogues. Such ligands are known as complexons. The doubly charged anion of ethylenediaminetetraacetic acid in the form of its disodium salt is called complexon III or B trilon; it produces a complex of the following type with a bivalent metal:
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             B Trilon 

Chelate compounds are extremely stable because their central atom is “blocked”, as it were, by the cyclic ligand. Complexons bond metal cations very strongly. That’s why they are used for softening water, in medicine as antidotes in poisonings with metals. Chelate compounds play a great role in nature. For instance, hemoglobin consists of a complex – heme – bonded to a protein – globin. The central ion in heme is the Fe2+ ion around which four nitrogen atoms are coordinated that belong to a complex ligand with cyclic groups. Hemoglobin reversibly attaches oxygen and carries it from lungs via the blood vessels to all the tissues. Chlorophyll, which participates in photosynthesis processes in plants, has a similar structure, but its central ion is Mg2+. 

6. Nomenclature of coordination compounds (given by IUPAC)

1. Order of naming ions. In ionic complexes, the cation is named first and then the anion (as in NaCl: sodium chloride). Non-ionic complexes are given a one word name.

2. Naming the coordination sphere. In naming the coordination sphere, the ligands are named first and then the central metal ion. 

3. Names of ligands. The names of negative ligands end in –o and names of positive ligands end in –ium. The neutral ligands are named as such. For example:

a) negative ligands end in –o:

	F–       
	fluoro
	CN–
	cyano
	C2O42–
	oxalato

	Cl–        
	chloro
	CH3COO–
	acetato
	CO32–
	carbonato

	Br–
	bromo
	NO2–
	nitro
	NO3–   
	nitrato

	OH–
	hydroxo
	SO42–
	sulfato
	S2O32–
	thiosulfato, etc.


b) positive ligands end in –ium
NO+  nitrosonium

NO2+ nitronium, etc

c) neutral ligands are named as such:
NH2CH2CH2NH2 ethylenediamine

C6H5N  pyridine, etc

However, there are a few exceptions in naming neutral ligands, for example:

H2O  aquo (aqua)

NO  nitrosyl

NH3 ammine

CO  carbonyl

4. Order of naming ligands. When more than one type of ligands are present, they are named in alphabetical order of preference without separation by hyphen. For example, in the complex [Co(NH3)4Cl(NO2)]+, the ligands are named in the order: ammine, chloro and nitro. 

5. Numerical prefixes to indicate number of ligands. When more than one ligands of a particular kind are present in the complex, the prefixes di-, tri-, tetra, penta-, hexa-, etc. are used to indicate their number: two, three, four, five and six respectively. 

6. Ending of names. When the complex is anionic, the name of the central metal atom ends in –ate. For cationic and neutral complexes, the name of the metal is written without any characteristic ending. 

[Co(NH3)6]Cl3 Hexaamminecobalt(III) chloride (cationic complex – no characteristic ending).

K[Pt(NH3)Cl5] Potassium amminepentachloroplatinate(IV)  (anionic complex is named with ending of the name of the metal as –ate). 

Ca2[Fe(CN)6]  Calcium hexacyanoferrate(II).

 It may be noted that for anionic complexes the Latin names of certain metals are commonly used. For example, ferrate for Fe, cuperate for Cu, argentate for Ag, aurate for Au, stannate for Sn, etc. However, if the complex is cationic the name of the metal is given as such, e.g. iron for Fe, silver for Ag, gold for Au, copper for Cu, etc.  For example,

K3[Fe(CN)6]    Potassium hexacyanoferrate(III).

[Fe(CO)5]  Pentacarbonyl iron(0). 

7. Oxidation state of central metal ion is designated by a Roman numeral in the brackets at the end of the name of the complex without a gap between the two. It may be noted that the gap should be only between cation and anion. The complex part should be written as one word. 

K+14(Ni0(CN)-14(4- – Potassium tetracyanonickelate(0)

Cu+22(Fe+2 (CN)-16(4- – Copper hexacyanoferrate(II)

(Pt+4(NH3)04Cl-1(NO2)-1(2+SO42 —Tetraamminechloronitroplatinum(IV) sulfate 

K+1(Ag+1(CN)-12(1- – Potassium dicyanoargentate(I)

(Ni0 (CO)04(0 – Tetracarbonylnickel(0).

7. Equilibria in the solutions of complexes. 
Stability of complex compounds

The inner and outer spheres of complex compounds differ greatly in their stability. The particles in the outer sphere are bonded to the complex ion mainly by electrostatic forces and are readily detached in an aqueous solution. This dissociation is called primary. It proceeds almost to the end like dissociation of strong electrolytes. The ligands in the inner sphere are much more strongly bonded to the central atom and are detached only to a small degree. The reversible decomposition of the inner sphere of a complex compound is known as secondary dissociation. For example:

(Ag (NH3)2( Cl ( (Ag (NH3)2(+ + Cl-
primary dissociation

(Ag(NH3)2(+ (  Ag+ + 2NH3

secondary dissociation

The dissociation of the (Ag(NH3)2(+ ions obeys the law of mass action and can be characterized by the relevant equilibrium constant, known as the constant of instability of the complex ion:
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The instability constants for various complex ions are quite diverse and can be a measure of stability of a complex. The more stable is a complex, the smaller is its instability constant. 

Lately, it is preferable practice to use the reciprocal of the instability constant, called the stability constant, to characterize the stability of complex compounds. For the [Ag(NH3)2]+, the stability constant is:
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The values of the instability and stability constants can be used to predict the course of reactions between complex compounds: a reaction will proceed in the direction of the formation of a complex with a greater stability constant or, which is the same, with a smaller instability constant. 

8. Biologically important complexes. Chelation
Cations of d-block metals in the organism are tightly bonded with polydentate ligands, as a rule, with polypeptides or cyclic polydentate ligands – derivatives of porphyrins (e.g. in hemoglobin). In the free state these cations exist only in the blood plasma in negligible amounts.  In the biological systems the amino acids, proteins and acids of Tricarboxylic acid Cycle (Krebs cycle) are the main ligands and the metals involved are iron, magnesium, manganese, copper, cobalt, and zinc. Iron enters the composition of hemoglobin, myoglobin, oxidases, peroxidases, cytochromes. More than 60 biologically active substances contain zinc, e.g. enzymes carbonic anhydrase and carboxypeptidase. Cobalt is in composition of vitamin B12 (cyanocobalamin). 
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Formation and destruction of biological complexes occur constantly in the organism and metal-ligand homeostasis is maintained on the definite level. Metal-ligand homeostasis can be disturbed due to deficiency or excess of biometals cations, entering of toxic metals cations, entering or formation of alien ligands. For example, entering into the organism of such toxic ligand as carbon monoxide leads to the disturbance of hemoglobin function and hemoglobin looses its ability to transport oxygen.  Toxicity of d-metals in many cases is explained by the stability of biological complexes formed by them. Toxic metals and toxic ligands pollute the environment, enter into the human organisms and disturb metal-ligand homeostasis in the result of anthropogenous activity. Complexing agents are used for removal of metal poisoning.  Antidote therapy of poisonings caused by heavy metals cations is based on the formation of stable complexes (chelation) between these metals and special ligands.  

Dimercaprol is an effective antidote for the organic arsenical like lewisite, but can be used for poisoning due to antimony, gold and mercury. 
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    (BAL, dimercaprol)
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Penicillamine is an effective antidote for the treatment of poisonings by copper, mercury and lead. Trilon B (bisodium salt of EDTA) is used for treatment of hypercalcemia, poisoning by calcium compounds.  


In general, chelation can be used for sequestration of metal ions, stabilization of drugs, elimination of toxic metals from intact organisms and also for the improvement of metal absorption. Recently, platinum complex cis [Pt(NH3)2Cl2] known as cisplatin has found use in cancer chemotherapy. 

9.  Complexometric analysis 

Formation of complex compounds is widely used for qualitative and quantitative determination of different substances. Chelates are often coloured and chelation can serve as qualitative test for compounds capable for chelation, in particular for polyatomic alcohols and amino acids.
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The content of calcium and magnesium ions in water determines the total water hardness (H). The complexometric method of analysis is used to determine the quantity of these ions. It is based on the formation of complex compounds of various metals with the complexones. 

Ethylenediaminetetraacetate should be referred to them and is used in the volumetric analysis as the operating solution. The ethylenediaminetetraacetate is often called B trilon. The reaction takes place in the presence of indicator chromogen black or murexide. Ions of metals (Ca2+ and Mg2+) form a complex with the indicator, which is less stable than a complex formed with B trilon. The complex of metal ion with the indicator is broken down in the process of titration, a new complex with  B trilon is formed and the indicator is segregated in a free state. The indicator in the free state and the indicator combined with the metal ion are colored differently.

Me2++H2Ind 
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 MeInd+2H+; MeInd+Na2H2Y 
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As pH (pH = 8—10) influenced the equilibrium of the reaction, the process of titration should be carried out in the buffer solution of ammonia.

The water used for everyday necessities of life is suitable if its hardness is not more than 8 mmoles per dm3.

Self-check excersises

What is correct for the following compound?
(Pt(NH3)4Cl(NO2)(SO4 
1. Complexing agent is:

a. Platinum

 
b. NH3 
c. Cl-  

d. NO2-
2. The charge of the complexing agent is:

a. +1
b. +2   

c. +3
d. +4
3. The coordination number is:

a. 2 

          b. 4  

          c. 5   

          d. 6
         Ans. 1 – a; 2 – d; 3 – d 
Informative module 2

Acid-base equilibria in biological liquids
Values, CHARACTERIZING quaNTitative composition of solutions.  preparation of solutions
Characteristic of the subject

All vitally important processes in the organism such as biosynthesis, fermentative catalysis, blood formation process and others take place in water solutions. It can be explained by a specific structure and properties of water. Good knowledge of theory of solutions is necessary to explain physico-chemical essence of such phenomena as diffusion, osmosis, dissolution, hydrolysis, evaporation, condensation and many others, which are the basis of metabolism in nature.

Practical skills

1. To forecast processes taking place during the dissolution of some substances in water and to characterize the influence of different factors on the solubility.

2. To calculate the rate and constant of dissociation on the basis of Ostwald’s dilution law, the ionic power of solution, activity coefficient and active ions concentration.

3. To estimate the influence of the processes taking place during the dissolution on the living organisms.

Questions
1. Definition of solutions. Classification of solutions.
2. Methods of expression of solutions concentrations.

1. Definition of solutions. Classification of solutions
A solution is a homogeneous mixture in which the components are uniformly intermingled. Solutions can be liquids or solids (for example, various types of steel are mixtures of iron, carbon, manganese, chromium, etc. can be classified as solid solutions).
All of the biological liquids – blood, lymph, intercellular lymph, etc. – are solutions. All biochemical processes in organism occur in aqueous solutions. 
Solute is a dissolved substance. There can be one or more solutes.

Solvent is the medium in which the solutes are uniformly distributed in the form of molecules or ions. 
Usually, the component, which in the pure form exists in the same state of aggregation as the solution obtained is considered to be the solvent (aqueous solution of salt – the solvent is naturally water). If both components were in the same state of aggregation prior to dissolution (for instance, alcohol and water), then the component that is in the greater amount is considered to be the solvent. 

Even for very soluble substances, there is a limit to how much solute can be dissolved in a given amount of solvent.
Saturated solution is one containing as much solute as will dissolve at a given temperature. 
Unsaturated solution is one that has not reached the limit of amount of salute that will dissolve in it. When more solute is added to an unsaturated solution, it dissolves. 
2. Methods of expression of solutions concentrations

Concentration of a solution is the amount of solute contained in a definite amount of solution or solvent. 
Concentrated solutions are those with a high solute concentration.

Dilute solutions are those with a low one. The concentration of a solution can be expressed in different ways.   

Mass percent

Mass percent (weight percent, () is the number of grams of solute per             100 g of solution (not solvent!):
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For example, in order to prepare 100 g of 10% solution of NaCl it is needed to take 10g of  NaCl and 90g of water.

Example 1. Calculate the masses of water and Iodine which are needed to prepare 200g of 10% Iodine solution. 

Solution:
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m(H2O) = 200–20 = 180 g 
Example 2. 30 g of NaCl is dissolved in 270g of water. Calculate the mass percent of NaCl.

Solution:
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m(solution) = m(NaCl) + m(H2O)
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Molarity 

Molarity (C(x)) is the number of moles of solute per 1 liter of solution. 
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where   m(x)  –  mass of solute x, g

   M(x)  – molar mass of solute x, g/mol

   V(solution) – volume of solution, L.
A solution that is 1,0 molar (1,0 M) contains 1,0 mol of solute per liter of solution. For example, in order to prepare 1liter of 1 molar solution of NaCl, it is needed to take 58,5 g of NaCl (molar mass of NaCl is 58,5 g/mol), place it in a flask and add water up to one liter mark. 
Example 3. Calculate the molarity of a solution prepared by dissolving 21,1g of solid Na2CO3 in enough water to make 0,2 L of solution.

[image: image27.wmf]
Solution:

M(Na2CO3) = 106 g/mol
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It is possible to calculate the molarity if the mass percent is known.
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where  d – density of solution.
Example 4. Calculate the molarity of CaCl2 in 10% solution (d=1.178 g/ml). 

Solution:

m(CaCl2) = 111 g/mol


[image: image30.wmf]1,06

=

111

1,178

×

10

×

10

=

)

2

M(CaCl

d

×

ω

×

10

=

)

2

C(CaCl

 mol/L
Molality

Molality (b(x)) is the number of moles of solute per 1 kg of solvent. 
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   where   m(x)  – mass of solute x, g

                          M(x)  – molar mass of solute x, g/mol

                          m(solvent) – mass of solvent,  kg.
Example 5.What is the molality of glucose in a solution made by dissolving 18 g of glucose (C6H12O6) in 250g of water?

Solution:

M(C6H12O6) = 180 g/mol; 
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Molar concentration of the equivalent
The use of molar concentration of the equivalent focuses mainly on the H+ & OH– available in an acid-base reaction. 

Molar concentration of the equivalent is the number of equivalents of solute per one liter of solution.
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where     m –  mass of a substance, g

          M(E) –  molar mass of equivalent
          V – volume of solution.

One equivalent of an acid is the amount of that acid that can furnish 1 mol of H+ ions. 

One equivalent of a base is defined as the amount of that base that can furnish 1 mol  of OH– ions.

The molar mass of equivalent, M(E)  of an acid or base is the mass in g/mol of 1 equivalent (equive) of that acid or base.

The common strong acids are HCl, HNO3, and H2SO4. For HCl and HNO3 each molecule of acid furnishes one H+ ion, so 1 mol of HCl can furnish 1 mol of H+ ions. This means that

1 mol HCl (furnishes one H+) = 1 equive HCl

Molar mass (HCl) = molar mass of equivalent (HCl)

M(HCl) = M(E) = 36,5 g/mol

However, H2SO4 can furnish two H+ ions per molecule, so 1 mol of H2SO4 can furnish two mol of H+. This means that

1 mol H2SO4    furnishes 2 mol H+  


1/2 mol H2SO4   furnishes 1 mol H+
1/2 mol H2SO4   = 1 equiv H2SO4


Because each mole of H2SO4  can furnish 2 mol H+, it is needed to take             1/2 mol of H2SO4 to get 1 equiv of H2SO4. Therefore, 


  1/2 mol H2SO4   = 1 equiv H2SO4

molar mass of equivalent of H2SO4 = 1/2 molar mass (H2SO4) =                 =1/2 (98g = 49g/mol; M (1/2 H2SO4) = 49g/mol.


Similarly, each molecule of H3PO4 can furnish three H+ ions, 1 mol of H3PO4 – 3 mol of H+, so 1 equiv of H3PO4 (the amount that can furnish 1 mol of H+) is one-third of a mole, this means that the molar mass of equivalent of H3PO4 is one–third its molar mass.

Molar mass of equivalent of H3PO4 = 1/3 molar mass (H3PO4) =                  = 1/3 ( 98 g = 32,7g/mol

M(1/3 H3PO4) = 32,7 g/mol


For NaOH, each molecule furnishes one OH– ion, so

1 mol NaOH = 1 equiv NaOH

M(NaOH) = molar mass of equivalent of NaOH; M(NaOH) = 40 g/mol

Molar mass of equivalent (M(E)) is calculated as product of molar mass of a substance  and equivalence factor:

                                                M(E) = M·f

 Equivalence factor (f) is the number, which determines the fraction of the actual portion of a substance (x) that is equal to a H+ ion in a given acid-base reaction.

           f for HCl is 1, 
f for H2SO4 is ½, 
f for H3PO4 is 1/3 and so on. 
In general the equivalence factor for the acid is 1 divided into the number of hydrogen ions in the molecule, the equivalence factor for the base is 1 divided into the number of hydroxyl groups in the molecule (f for Ca(OH)2 = 1/2), the equivalence factor for the salt is 1 divided into the yield –                                  number of metal ions
[image: image34.wmf]´

valence of metal (f for the AlCl3 = 1/3, f for Al2(SO4)3 = 1/6).

 Example 6. 500 ml of solution contains 4,9g of sulfuric acid. Calculate the molar concentration of the equivalent.

Solution:
M(1/2H2SO4) = 49 g/mol; 
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Mole fraction


Mole fraction is the ratio of the number of moles of a substance to the total number of moles of all the substances in the solution. It is usually designated by the symbol N1 for the solvent and N2, N3, etc. for the solutes. For a solution of one substance in another, the mole fraction of the solute N2 is
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Example 7. Define the mole fractions of glucose and water in 36% glucose solution.


Solution:


It is needed to find the number of moles of each substance in the solution:

 There are 36 g of glucose and 64 g of water.  

180 g of glucose is 1 mole;

     

36 g – x moles;       x = 
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18 g of water – 1 mole 
64 g – x moles;       x = 
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Nwater = 
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Therefore N1 = 0,947, N2 = 0,053.

Self-check exercises
1. 200 ml of solution contains 4 g of NaOH. Calculate the C(E).
2. Molarity of glucose is 0,01 mol/l. Calculate the mass of glucose which is needed to prepare 300 ml of solution.  
3. Calculate the molarity of glucose in 10% solution (d=1.1g/ml).

Ans. 1 – 0,5 mol/L; 2 – 0,54g; 3 – 0,6 mol/L

Fundamentals of the VOLUMETRIC ANALYSIS
Characteristic of the subject

The purpose of titrimetric analysis is to determine the quantitative composition of the investigated substance. Methods of titrimetric analysis are widely used in medico-biological and hygienic investigations to make the analysis of biological liquids, drinking water and sewage, food, medicines, etc. To know the subject is necessary for a future doctor in order to solve a large number of scientific and practical questions. 

Practical skills

1. To determine the molar weight of the equivalents.

2. To write down the law of equivalents for every couple of interacting substances.

3. To calculate the mass of weighted portion necessary to prepare a definite volume of operating solution with a given molar concentration of the equivalent.

4. To calculate the molar concentration of the equivalent from the mass of weighed portion of a substance taken in the definite volume. 

5. To calculate the molar concentration of the equivalent and the titer of the investigated solution according to the results of titration.

6. To determine the purity of a substance i.e. the mass percent of the main substance in the initial weighed portion or in the solution according to the results of titration.
Questions
1. Law of equivalents.

2. The main concepts of volumetric analysis.

3. The requirements for the reactions used in the process of volumetric analysis.

4. Classification of the methods of volumetric analysis.

5. Operating solutions.

6. Titration technique and the equivalence point determination.

7. Acid-base titration method (neutralization method) in medico-biological and sanitary research.

The purpose of the volumetric analysis is to determine the quantitative composition of the investigated object. The volumetric analysis methods are widely used in medico-biological and sanitary investigations for the analyses of biological liquids, drinking water and sewage, foodstuffs, medications, etc.

1. Law of equivalents

The law of equivalents is a theoretical base of the volumetric analysis.
One equivalent of a substance in acid-base reactions is the amount of a substance that can furnish, adjoin or react in any other way with one H+ ion (or any other one-valence element).
 One equivalent of a substance in oxidation-redaction reactions is the amount of a substance that can furnish or adjoin one electron. 

The molar weight of equivalent, M(E) of an acid or base is the mass in g/mol of 1 equivalent (1 mol of equiv) of that acid or base.
Let’s determine the molar weight of the phosphoric acid equivalent in the following reactions:

1. H3PO4  +  NaOH  
[image: image42.wmf]«

  NaH2PO4  +  H2O

2. H3PO4  +  2NaOH  
[image: image43.wmf]«

 Na2HPO4  +  2H2O

3. H3PO4  +  3NaOH  
[image: image44.wmf]«

 Na3PO4  +  3H2O   

In the first reaction 1 mol of H3PO4  furnish 1 mol of H+ ions, so the weight of 1 equiv  of H3PO4 is equal to its molar mass.

In the second reaction 1 mol of H3PO4  reacts with 2 mol of NaOH, it means that 1 mol of H3PO4  furnish 2 mol of H+ ions, so ½ mol of H3PO4 furnish 1 mol of H+ ions. The weight of 1 equiv is ½ M(H3PO4).

In the third  reaction 1 mol of H3PO4  reacts with 3 mol of NaOH, it means that 1 mol of H3PO4  furnish 3 mol of H+ ions, so 1/3  mol of H3PO4 furnish 1 mol of H+ ions. The weight of 1 equiv is 1/3 M(H3PO4).

The equivalence factor (f) is a number, which determines the fraction of the actual portion of a substance (x) that is equal to a H+ ion in this acid-base reaction. 

M(E)=f
[image: image45.wmf]´
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The equivalence factor for the first reaction is 1 (one), that’s why                                M (H3PO4) = 98 g/mol
The equivalence factor for the second reaction is 1/2  (one second), hence                      M (1/2 H3PO4) = ½  
[image: image46.wmf]´

98 g/mol = 49 g/mol
The equivalence factor for the third reaction is 1/3, hence 

M (1/3H3PO4) = 1/3 M (H3PO4) = 1/3 
[image: image47.wmf]´

 98 g/mol = 37,2 g/mol
Thus, the molar mass of the equivalent of monobasic acid or salt equals the molar mass and the molar mass of the equivalent of the polybasic acid or salt depends on the acid-base reaction type.
In general the equivalence factor for the acid is 1 divided into the number of hydrogen ions in the molecule, the equivalence factor for the base is 1 divided into the number of hydroxyl-groups  in the molecule (f for Ca(OH)2 = 
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valence of metal (f for the AlCl3 = 
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Molar concentration of the equivalent C(E) is the number of equivalents of solute per liter of solution. 
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 M(E) – molar  mass of equivalent, g/mol
   
 V– volume of solution, L. 
The main advantage of using equivalents is that 1mol of equiv of acid contains the same number of available H+ ions as the number of OH- ions present in 1mol of equiv of base. That is 0.75 mol of equiv (base) will react exactly with 0.75 mol of equiv (acid), for example. The point is that n mol equivalents of any acid will exactly neutralize n mol equivalents of any base.   So,


Number of moles of equiv (acid) = number of moles of equiv (base)
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That is,
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           this is the law of equivalents.

The volumes of the solutions reacting with each other quantitatively are inversely proportional to the molar concentrations of the equivalents. 
For example, the law of equivalents for the reaction 

2NaOH + H2C2O4 ↔ 2H2O +Na2C2O4 can be write down as follows: 

V(NaOH) 
[image: image53.wmf]´

 C(NaOH) = V(H2C2O4)
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 C(1/2H2C2O4 
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 H2O)

Equivalence factor for the oxalic acid is 1/2.

2. The main concepts of the volumetric analysis


The operating solution (or the titrant) is a solution the equivalent’s molar concentration C (E) and the titer T of which are exactly known.


Titer is the number of  grams of a substance  per 1ml of a solution.
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The investigated solution is a solution the equivalent’s molar concentration and the titer of which should be determined.


Titration is a process of addition of one solution with a known concentration to another solution in order to determine the C (E) and the titer of the last.

The equivalence point is a titration moment when the mole-equivalents quantity of the operating solution is equal to the mole-equivalents quantity of the investigated solution: 
C(E) operating solution 
[image: image57.wmf]´

V operating solution = C(E) investigated solution
[image: image58.wmf]´

V investigated solution

This moment is fixed by the color change of the added indicator; the titrant’s volume is being indicated then.   


Indicators are substances, which enable to determine the end of the chemical reaction on the base of the color change. In some cases one of the reacting substances can serve as the indicator.
3. The requirements for the reactions used in the process of volumetric analysis

1. The completeness of the reaction process (it should be almost irreversible).

2. The high rate of the reaction process.

3. The absence of the secondary reactions.

4. The existence of the method of the equivalence point determination for the reaction.

4. Classification of the methods of volumetric analysis 

1. Neutralization method  (acidimetry and alkalimetry) is based on the reaction of H+ and OH- ions interaction with slightly dissociated water molecules forming:

H+ + OH- ↔ H2O

2. Oxidation-reduction method (the oxidimetry) is based on the oxidation-reduction reactions. Depending on the titrated solution we can distinguish permanganatometry (KMnO4 is the operated solution), iodometry (operating  solution is the iodine), etc.

3. Precipitation method is based on the sedimentation reactions of the determined element representing some hardly soluble compound.

4. Chelatometry method is based on the reactions of complex formation.

5. Operating solutions

 There are two types of the operating solutions, which are used in the volumetric analysis:

Standard solution (a solution with the prepared titer), is a solution which can be prepared with the accurately weighted amount of a standard substance. 

Standardized solution  (a solution with the determined titer) is a solution  made of the substances, which are not standard. Standardized solution needes to be further standardized. Its titer and molar concentration of the equivalent is determined according to another standard solution. 

Standardization is determination of precise concentration of operating solution according to the standard solution in the course of titration. 

The requirements a standard substance should meet:

1. The substance should be easily obtained in pure form. Its composition is to be well known and to meet its chemical formulae.

2. The substance should keep stable during the period of storage being in the dry form as well as in the form of solution.

3. A substance should have a high molecular weight; it will enable to minimize the error while weighing the substance during the preparation process. 

4. The substance should be readily solved in water.

5. The substance should react with the investigated solution according to the strict chemical ratio. The rate of the reaction should be quite high.

Measuring utensils used for the volumetric analysis are: graduated cylinders, measuring tubes, burettes and pipettes.

6. Titration technique and the equivalence point determination

For the titration it is needed to fill the burettes (the reading in colored liquids should be made from the top meniscus; in colorless liquids – from the bottom one.).
Every titration should be started at a zero mark of a burette.
The liquid should be slowly poured from the burette as the significant amount of a liquid remains on the burette’s walls and drops down after the end of titration.

A solution should change its color near the equivalence point due to a drop of titrant in the process of titration.

7. Acid-base titration method (neutralization method) in medico-biological and sanitary research
This method is widely used in clinical investigations for the determination of acidity of urine, digestive juice, human milk and other biological fluids. A neutralization method is used in the sanitary practice to determine the purity of different foodstuffs (flour, bread, meat, milk) to estimate the condition of the environment, etc.

1. The neutralization reaction H+ + OH- ↔ H2O is the basis of the acid-base titration.

Alkalimetry is the analysis of acids and salts in which alkali is used as the operaing solution. 
Acidimetry is the analysis of bases and salts in which acid is used as the operaing solution. 

 There is no great difference between these two methods as both of them are based on the same reaction of neutralization.

2. The use of the following standard and standardized solutions in the acid-base titration:

– A solution of oxalic acid is standard as H2C2O4 · 2H2O meets the requirements for a standard substance. It is used to standardize the alkaline solutions. 

– A solution of sodium tetraborate (Na2B4O7 · 10 H2O) is standard and is used to standardize and to analyze the acidic solutions.

– Solutions of sodium or potassium hydroxide are standardized, as NaOH and KOH don’t meet the requirements for standard substances. 

– A solution of hydrogen chloride acid is standardized. It is usually standardized by the sodium tetraborate solution.

3. Standard solutions preparation. In order to make a standard solution it is needed to weigh accurately a standard substance. For this purpose the analytical balance weighing within 0,0002 g are used. The weighted portion is transferred to the measuring flask of the definite volume (size) without any losses and is solved in a small amount of water, then a dissolver is added up to the mark and the solution is mixed after it.
The molar concentration of the prepared standardized solution equivalent should be estimated according to the formula:   
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  where    m –  mass of the weighted portion
M (E) – molar mass of the equivalent
V – volume of the solution measured in liters. 

         4.  Operating standardized solutions preparation. If a substance doesn’t meet the requirements for standard substances, the operating solution should be prepared with the approximate concentration close to the given one. For this purpose the weighed portion should be calculated within 0,01g, then weighed with a technical-chemical balance and dissolved in the definite amount of a dissolvent. After it a prepared solution should be titrated with a standard solution. The molar concentration of the equivalent and the titer can be estimated according to the results of titration (i.e. this is the standardization of the operating solution). 

5. Titration curve. The cycle of the acid-base titration for any acid-base pair can be shown graphically within pH – volume of titrant coordinates because the concentration of hydrogen ions in a solution, i.e. its pH, changes in proportion as the operated solution is being added to the investigated one. The form of the titration curves depends on the acid and base’s strength.

a) A titration of a strong acid with a strong base (Fig. 1).

For example, the titration of a solution of HCl, C(HCl) = 0,1mol/L against NaOH, C(NaOH) = 0,1mol/L. At the beginning of the titration before NaOH solution is added, the pH=1. In the process of titration pH gradually increases. When only one drop of acid remains in investigated solution the pH=4,3. At the equivalence point, i.e. when acid is completely neutralized, and number of moles of equivalents of acid equals number of moles of equivalents of base, pH equals 7,  [H+] = [OH-] = 10-7. Next extra drop of NaOH makes pH =9,7. This abrupt change of pH around equivalence point is called titration jump. 
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Fig. 1. A titration of a strong acid with a strong base




Fig. 1.     Titration of strong acid against strong base

The equivalence point for the titration of a strong acid with a strong base corresponds to the point of solution neutralization as a salt that does not indergo hydrolysis is being formed; the pH value at the equivalence point is 7. The titration process should be stopped when quantity of acid equals quantity of base, i.e. at the moment when pH=7, but even if the titration is fininshed at pH=4,3, i.e. when one drop of acid remains, or at pH=9,7, i.e. when one extra drop of NaOH is added the error will not exceed 0,1%. The point is that titration must be stopped (equivalence point must be fixed) within the limits of titration jump. 
b) A titration of a weak acid with a strong base (Fig. 2).

For example, a titration of the acetic acid with NaOH solution. In this case pH of a solution will increase gradually during the process of neutralization of a weak acid with a strong base. The titration jump (i.e. the abrupt change of pH) is much more less in this case (it is about 3 units of pH). This is because salt undergoing the anion hydrolysis is being formed as a result of titration. A reaction of the solution is basic that’s why the equivalence point is at pH > 7.
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Fig. 2. A titration of a weak acid with a strong base




Fig. 2.  Titration of  weak acid against strong base
c) A titration of a weak base with a strong acid (Fig. 3). A titration of ammonia hydroxide solution with hydrochloric acid can serve the example of such type of titration. The solution pH decreases with the addition of a strong acid (operating solution). A titration jump is about 3 pH units. The equivalence point doesn’t coincide with the neutrality point as the salt undergoing the cation hydrolysis is being formed as the result of titration; pH value at the equivalence point will be less than 7.
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                                                                           V
Fig. 3.  Titration of a weak base against strong acid
6. Indicators in the process of acid-base titration are the organic substance which change their coloration depending on the pH. 
The pH rates for the most widely spread indicators are given in Table 1.

Table 1.
	№
	INDICATOR
	COLORING
	pH interval of the color change

	
	
	Acidic medium
	Basic
medium
	

	1
	Thymol blue
	Red
	Yellow
	1,2-2,8

	2
	Methyl orange
	Red
	Yellow
	3,1-4,4

	3
	Methyl red
	Red
	Yellow
	4,2-6,3

	4
	Litmus
	Red
	Blue
	5,0-8,0

	5
	Phenol red
	Yellow
	Red
	6,4-8,0

	6
	Phenolphthalein
	Colorless
	Crimson
	8,0-9,8

	7
	Thymolphthalein
	Colorless
	Blue
	9,3-10,5

	8
	Alizarin yellow
	Yellow
	Lilac-colored
	10,0-12,0


Choosing of the indictor for different types of titration
To determine the equivalence point, the indicator which pH interval of the color change would be in the limits of the titration jump must be taken. We can use methyl orange, methyl red, litmus, phenolphthalein, and phenol red as the indicator for the titration of a strong acid with a strong base if the abrupt change of pH (a titration jump) varies within the limits from 4 to 10. The pH interval of the color change for all these indicators corresponds with the abrupt change of pH on the titration curve.

We can use phenolphthalein as the indicator for the titration of a weak acid with a strong base. The pH interval of the color change of this indicator is in the basic medium as well as the equivalence point. Methyl orange can’t be used to fix the end of the titration of a weak acid with a strong base as its color change interval is out of the limits of the titration jump.

The indicator which pH interval of the color change is in the acidic medium should be used for the titration of a weak base against strong acid. It can be, for example, methyl red or methyl orange as in this case a salt of a weak base and a strong acid is being formed and undergoes cation hydrolysis; pH at the equivalence point is less than 7. 
Self-check exercises
1. There is 10 g of sodium carbonate in 2 L of solution. Calculate the molar concentration of the equivalent. 
2. Calculate the mass of Na2B4O7 · 10 H2O which is needed to prepare 200 ml of solution with molar concentration of the equivalent  0,1 mol/L.
3. What volume of 0,200 M HCl solution is needed to exactly neutralize 25,0 ml of 0,150 M NaOH solution?
Ans. 1– 0,09 mol/L; 2 – 3,8 g; 3 – 18 ml
Acid-base equilibrium in the organism.  
pH OF BIOLOGICAL LIQUIDS
Characteristic of the subject

Water determines a lot of typical characteristics of biological processes. Biological liquids contain a large number of different ions. There is a great content of hydrogen, hydroxyl groups, sodium, potassium, chlorine, calcium and other ions. The value of the osmotic pressure of blood plasma, spinal fluid and pH of the organism’s fluids depends on the ions content. 

Water-salt balance of the organism should always be under the physician’s careful supervision as its disturbance results in different pathological phenomena. Studying of the properties of electrolyte solutions will enable future specialists to evaluate properly normal and pathological phenomena taking place in an organism and connected with the ion content of the liquid media. 
Practical skills

1. To make the pH calculation in the solutions of acids, bases and salts.
2. To determine the concentration of hydrogen ions according to the pH value.
3. To use the knowledge of this subject for the estimation of medium acidity of biological fluids (blood, gastric juice, urine, etc.). 

Questions
1. Solutions of electrolytes: strong and weak electrolytes.
2. Theory of electrolytic dissociation. Degree of dissociation and dissociation constant for weak electrolytes.

3. Acids and bases. Theory of acids and bases.

4. Dissociation of water.  Ion product of water.

5. pH scale. pH of biological liquids. 
6. Hydrolysis of salts.

7. Hydrolysis reactions in biochemical processes.

1. Solutions of electrolytes: strong and weak electrolytes
Electrolytes are compounds whose aqueous solutions conduct electricity. It is the presence of ions in the aqueous solution that allows the solution to conduct electricity. Almost all soluble ionic compounds form ions in solution and some polar covalent compounds also dissolve to form ions. 
Nonelectrolytes are compounds whose aqueous solutions do not conduct electricity. Nonelectrolytes are molecular compounds that dissolve in water without formation of ions.

There are two classes of electrolytes: strong electrolytes and weak electrolytes. Solutions of strong electrolytes (e.g., NaCl, HCl) are good conductors of electricity.  Solutions of weak electrolytes allow a limited amount of conduction because the number of ions is small compared with the total number of molecules dissolved. 
2. Theory of electrolytic dissociation.
Degree of dissociation and dissociation constant for weak electrolytes 

Substances decomposing in solutions into ions include salts, acids, and bases. According to the theory of electrolytic dissociation (Svante Arrhenius, 1887), when electrolytes dissolve in water, they decompose (dissociate) into positively and negatively charged ions. 
Cations are positively charged ions. 
Anions are negatively charged ions. 
Strong electrolytes dissociate virtually completely in aqueous solutions. Weak electrolytes dissociate only partly in aqueous solutions, and dynamic equilibrium sets in between the undissociated molecules and the ions in the solution. Arrhenius introduced the concept of the degree of dissociation.
Degree of dissociation of an electrolyte is the ratio of the number of its molecules that have broken up into ions in the given solution to the total number of its molecules in the solution.It is designated by the Greek letter ( and is customarily expressed either in fractions of unity or as a percentage. 
We can apply the laws of chemical equilibrium to the equilibrium that sets in between the molecules and ions in a solution of a weak electrolyte, and write the expression for the equilibrium constant. For instance, for the dissociation of acetic acid:
CH3COOH ↔ CH3COO– + H+

the equilibrium constant is:
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Dissociation (or ionization) constant is the equilibrium constant corresponding to the dissociation of a weak electrolyte. 

The value of K depends on the nature of the electrolyte and solvent, and also on the temperature, but does not depend on the concentration of the solution. It characterizes the ability of a given acid or given base to break up into ions: the greater is K, the more easily does the electrolyte dissociate.

3. Acids and bases. Theory of acids and bases
Acids are compounds that:

1. Taste sour

2. React with certain metals (e.g. Zn and Fe), with the liberation of hydrogen gas.

3. Cause certain organic dyes to change color (e.g. litmus turns from blue to red in acids).

4. React with bases to form salts and water.

The counterparts to acids are bases. Bases are compounds that:

1. Taste bitter.

2. Feel slippery or soapy.

3. React with oils and grease.

4. Cause certain organic dyes to change color (e.g. litmus turns from red to blue in bases).

5. React with acids to form salts and water.

The first person to recognize the essential nature of acids and bases was                     S. Arrhenius in 1884. On the basis of his experiments with electrolytes, he postulated that acids are substances that produce hydrogen ions (H+), whereas bases are substances that produce hydroxide ions (OH–) in aqueous solution.  

So, the common property of acids is that they produce H+ ions in the aqueous solution. It is this ion that is responsible for the common chemical reactions associated with acids.

Bases are compounds that produce OH– ions in water, forming what are known  as basic  solutions (alkaline or caustic solutions). Some of the commonly known  bases are NaOH, KOH, Ca(OH)2, NH3 (ammonia). Except for ammonia, these compounds are all solid ionic compounds. Solution in water simply releases the OH–   ion into the aqueous medium:

NaOH(s) ( Na+(aq) + OH–(aq)
Acids and bases react with one another. When this happens, the characterustic properties of both the acid and the base are destroyed, or neutralized. The products of the reaction are a salt  and water.

ACID + BASE ( SALT + WATER

molecular: HCl + NaOH ( NaCl + H2O

total ionic: H+ + Cl– + Na+ + OH– ( Na+  +  Cl–  +   H2O

net ionic: H+ + OH– ( H2O

The key to what drives neutralization reactions is found in the net ionic equation. The active ingredient from the acid (H+) reacts with the active ingredient from the base (OH–) to form the molecular compound water. SALT is formed from the anion of the acid (e.g. Cl–) and the cation from the base (e.g. Na+). By themselves solutions of hydrochloric acid and sodium hydroxide are corrosive compounds that must  be  handled with caution. Mixing the two in stoichiometric amounts produces a harmless saltwater solution.

Hydrochloric acid (HCl) is example of acids that produce one mole of H+ ions in solution per mole of acid. Such acids are known as monoprotic acids. 

Sulfuric acid is an example of a diprotic acid, which means that it can produce two moles of H+ per mole of acid.

There are several examples of triprotic acids (three potential H+ ions per molecule), but the most important one is phosphoric acid (H3PO4).

Polyprotic acids (acids with more than one acidic hydrogen) can be partially neutralized. 
Nitric and hydrochloric acids are known as strong acids. Strong acids are essentially 100% ionized in aqueous solutions. They are also known as strong electrolytes. Other common strong acids are HClO4, HBr, HI, H2SO4. 

Most other common acids behave as weak acids in water. A weak acid is partially ionized (usually less than 5% at typical molar concentrations). Because of the small concentration of ions, weak acids behave as weak electrolytes in water.
Strong bases are those compounds that completely ionize in water to produce OH– ions. All alkali   metal hydroxides are strong bases and are quite soluble in water.
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All of the alkaline earth hydroxides (except Be(OH)2 and Mg(OH)2) also completely dissociate into ions in solution.

4. Dissociation of water.  Ion product of water
Water is very weak electolite. It dissociates but to the very small extent. With sensitive instruments it was found that there actually is a small concentration of ions in pure water. The presence of ions in water is due to a process known as autoionization. Autoionization produces positive and negative ions from the dissociation of the molecules of water. Water is the most common amphoteric substance (a substance is said to be amphoteric if it can behave either as an acid or as a base). We can see this in the autoionization:

H2O 
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 H+ + OH– 

The double arrow indicates that this is a reversible reaction reaching a point of equilibrium. There is a small but important amount of H+ ions and OH– ions coexisting in pure water.

The concentration of each ion at 25(C has been found by experiment to be 10–7  mol/L. This means that only about one out every 500 million water molecules is actually ionized at any one time. Other experimental results tell us that the product of the ion concentrations is a constant. Therefore, at 25(C

[H+][OH–] = Kw (a constant)

Substituting the actual concentrations of the ions, we can find the numerical value of the constant.

Kw =[10–7] [10–7] = 10–14

The constant Kw, called the ion product of water at 25(C (or the dissociation constant), always refers to the ionization of water. The units are customarily omitted when the value of the constant is given and used. 

It is important to recognize the meaning of Kw. In any aqueous solution at 25(C, no matter what it contains, the product of [H+] and [OH–] must always equal 10–14. This means that if the [H+] goes up, the [OH–] must go down so that the product of the two is still 10-14. For example, if HCl gas is dissolved in water, increasing the [H+], the [OH–] must decrease. There are three possible situations we might encounter in an aqueous solution:

1. A neutral solution, where [H+] = [OH–]

2. An acidic solution, where [H+] ( [OH–]

3. A basic solution, where [OH–] ( [H+]

In each case, however, [H+][OH–] = Kw = 10–14. When H+  and OH– are added to water in amounts such that the product of their concentrations is greater than  10–14, they will react to form water until enough H+ and OH– are consumed so that [H+][OH–] = 10–14.

5. pH scale. 

pH of biological liquids

To express small numbers conveniently (the [H+] in an aqueous solution is typically quite small), chemists often use the “p scale”, which is based on common logarithms (base 10 logs). The exponent to which 10 must be raised to give a certain number is called its common logarithm, so logarithms (lg) – are simply exponents of 10. The pH scale represents the negative exponent of 10 as a positive number. The symbol p means  –lg. pH is a logarithmic expression of [H+]:

pH = –lg[H+] 

Therefore, a solution of pH = 1 has [H+] equal to 10-1 M and pure water has pH = 7 ([H+] = 10–7M).

A way of expressing [OH–] is pOH:

pOH = –lg[OH–]

A simple relationship between pH and pOH can be derived from the ion product of water:

[H+][OH–] = 10–14
If we now take lg of both sides of the equation, we have

–lg[H+][OH–] = –lg10–14

Since lg(A(B) = lgA + lgB, the equation can be written as

–lg[H+] – lg[OH-] = –lg10–14

Since –lg = p and   lg10–14= –14, the equation is

pH + pOH = 14

Note that the pH decreases as the [H+] increases. That is, a lower pH means a more acidic solution.

pH value – is the measure of the active acidity of the medium. Considering the dissociation of such a weak electrolyte, as the acetic acid, it is possible to see, that the concentration of hydrogen ions in a solution is much lower than the common concentration of an acid, as it dissociates on ions only partially:


[image: image66.wmf]C

H

3

C

O

O

H

H

+

+ CH

3

COO

_

active

total


During the medico-biological researches it is necessary to differentiate well total and active acidities, as the non-dissociated molecules of acids and hydrogen ions possess different physiological activity. For example, gastric juice contains many acids of different strength, but its acidity is defined only by hydrogen ions. Therefore the results of the pH measurements and the titration of gastric juice will be quite different.

The total acidity can be defined by titration; to define the active acidity, or pH, it is necessary to know the following:

1. The total acidity for strong electrolytes is the same as the active acidity. It is because strong acid means that it is 100% ionized in solution. Therefore, [H+] is equal to the original concentration, to calculate pH for the strong acid solution the following formula may be used:

pH = –lgC

where  C – molarity.

2. To calculate pH of the weak acid solution it is necessary to know either the degree of dissociation, or the dissociation constant besides the concentration:

pH = –lgC((
where   ( – degree of dissociation of the acid. 
For example, if acid in solution is 5% ionized, 
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Or, if dissociation constant  is given, the formula is: 
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where    Ka – acid dissociation constant.

For the strong base solution: pOH= –lgC
For the weak base solution: pOH = –lgC((
Or: 
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where    ( – degree of dissociation of the base
              Kb – base dissociation constant
               C  – molarity.

And don’t forget that      pH + pOH = 14, so pH=14–pOH
Cells can exist only in a very narrow range of pH. pH of different biological liquids in a healthy organism is always maintained at a definite level. 

pH values of biological liquids

	MEDIUM
	pH

	Blood
	7.35-7.45

	Cerebrospinal fluid
	7.35-7.45

	Saliva
	6.35-6.85

	Gastric juice
	1.2-3.0

	Pancreatic gland secret
	7.5-8.0

	Urine
	4.8-7.5

	Lacrimal fluid
	7.4

	Milk
	6.6-6.9

	Bile fluid
	5.4-6.9


If the pH of the blood drops bellow 7.2 a potentially fatal condition called acidosis results. Acidosis may also be caused by chronic medical conditions such as diabetes. If the pH of the blood increases to over 7.5, another serious condition known as alkalosis results. The variation of the blood normal pH value by 0.3 units can cause a death. Small children are especially liable to the pH shifting: starvation can cause acidosis, vomiting – alkalosis.

Example 1.What is the pH of a 0.005 M solution of HCl?

Solution:
HCl is a strong acid, therefore

pH = –lg[H+] = –lgC  = –lg0,005 = –lg 5(10–3 = 3 – lg5 = = 3 – 0,7 = 2,3.

Example 2. What is the pH of a 0.004 M solution of KOH?

Solution:
pH = 14 – pOH; KOH is a strong base, therefore 

pOH = –lgC = –lg 0,004 = –lg 4(10–3 = 3 – lg 4 = 3 – 0,6 = 2,4; pH = 14 – 2,4 = 11,6.

Example 3. pH of saliva is 6,4, what is [H+] ?

Solution: 

pH = –lg[H+]; 6,4 = –lg[H+];  lg[H+] = –6,4;  [H+] = 10–6,4 = 4,0 (10–7.
6. Hydrolyses of salts

Hydrolyses is the reaction of a substance with water in which the constituent parts of the substance combine with the constituent parts of water.   

  
When a salt dissolves in water, its solution may be neutral, basic, or acidic, depending on the extent to which none, both, or one of the ions undergo hydrolyses reactions.

1. Neutral solutions of salts. When neither the cation nor the anion undergoes hydrolyses reactions, the pH of the water is not affected and the solution remains neutral. These are salts that are formed from the neutralization of a strong acid and a strong base.
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2. Acidic solutions of salts. When the salt is formed from the cation of a weak base and the anion of a strong acid, the anion does not affect the pH but the cation does. 
NH4Cl + HOH ↔ NH4OH + HCl
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The formula for calculating [H+] is:
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where  Cs –  molar concentration of the salt


   Kw – ion product of water (10-14).
pH = – lg[H+]
3. Basic solution of salts. When the salt is formed from the cation of a strong base and the anion of a weak acid, the cation does not affect the pH but the anion does. In the anion hydrolyses reaction, a small equilibrium concentration of OH- makes the solution basic.
  KCN + HOH ↔ KOH + HCN
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The formula for calculating [OH-] is:
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pOH= – lg[OH-];
pH=14 – pOH
7. Hydrolysis reactions in biochemical processes

Hydrolysis is of great importance for metabolic processes. Biologically active substances obtained as nutrients – proteins, lipids, nucleic acids, carbohydrates – undergo hydrolysis. Hydrolytic products of these are used further for specific biopolymers synthesis. Some of hydrolysis products serve as energy source being oxidized in Krebs cycle. Macroergic compounds ATP and GTP undergo hydrolysis which is accompanied by liberation of energy.  This energy is used for all types of activities in the organism – synthesis of proteins, muscles contractions, and electrical function of nerve cells.  

Action of medicines often depends on their acid-base properties and hydrolytic ability. This aspect should be taking into consideration on simultaneous prescription of some medicines. 

Self-check exercises
1.  What is the pH of a 0.01 M solution of sulfuric acid if the acid is completely dissociated? 

a. pH=2 

          b. pH=1,7  

          c. pH=0,7  

          d. pH=0,2

2.  What is the medium in CH3COONa solution?

a. Acidic 

          b. Neutral  

          c. Basic   

          d. About 7

3.  What is the pH of 0,2 M solution of NH4OH if the degree of dissociation is 0,042?

 a. 1  

           b. 4   

           c. 12   

           d. 14

         Ans. 1 – b; 2 – c; 3 – c 
BUFFER SOLUTIONS, CLASSIFICATION AND MECHANISM OF ACTION. ROLE OF BUFFERS IN BIOLOGICAL SYSTEMS, 
BUFFER CAPACITY DETERMINATION

Characteristic of the subject

The pH value of the internal media of the organism is characterized by a significant constancy and stability. For example, blood pH of the human organism is constant in the interval 7.35—7.45. A small change of the pH value causes significant changes in the activity of the organism. Stability of the organism’s pH systems is a pledge of its normal vital activity. In many cases monitoring of this value enables to find out different pathologies and to make a right diagnosis. Working properly the organism keeps the acid-base equilibrium (pH) of the internal media due to the physiological (kidneys, liver, lungs, bowels) and physico-chemical (buffer systems of the organism) mechanisms of compensation.

Buffer systems of the organism maintain acid-base equilibrium of the blood on the constant level which is necessary for normal vital activity. Buffer solutions are widely used in biomedical researches as the constant pH level is very important in the course of many reactions. Buffer capacity being a quantitative measure of buffer action is an important parameter of the organism status.

Practical skills
1. To characterize the mechanism of buffer action. 

2. To calculate the pH value of buffer solution by its composition and the buffer solution composition using the given pH value.

3. To determine the change in pH of buffer system after addition of strong acid or base.

4. To characterize the mechanism of organism’s buffers action.

5. To calculate the buffer capacity.

6. To prepare buffer solution and determine its pH by means of potentiometry method.
Questions
1. Buffer systems, classification of buffers.

2. Mechanism of buffering action.

3. Henderson – Hasselbalch equation for pH calculation of buffer systems.

4. Buffer capacity and factors which it depends on.
5. Buffer systems of the organism.
6. Acid-base balance of the blood. 

1. Buffer systems, classification of buffers
The internal medium of an organism – blood, lymph, gastric juice, saliva, urine – are aqueous solutions.
Human blood pH is stable in the range of 7.35 – 7.45; 
saliva pH – in the range 6.35 – 6.85; 
gastric juice pH – in the range of 1.5 – 3.0; 
urine pH – in the range of 4.8 – 7.5. 
It is vitally important for the living organisms whose cells can survive only in a very narrow pH range to support the pH stability. The control of pH is accomplished by means of buffer systems. 

A buffer solution – is one that resists a change in its pH even when a strong acid or a base is added to it. 
Buffer solutions can be of two types: acidic and basic. 
Acidic buffer contains weak acid and its salt of a strong base. 
Basic buffer contains weak base and its salt of a strong acid.
2. Mechanism of buffering action

The point of buffering action is that buffering components react with added hydrogen protons and hydroxyl groups preventing them from accumulation in solution. 

An example of acidic buffer solution would be acetate one. It consists of weak acid CH3COOH and the salt CH3COONa. When strong acid is added to this buffer, hydrogen protons react with acetate ions coming from the salt:
H+ + CH3COO– ( CH3COOH
As a result strong acid is replaced by equivalent amount of weak acid. Thus, pH remains almost the same. 

When base is added to this buffer, hydroxyl groups react with acid forming water molecules:

CH3COOH  + OH– ( H2O + CH3COO–

As a result strong base is replaced by equivalent amount of water. Thus, pH remains almost the same. 

An example of basic buffer solution would be ammonium one. It consists of weak base NH4OH and the salt NH4Cl. When strong acid is added to this buffer, hydrogen protons react with base forming water:

H+ + NH4OH ( NH4+ +  H2O
As a result strong acid is replaced by equivalent amount of water.  Thus, pH remains almost the same. 
When base is added to this buffer, hydroxyl groups react with salt forming weak base:

NH4Cl + OH– ( NH4OH + Cl–

As a result strong base is replaced by equivalent amount of weak base. Thus, pH remains almost the same. 

3. Henderson – Hasselbalch equation for pH calculation of buffer systems

The pH of the buffer solution depends on the strength of the acid or base chosen and their relative amounts. pH for acidic buffer:

[image: image75.wmf]V(a)

×

C(a)

V(s)

×

C(s)

lg

+

pKa

=

pH


where
          pKa – (–log) of acid dissociation constant (Ka)

C(s),V(s) –  molarity and volume of a salt  solution

C(a),V(a) – molarity and volume of an acid  solution.
For basic buffer:    
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where 
pKb – (–log) of base dissociation constant (Kb)

C(s),V(s) –  molarity and volume of a salt  solution


C(b),V(b) – molarity and volume of a base  solution.
pH = 14 – pOH

4. Buffer capacity and factors which it depends on

There is a limit to how much a buffer system can resist change. Ability of a buffer solution to keep the assigned pH rate is quantitatively characterized by the buffer capacity. 
Buffer capacity is a number of moles of a strong acid or a strong base that should be added  to 1L of buffer solution in order to change its pH for 1 unit. 
The formula for calculating is:
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where

( –  buffer capacity
Ca, Cb – molar concentrations of the added acid or a base correspondingly
Va, Vb – volumes of the added acid or a base correspondingly
(pH –    changing of pH.
Buffer capacity depends on two factors. 

1. Concentration of components.

2. Ratio of components.

1. The more are the initial concentrations of components of buffer system, the more is its buffer capacity. 
2. Buffer capacity is the greatest when ratio of components is equal to 1. 
Hence, these factors should be taken into consideration when preparing buffer systems, i.e. buffer systems should be prepared from sufficiently concentrated solutions with the correlation of components approximately equal to 1. 


Each buffer solution is charactrerized by a definite interval of pH. The range of pH of buffers depends on dissociation constant value of acid (base). 
pH=pKa(b) + 1
5. Buffer systems of the organism


Buffer solutions are vitally important for living organisms.

Buffer systems of the organism:

1. Carbonic acid – bicarbonate buffer: H2CO3 – the acid, NaHCO3 – the salt

2. Phosphate buffer: NaH2PO4 – the acid, Na2HPO4 – the salt

3. Amino acid and protein buffer 

4. Hemoglobin buffer: HHb – weak acid, KHb – the salt of hemoglobin acid
5.Oxyhemoglobin buffer: HHbO2 – weak acid, KHbO2 – the salt of oxyhemoglobin acid.
Most of the buffering of blood is carried out by a carbonic acid – bicarbonate buffer. 

Any additional H+ that forms in the blood is removed by reaction with the bicarbonate ion (added acid).

HCO3– + H+ ( H2CO3


Carbonic acid breaks down into water and gaseous carbon dioxide.

H2CO3(aq) 
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 H2O (l)   +   CO2(g)

The extra carbon dioxide is released in the lungs and exhaled. 
When extra OH- finds its way into the blood system, it reacts with the H2CO3 (added base).

H2CO3  + OH– 
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 HCO3– + H2O

The extra bicarbonate ion formed is eventually expelled by the kidneys.
Phosphate buffer system (H2PO4– – HPO42– ) is at work in the cells of the organism. These two ions can react with acid or base produced in the cells as follows:

HPO42– + H+ ( H2PO4–         (added acid)
H2PO4– + OH– ( HPO42– + H2O  (added base)

Buffer action of amino acids and proteins should be explained by their amphoteric nature. They show the properties of an acid due to carboxyl group, and the properties of bases due to amino group. In an aqueous solution amino acids can exist in the form of the internal salt (zwitterion): 
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Carboxyl group adjoins H+ when some amount of a strong acid is added to the amino acid or protein solution:
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When some bases is added OH- groups react with H+ ions from the amino groups:
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pH rate, at which amino acid or protein exists in a form of zwitterions, and the molecule is electrically neutral is called isoelectric point (pI). Each protein depending on its amino acid composition is characterized by the definite pI, which can be both in acidic or alkaline area. At pH(pI proteins are in the form of multivalent cations, and at pH(pI – in the form of multivalent anions.


Action of Hemoglobin buffer and Oxyhemoglobin buffer will be considered in the course of biochemistry. 
6. Acid-base balance of the blood
In critical states, when the compensatory mechanisms of the organism can not prevent a concentrational shift of hydrogen ions to either side, the acid-base balance becomes disturbed. Two opposite pathologic states, acidosis and alkalosis, are observed to occur in the organism. 
In acidosis, the hydrogen ion concentration in the blood is above the normal and pH decreases. When the hydrogen ion concentration in the blood diminishes and pH rises, alkalosis sets in. Depending on the perturbative mechanism of acid-base balance, respiratory and metabolic acidosis (or alkalosis) are distinguished. 
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Self-check exercises
1. Which of the given below is the buffer system?

a. NH4OH + NH4Cl
b. CH3COOH + CH3COONH4 

c. H2CO3 +  NH4HCO3 

d. HNO3 + NaNO3 
2. Which of the following is the buffer system consisting of two acid salts?

a. Acetic buffer
b. Carbonic acid-bicarbonate buffer
c. Ammonium buffer
d. Phosphate buffer

3. Which buffer carries out most of the buffering of blood? 

a. Phosphate buffer
b. Carbonic acid-bicarbonate buffer 

c. Hemoglobin buffer 

d. Oxyhemoglobin buffer
Ans. 1 – a; 2 – d; 3 – b
COLLIGATIVE PROPERTIES OF SOLUTIONS

Characteristic of the subject
Human organism is a complex system where ions, molecules and colloidal particles of various substances are present in the dissolved state. A large number of solutions properties depend not on the nature of the dissolved substances but on the thermal movement of particles, i.e. are determined by the quantity of the kinetic units of the system. Such qualities are called colligative. Osmosis being colligative property plays a great part in the physiological processes of an organism. Food assimilation and metabolism are closely connected with the permeability of cellular membranes for water and dissolved substances. Osmotic pressure is a mechanism supplying cells with nutrients and water. Osmotic pressure in the different organs and tissues of higher animals is almost identical and equals 700—800 kPa. Some deviation is quickly eliminated by regulating mechanisms such as changes in quality and composition of the exerted saliva and urine. To have a good knowledge in this subject is necessary for a future doctor for better understanding a large number of processes taking place in a human organism as well as to understand what physiological and hypertonic solutions should be used for. Osmometry, ebulliometry, and cryometry allow determining molar masses of different substances which cannot be determined by other methods. 

Practical skills

1. To calculate osmotic pressure, solution depression and molar weights of physiologically active substances on the base of  Posm and depression.

2.  To classify solutions according to the values of their osmotic pressure.

3. To make a prognosis of the processes taking place in a cell when placing it to the hypotonic, isotonic or hypertonic solution.

Questions
1. Colligative properties of nonelectrolytes solutions:
1) Lowering of the vapor pressure of the solution compared with that of the pure solvent. Raoult’s law.
2) Elevation of the boiling point of the solution compared with that of the pure solvent.

3) Depression of the freezing point of the solution compared with that of the pure solvent.

4) Osmotic pressure. Van’t Hoff’s  law.
2. Colligative properties of electrolytes solutions. Isotonic coefficient.
3. Osmosis in biological systems. Oncotic pressure.
4. Theoretical basis of osmometry, cryometry, ebulliometry.
1. Colligative properties of nonelectrolytes solutions
All biochemical processes of metabolism take place in water solutions. Human organism consists of water for the most part (45-50 liters of water on 70 kg of the body weight). The intensively functioning organs are especially rich in water.

Bones – 20%

Cartilage (gristle) – 55%

Intestine, lungs, heart, kidneys, brain –70-80%

Pure substance has a distinct and unvarying melting point and boiling point. Mixtures, such as aqueous solutions, freeze and boil over a range of temperatures that are lower (for freezing) and higher (for boiling) than those of the pure solvent. The more solute, the more the melting and boiling points are affected.

Colligative properties – are properties which depend only on the relative amounts of solute and solvent, i.e. on concentration.
There are four colligative properties:

1) Lowering of the vapor pressure of the solution compared with that of the pure solvent.

2) Elevation of the boiling point of the solution compared with that of the pure solvent.

3) Depression of the freezing point of the solution compared with that of the pure solvent.

4) Osmotic pressure.

1. Vapour pressure


There are always (at any temperature) some water molecules in a gaseous phase above the liquid water. These gaseous molecules cause a definite pressure. Equilibrium or saturated vapour pressure - is the pressure of the vapour present at equilibrium with its liquid.
The presence of a nonvolatile solute in a solvent lowers the equilibrium vapor pressure from that of the pure solvent.  

The solution has a lower equilibrium vapor pressure than the pure solvent. In the solution, a certain proportion of the solute particles are near the surface. They do not escape to the vapor and also block access of some of the solvent molecules to the surface. Thus fewer of the solvent molecules can escape to the vapor, which means that the solution has a lower equilibrium vapor pressure than the pure solvent. So, the more solute particles are present, the greater is the effect of vapor pressure lowering. 
!   Pressure above solution is always less than above the pure solvent. 

The Raoult’s law illustrates it: The lowering of the equilibrium vapour pressure of a solvent over a solution equals to a mole fraction of a solute. 
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where   P0 – equilibrium vapor pressure of the solvent over the pure solvent
             P –  equilibrium vapor pressure of solvent over a solution
             N2 –  mole fraction of solute.

           The  mole fraction is the  ratio of the number of moles of a substance to the total number of moles of all the substances in the solution.
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Or, it can be said: the equilibrium vapour pressure of a solvent above the solution is proportional to the molar portion of a solvent:
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where      N1 – the mole fraction of a solvent

N1 + N2 = 1;
N1 = 1 – N2;
P = P0 ((1 – N2);

P = P0 – P0 N2 ;
P0 – P = P0N2;
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2. Boiling Point

At a higher temperature, more molecules have a minimum energy needed to escape and, as a result, the vapor pressure is higher. 
Boiling point of a liquid is the temperature at which vapor of a liquid is equal to the pressure of the atmosphere.The normal boiling point of a liquid is the temperature at which the vapor pressure is equal to 760 torr (1 atm, 101,3 kPa). The vapor pressure of water at 100(C is equal to the pressure of the atmosphere (101,3 kPa or 760 torr) so, 100(C is the normal boiling point for water. Since the liquid boils at the temperature at which its vapor pressure equals the atmospheric pressure, a higher temperature is necessary to cause a solution to reach the same vapor pressure as the solvent. This followes from the first colligative property which is described by Raoult’s law, i.e. the pressure above solutiom is always less than pressure above pure solvent. 
!   Solution always boils at higher temperature than the pure solvent. 

The difference between the boiling point of a solution and that of the pure solvent is called the elevation of the boiling point of the solution. 

The amount of boiling point elevation is given by the equation

(Tb = E(b(x)

where      (Tb – the number of Kelvin degrees that the boiling point is raised
E – ebullioscopic constant characteristic of the solvent (for water                                                            E=0,512 kg(K/mol)

b(x) – molality, mol/kg.
3. Freezing Point

Just as the boiling point of a solution is higher than that of the pure solvent, the freezing point is lower.  
!  Solution always freezes at lower temperature than the pure solvent. 

The lowering of a solution freezing point is called a depression in the biological research. Measuring of the biological liquids depression allows to determine the total concentration of all the particles that can’t be defined by the usual methods of the quantitative analysis. 

The amount of freezing point lowering is given by the equation

(Tf  = K(b(x)

where        (Tf – the number of Kelvin degrees that the freezing point is lowered

K – cryoscopic constant characteristic of the solvent (for water           K=1,86 kg(K/mol)

b(x) – molality mol/kg.
4. Osmotic Pressure

If we place a concentrated solution of a substance, for instance sugar, into a cylindrical flask and then carefully pour a more dilute sugar solution over it, then initially the sugar and water will be distributed unevenly throughout the volume of the solution. After a certain time elapses, however, the sugar and the water will again be uniformly distributed throughout the entire volume of the liquid. A directed motion appears of the sugar from the concentrated solution into the dilute one and of the water in the opposite direction. Each substance is transferred to where its concentration is lower. Such a spontaneous process of motion of a substance leading to leveling out of its concentration is called diffusion.
In the course of diffusion, a certain initial order in the distribution of the substances (a high concentration of a substance in one part of the system and a low one in the other part) is replaced by total disorder in their distribution. When the concentration of the solution levels out throughout its volume diffusion stops. In the above example, the particles of the solvent and the solute diffuse in opposite directions.  This is called counter or two-directional diffusion. Matters will be different if a partition is placed between two solutions that lets the solvent pass through and retains the solute. Such partitions, called semipermeable membranes, exist in nature (cells envelopes), and can also be obtained artificially (cellophane). 

Osmosis – is the tendency for a solvent to move through a thin porous membrane from a dilute solution to a more concentrated solution. 
Let’s take a container with a pure solvent and a solution are separated by a semipermeable membrane (Fig. 1). Solvent molecules can pass through the membrane in both directions, but the rate at which they diffuse to the pure solvent is lower because solute particles block some of the pores of the membrane. As a result, the water level rises in the solution, and drops in the solvent. This creates increased pressure in the solution, which eventually counteracts the osmosis, and equilibrium is established. The extra pressure required to establish this equilibrium is the osmotic pressure. 
Or, we can simply say that osmotic pressure is the pressure caused by solute in the solution.  

Like other colligative properties, it depends on the concentration of the solute.  The more concentrated the solution on the left (less solvent), the higher the osmotic pressure would be.
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Fig. 1.
Measurements of the osmotic pressure of various solutions showed that the magnitude of the osmotic pressure depends on the concentration of the solution and on its temperature, but does not depend on the nature of the solute or on that of the solvent. In 1886, J. van't Hoff showed that for solutions of non-electrolytes with moderate concentrations the dependence of the osmotic pressure on the concentration and temperature of the solution is expressed by the equation (Van’t Hoff’s  law):

P = CRT,

where

P – osmotic pressure, Pa

C – molar concentration, mol/L
R – constant equals 8,31(103 L(Pa/mol(K

T – temperature, K.
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2. Colligative properties of electrolytes solutions.

Isotonic coefficient
Electrolytes have a more pronounced effect on colligative properties than do non-electrolytes. This is because electrolyte's molecules decompose into ions so that the total number of particles in solution grows. And since the colligative properties depend on the number of solute particles per unit volume of the solution, when this number increases, they also grow. For example, Sodium chloride passes into a solution in the form of the ions Na+ and Cl–. From one mole of NaCl, we get not 6,02(1023 particles, but twice this number. Hence, the depression of the freezing point or any other colligative property in a solution of NaCl must be double that in a solution of a non-electrolyte having the same concentration. (Tb, (Tf, P for electrolyte solutions are so times as much as the number of particles in the electrolyte solution is more than in the non-electrolyte solution. To determine the above – mentioned values in the electrolyte solution it is used the so-called isotonic coefficient (i). 
i is equal to the quantity of ions the substance dissociates to. For example, i for NaCl is 2, for BaCl2 is 3, for AlCl3 is 4, for C6H12O6 is 1 as glucose is non-electrolyte.  

So, for the electrolyte solutions: 

(Tb = i(E(b(x);

(Tf  = i(K(b(x);

P = i(C(R(T

3. Osmosis in biological systems. Oncotic pressure

The phenomenon of osmosis plays a very important role in the life of animal and vegetable organisms. The envelopes of cells are membranes that are permeable for water, but almost impermeable for the substances dissolved in the liquid inside the cells.

We see an example of the osmosis process whenever we leave our hands in a soapy water or saltwater solution. The movement of water molecules from the cells of our skin to the more concentrated solution causes them to be wrinkled.

The osmotic pressure of a human blood is 700-800 kPa. 
Isotonic solutions are solutions having the identical osmotic pressure (and equal molar concentrations, of course). 
0,9% solution of NaCl and 5% solution of glucose are isotonic regarding blood. 
Solutions with a high osmotic pressure are hypertonic and those having a low osmotic pressure are called hypotonic.

Oncotic pressure is part of blood osmotic pressure caused by high molecular weight compounds, proteins mostly. The value of oncotic pressure is 3.5-3.9 kPa. 
If placing a living cell to the isotonic solutions it will not change, as the osmotic pressure inside and outside of it will be the same. 
Plasmolysis will occur if we place a cell to the hypertonic solution as the water molecules will pass  from the cell to the more concentrated solution and the cell becomes smaller (shrink). 
In hypotonic solution hemolysis of the cells takes place since water molecules pass from the external solution to the cell as a result of osmosis. The cells grow, swell and can be destroyed.

The phenomenon of osmosis plays a very important role in the life of living organisms. It is one of the reason underlying the rising of water along the stem of a plant, the supply of food to cells, trees and plants obtain water by absorbing water through the semipermiable membranes in their roots into the more concentrated solution inside the root cells. Brine solutions preserve many foods because the concentrated solution of salt removes water from the cells of bacteria, thus killing the bacteria.
4. Theoretical basis of osmometry, cryometry, ebulliometry
Determination of colligative properties (osmotic pressure, elevation of boiling point, depression in freezing point) of solutions of different substances can be used for evaluation of molecular masses. 

Ebullioscopy – is a technique for measuring relative molecular mass: a technique used to determine the relative molecular mass of a substance by measuring the amount by which it alters the boiling point of a chosen solvent.

[image: image297.wmf]0

2

Cl

2

2Cl

®

-

-

-

e


Cryoscopy – is a technique for determining the molecular mass of a solute by dissolving a known quantity of it in a solvent and recording the amount by which the freezing point of the solvent drops.
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Self-check exercises

1. Isotonic solutions are the solutions having the same:
a. Surface tension
b. Vapour pressure 
c. Osmotic pressure 
d. Percent by mass
2. A colligative property is:
a. Osmotic pressure
b. Boiling point
c. Freezing point 
d. Vapour pressure                 

3. The colligative properties of solution depend on:

a. Nature of the solute 
b. Nature of the solvent 
c. Number of particles of solute
d. Number of particles of solvent
Ans. 1 – c; 2 – a; 3 – c
Module 2

Equilibria in biological systems at a phase interface

Informative module 3

Thermodynamic and kinetic regularities of processes and electrokinetic phenomena in biological systems
HEAT effects of chemical reactions.

Processes direction

Characteristic of the subject

Metabolism is the set of the chemical and physical processes involving both the conversion of matter and energy within the living organism and the exchange of matter and energy between the organism and environment. The most important property of life is perpetual metabolism. The process of energy and matter exchange is a sign of life. It is very important for doctors to understand main laws of thermodynamics, which determine the possibility, direction and limits of natural processes. The methods of thermodynamics allow to understand the processes of activity in the biological systems. 
   
Practical skills

1. To be able to calculate the heat effect of chemical reaction by using enthalpies of combustion of reactants and products.

2. To be able to calculate caloricity of foodstuffs. 

3. To be able to use thermodynamic functions for estimating of processes directions and explain energetic coupling in living systems.

   
Questions
1. Basic concepts of chemical thermodynamics. 

2. First law of thermodynamics. Enthalpy. Exothermic and endothermic processes. 

3. Hess’s law.

4. Second law of thermodynamics. Entropy, thermodynamic potentials.

5. Physico-chemical principles of homeostasis. Exergonic and endergonic processes. 
1. Basic concepts of chemical thermodynamics
Physical and chemical changes are accompanied by energy changes.
Thermodynamics – is the branch of science which deals with energy changes in physical and chemical processes. 
There are some common terms which are frequently used in the discussion of thermodynamics.

System – is a specified part of the universe which is under observation. 
The remaining portion of the universe which is not a part of the system is called the surroundings. 

Systems may be classified into three types:

Isolated system – is a system which can neither exchange mass nor energy with the surroundings.   For example, chemical reactions carried out in closed containers insulated from the surroundings. 

Closed system – is a system which can exchange energy but not mass with its surroundings. For example, heating of hydrogen iodide in a sealed glass bulb constitutes a closed system because there is exchange of heat energy from surroundings to the system but no exchange of mass takes place. 

Open system – is a system which can exchange matter as well as energy with the surroundings. For example, reaction between zinc and HCl in an open beaker is an open system because hydrogen (mass) and heat evolved during the reaction go out from the system to the surroundings.  Living organisms are open systems because they are continuously exchanging matter and energy with the surroundings. 

The state of system – is the condition of existence of the system when its properties have definite values. If any of the properties of the system changes, the state of the system is also said to change. Thus, the state of the system is fixed by its properties (pressure, volume, temperature, surface tension, density, viscosity etc.). 

A state function – is a property of the system whose value depends only upon the state of the system and is independent of the path or manner by which the state is reached. 
The change in the value of these properties (state functions) depends only upon the initial and final states of the system and not on the path by which the change from initial to final state is brought about. Some common state functions are pressure (P), volume (V), temperature (T), internal energy (U), enthalpy (H), entropy (S), free energy (G), etc. 

The state of a thermodynamic system can be changed by a process. 

Isothermal process is a process in which the temperature of the system remains constant.

Isobaric process is a process in which the pressure of the system remains constant.

Isochoric process is a process in which the volume of the system remains constant.

Reversible process is a process in which the direction may be reversed at any stage by merely a small change in a variable like temperature, pressure, etc. Therefore, in a reversible process, the driving force is only infinitesimally greater than the opposing force and is carried out infinitesimally slowly. In this process, at every instant, the system remains virtually in a state of equilibrium with the surroundings. 

Irreversible process is a process which is not reversible. The driving force is very different than the opposing force. All natural processes are irreversible.  

Every substance possesses a fixed quantity of energy which depends upon its chemical nature and its state of existence. This is known as internal energy (U). Internal energy is the sum of kinetic and potential energies of the particles. The kinetic energy is the energy of translational, rotational, and vibrational motion of the particles; the potential energy is due to the forces of attraction and repulsion acting between the particles.

The heat changes are measured in calories (cal) or joules (J): 1 cal=4.184J, 1kcal=4.184kJ.

2. First law of thermodynamics. Enthalpy. Exothermic and endothermic processes
First law of thermodynamics is simply the law of conservation of energy. It states that energy can neither be created nor destroyed although it can be converted from one form into another. It means that the total energy of the universe remains constant. The first law of thermodynamics has no theoretical proof. It is a law based on human experience. 

! Mathematical statement of first law of thermodynamics:

Q=ΔU + A

where   ΔU –  change in internal energy
             Q – heat absorbed by the system
             A – work done on surroundings.
Chemical reactions are generally carried out at a constant pressure i.e. at atmospheric pressure. ΔU gives change in internal energy at constant volume. To express the energy changes at constant pressure (isobaric process), a new term enthalpy (H) is used. 

ΔH = Qp
where   Qp is the heat absorbed by the system at constant pressure. 
Enthalpy – is a measure of heat change (evolved or absorbed) taking place during a process at constant pressure. In a chemical reaction, the change in the enthalpy equals the heat effect of the reaction conducted at a constant temperature and constant pressure taken with the opposite sign (Q= –
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In exothermic reaction the enthalpy change is negative (
[image: image92.wmf]H

Δ

<0);

in endothermic reaction the enthalpy change is positive (
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Enthalpy of the reaction – is the enthalpy change during a chemical reaction when the moles of reactants and products are the same as indicated by the balanced chemical equation. 

CH4(g)  +  2O2(g)→CO2(g) + 2H2O(g)      
[image: image94.wmf]H

D

= –890.3kJ         

890.3kJ of heat is evolved during this reaction.

The standard enthalpy of a reaction (
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°)– is the value of enthalpy change when the reaction is carried out at 1 atm pressure and 298K (standard conditions). 

The enthalpy of formation (
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f) – is defined as the enthalpy change when one mole of a compound is formed from its elements. For example, enthalpy of formation of carbon dioxide:

C(s)  +  O2(g)→CO2(g)                       
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D

=
[image: image98.wmf]H

D

f = –393.5kJ

If all the species of the chemical reaction are in their standard state, (i.e. at           1 atm pressure and 298 K) the enthalpy of formation is called standard enthalpy of formation (
[image: image99.wmf]H

D

°f). The standard state of an element is the pure element in its most stable form at 298K and 1 atm pressure. The enthalpy of formation of every element in its standard state is assumed to be zero. 

Standard enthalpy of combustion (
[image: image100.wmf]H

D

°c) of a substance is the amount of heat evolved when 1 mole of a substance is completely burnt or oxidized. 

3. Hess’s law

It is known that reactions can occur in several stages. To calculate the overall enthalpy change, Russian chemist, academician G.H. Hess (1840) proposed an important generalization – the basic law of thermochemistry, known as Hess’s law. It states that the heat effect (enthalpy) of a reaction depends only on the initial and the final state of substances and does not depend on the intermediate stages of the process. 

For example, carbon can be converted into CO2 by two ways:

Path 1. C(s) + O2(g)→CO2(g)                      
[image: image101.wmf]D

H= –393.5kJ

Path 2. C(s) + 
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O2(g)→CO(g)                    
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H= –110.5kJ

             CO(s) + 
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1

O2(g)→CO2(g)                
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H= –283.5kJ

_____________________________________________________

               C(s) + O2(g)→CO2(g)                      
[image: image106.wmf]D

H= –393.5kJ 

There are two practically important corollaries of Hess’s law:

1. The heat effect of a chemical reaction equals the sum of the heats of formation of the products less the sum of the heats of formation of the reactants. Both sums are determined with account taken of the number of moles of the substances participating in the reaction in accordance with its equation.
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2. The heat effect of a chemical reaction equals the sum of the heats of combustion of the reactants less the sum of the heats of combustion of the products. 
[image: image300.wmf]O

5H

CrO

6

OH

 

10

O

Cr

2

2

4

3

2

+

®

-

-

-

+

-

2

е


[image: image110.wmf]=

D

reaction

H

o



 EMBED Equation.3  [image: image111.wmf]å

D

combustion

H

o

 of reactants - 
[image: image112.wmf]å

D

combustion

H

o

 of products
Hess’s law has been found to be very useful in calculating the enthalpy changes for chemical reactions which are not suitable for direct measurements with calorimeter. 

All living organisms require energy. Green plants capture the radiant energy of the sun and convert it to chemical energy in the course of photosynthesis. Animals obtain energy due to oxidation of nutritive products. The first law of thermodynamic states that energy is neither created nor destroyed. It can, however, be changed from one form to another. Life is a process that changes energy stored in food into energy associated with all forms of life activity (breathing, the beating of heart, movement, etc). Organism does not produce new energy, it works on account of energy stored in nutrients.  

The energetic balance of the organism is investigated using direct and indirect calorimetry. In the first case the individual is placed in an isolated camera in which the amount of the heat released by the living organism at different processes of normal physiological activity is determined. Indirect calorimetry is based on calculations with the use of respiratory coefficients and caloric oxygen equivalent.

Respiratory coefficient is a ratio of the exhaled carbon dioxide to the inhaled oxygen volume. For carbohydrates it equals 1,0, proteins – 0,8, fats – 0,7.

Caloric oxygen equivalent equals the amount of heat released at spending of 1 L of oxygen. For carbohydrates it equals 21,2 kJ, proteins 20,09 kJ, fats –                19,6 kJ.

The energetic value of nutrients is determined by thermochemical methods. The energetic value of fats is 37.8kJ/gram, 
proteins – 16.8 kJ/gram, 
carbohydrates – 19.8 kJ/gram. 
Using the data about caloric value of foodstuff it is possible to calculate scientifically substantiated norms of food requirement for definite groups of population with the account of energy demand. The norms take into consideration the age, sex, the character of work and lifestyle as well as the climate.

4. Second law of thermodynamics. Entropy, 

thermodynamic potentials

All processes have a natural direction i.e. a direction in which they take place of their own. A process which can take place of its own accord, without any external help is said to be a spontaneous process.   The spontaneity or feasibility of a physical or a chemical process is decided by the second law of thermodynamics.
Ball falls from our hands on the ground, water flows from higher level to lower level. Ball or water possesses more potential energy at high level than at lower level. This means that spontaneous processes proceed by decrease of energy. 
The state of lowest energy corresponds to the state of maximal stability. It means that exothermic reactions are spontaneous. But there are number of endothermic processes which are known to be spontaneous, e.g. evaporation of water. 
So, the tendency to have min energy, i.e. –ΔH may be the criterion for a process to be spontaneous but it can not be the only or sole criterion. All systems try to achieve a state of maximum disorder, i.e. the most probable state. The most probable state is equilibrium one when all particles are uniformly intermingled in the system and rates of processes are equal (mixed gases cannot separate; when crystal dissolves its regular structure is replaced by random distribution of ions in solution, etc.).
! So, the spontaneous processes occur because of the two tendencies:

1. Tendency of a system to acquire a state of minimum energy;

2. Tendency of a system to acquire a state of maximum randomness.
The extent of disorder or randomness in a system may be expressed by a property known as entropy. 

Entropy (S) – is the property of a system which measures the degree of disorder or randomness in the system. Entropy like internal energy and enthalpy is a state function and change in entropy therefore, depends only on the initial and final states of the system. 
Second law of thermodynamics states that the entropy always increases in the course of every spontaneous (natural) change. It means that when energy is converted from one form to another, some of it is “lost”, i.e. no machine – or organism – can be 100% efficient. 
!  Mathematical statement of second law of thermodynamics:


[image: image113.wmf]D

S=
[image: image114.wmf]D

Q/T
The third law of thermodynamics states that at absolute zero the entropy of a perfect crystalline substance is taken as zero.
 The third law helps to calculate the absolute entropies of pure substances at different temperatures by the measurement of heat capacity changes. When the entropy of one mole of the substance is expressed at 298K and 1 atm pressure, it is called standard entropy (S°) of the substance. The standard entropy change (
[image: image115.wmf]D

S°) for a chemical reaction can be calculated from the standard entropies of various substances in products and reactants as:

[image: image116.wmf])

(

)

(

ants

react

S

products

S

S

å

å

-

=

D

o

o

o


The entropy always grows with increasing temperature because the intensity of motion of the particles grows, and the number of ways in which they can arrange themselves grows. It also grows when a substance transforms from the crystalline state to the liquid one, and, especially, when it transforms from the liquid to the gas. 
Is it possible to turn a spontaneous process in a reverse direction? The second law of thermodynamics states that this is possible if entropy increases somewhere else. This can be illustrated by photosynthesis. Green plants synthesize organic substances – carbohydrates from carbon dioxide and water due to the solar energy. This process is accompanied by entropy diminishing. Therefore, decrease in entropy at carbohydrate synthesis is compensated by entropy increase on the Sun. 
Many important biochemical processes also take place with entropy reduction, e.g. biopolymer formation (protein, nucleic acids, etc.), active transport of ions through cellular membranes, etc. But a living organism is an open system, and all forms of life activity are accomplished on account of continues energy influx. Universe is not an isolated system as well, therefore “heat death” – the state of maximum entropy – does not threaten it. 

Both factors, the change in enthalpy and the change in entropy, are important in deciding whether a physical or chemical change will occur. They are combined in the Gibbs Helmholtz equation which is very useful in predicting the spontaneity of a process:

ΔG = ΔH – TΔS
where   ΔG – is Gibbs free energy change. 
Gibbs free energy (thermodynamic potential) –  is the maximum amount of energy available to a system during a process that can be converted into useful work. The free energy change, ΔG provides the overall criterion for the feasibility of a chemical process. It gives the balance of the two tendencies, ΔH and TΔS. Even, if the reaction is not favoured energetically (endothermic reaction), it can occur by a favourable change in entropy. When energy and entropy factors are favourable, i.e., 
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S is positive, then 
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G must be negative. Thus, 
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G is negative for a spontaneous process. Only those processes are feasible in which free energy undergoes a decrease i.e. 
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G is negative.
If ΔG is negative, the process is spontaneous.

If ΔG is zero, the process is in equilibrium state.  

If ΔG is positive, the process does not occur. 
The standard free energy change is the free energy change for a process at 298 K and 1 atm in which the reactants in their standard states are converted to the products in their standard states. The standard free energy of formation of an element in its standard state is assumed to be zero.  
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Using reference values for the functions (enthalpy, entropy, and Gibbs energy based on Hess’s law) it is possible to make bioenergetic calculations for a large number of biochemical reactions and to predict their direction. 

5. Physico-chemical principles of homeostasis. Exergonic and endergonic processes
Exergonic reactions – are biochemical reactions in which Gibbs free energy decreases (ΔG<0);

 Endergonic reactions – are biochemical reactions in which Gibbs free energy increases (ΔG>0). 
Many reactions essential to life are nonspontaneous. How can these reactions be forced to proceed in directions that are not natural? In a living cell, an endergonic reaction with a positive ΔG can be made to proceed if it is coupled with an exergonic reaction with a negative ΔG of larger absolute value. By coupling is meant that the two reactions share a common intermediate that transfers energy from one reaction to the other. It means that all endergonic reactions in the organism take place on account of energy which is given by hydrolysis of ATP. 
ATP can be hydrolyzed in two steps, each of which releases considerable energy. 

ATP + H2O→ADP + HPO42-                                       
[image: image123.wmf]D

G°= –7.3 kcal/mol

ADP + H2O→AMP + HPO42-                                      
[image: image124.wmf]D

G°= –6.5 kcal/mol

AMP + H2O→Adenosine + HPO42-                        
[image: image125.wmf]D

G°= –2.2 kcal/mol

Because ATP and ADP release large amounts of energy upon hydrolysis, they are called high-energy compounds. AMP is not regarded as a high-energy substance. 
ATP is the most important high-energy compound in cells, and is referred to as energy currency of the cell. It acts as a general repository of energy, trapping energy released when the fuel molecules of the cell are metabolized and then releasing that energy to drive otherwise unfavoured reactions. Cells also contain high levels of the high-energy compound creatine phosphate. If ATP is used up, creatine phosphate can transfer its phosphate group to ADP and, thus reform the ATP (
[image: image126.wmf]D

G° of hydrolysis for creatine phosphate is –10.5 kcal/mol). 

Classical thermodynamics studies isolated systems, which do not actually exist in nature.  Living organisms are open thermodynamic systems. They continuously exchange mass as well as energy with surroundings. All processes in biological systems are irreversible. The state of living system can be characterized as a stable non-equilibrium stationary state – homeostasis (from Greek (“remain the same”). Living organism maintains constant chemical composition of internal medium, osmotic pressure, pH, temperature, etc) on account of energy consumption.  


Stationary state means that reactions rates in the organism are not equal but the difference in rates is constant. In a stationary state increase in entropy is minimal. It means that organism works in a most favorable energetic mode. The efficiency of energy conversion in the organism is greater than that of any man-made device.
Reference values of thermodynamic functions at T=298,15 K

	Substance
	Enthalpy of formation
ΔH0f, kJ/mol
	Entropy

S,

J/mol.K
	Gibbs’ energy of formation ΔG0,

kJ/mol

	HCl(g)
NaCl(s)
O2(g)
O3(g)
H2O(g)

H2O(l)

SO2(g)
H2S(g)
NH3(g)
NH3(l)
HCN(g)
H3PO4(s)
C(graphite)
C(diamond)
CO(g)
СО2(g)
СО2(l)
H2(g)
Methane(g)
Ethylene(g)
Acetylene(g)
Benzene(l)
Ethanol(l)
Glycerin(l)
Acetaldehyde

Acetone(l)
Acetic acid(l)
Butyric acid(l)
Fumaric acid(s)
Lactic acid(l)
Pyruvic acid(l)
Glycine(s)
Urea(s)
Urea(l)
Glucose(s)
Sucrose(s)
	92,2

411,0

0

–142,0

–241,8

–285,8

296,9

20,4

–46,2

–80,8

132,0

–1281,1

0

1,8

–110,5

–393,5

–699,6

0

–74,8

52,3

226,7

49,0

–277,8

–670,7

–166,0

–246,8

–487,3

–524,3

–811,1

–694,0

–607,5

–524,7

–333,2

–319,2

–1274,4

–2222,0
	186,7

72,4

205,0

238,8

188,7

69,9

248,5

205,6

192,5

201,7

110,5

5,7

2,4

197,9

213,6

130,6

186,2

219,4

200,8

173,2

164,0

20,5

264,2

198,7

159,8

255,0

166,1

221,7

109,2

104,6

173,8

360,3
	–95,3

–384,1

0

162,8

–226,6

–237,2

–300,2

–33,5

–16,5

121,6

–1119,2

0

2,8

–137,1

–393,4

–50,8

68,1

209,2

–124,4

–174,1

–477,1

–132,9

–155,4

–389,4

–376,7

–653,6

–366,8

–197,1

–919,5

–1544,7




Self-check exercises 
1. A student requires about 15000 kJ for normal vital activity. Calculate the amount of bread, sugar and butter needed to provide this amount of energy. Caloric value of wheat bread is 1067  kJ/kg, sugar 17150 kJ/kg, butter – 32470 kJ/kg:

a. 14,06 kg; 8,75 kg; 4,62 kg

b. 1,406 kg; 0,875 kg; 0,462 kg

c. 0,703 kg; 0,875 kg; 0,231 kg

d. 1,406 kg, 0,230 kg, 0,462 kg

2. The state of living organisms is defined as:

a. Equilibrium 

b. Non-equilibrium
c. Non-equilibrium stationary

d. Equilibrium stationary
3. When a solid melts, there is:

a. No increase in enthalpy
b. Increase in enthalpy
c. Decrease in enthalpy 
d. Decrease in entropy
Ans. 1 – c; 2 – c; 3 – b

Kinetics and equilibrium of 

biochemical processes

Characteristic of the subject

The study of chemical reaction kinetics is of great theoretical and practical significance both for chemistry and medicine. The knowledge of the factors determining the reaction rate allows to regulate the processes taking place in the organism, to investigate the efficacy of drugs, enzymes. The knowledge of the laws providing an optimum course of the process allows to gain the desired result by creation the corresponding conditions.

Practical skills
1. To be able to analyze dependence of reaction rate on the temperature, concentration of reactants and activation energy.

2. To be able to explain peculiarities of catalytic action.  

3. To be able to describe action of enzymes and peculiarities of enzymatic reactions.

Questions
1. Basic concepts of chemical kinetics.
2. Dependence of reaction rate on the concentration. Order and molecularity of reaction.

3. Dependence of reaction rate on the temperature. 

4. Dependence of reaction rate on the nature of reactants.
5. Catalysis and catalysts. 
6. Kinetics and peculiarities of enzymatic reactions. 
7. Chemical equilibrium. Displacement of chemical equilibrium.                     Le Chatelier’s principle. 
8. Heterogenous equilibrium. Solubility product.
1. Basic concepts of chemical kinetics
Chemical kinetics – is the branch of chemistry which deals with the rates of chemical reactions and the mechanism by which they occur. Chemical reactions proceed at different rates. The same reaction may proceed at a faster rate in one set of conditions, for instance at elevated temperatures, and more slowly in other conditions, for example when cooled. 
The rate of a chemical reaction – is a measure of the speed with which the reactants are converted into products. It may be defined as the change of concentration in any one of the reactants or products per unit time. 

In treating the rate of a reaction, we must distinguish between reactions proceeding in a homogeneous system (homogeneous reactions) and reactions proceeding in a heterogeneous system (heterogeneous reactions).  

A system in chemistry is defined as the substance or combination of substances being considered. The surroundings – the substances surrounding the system, are opposed to a system. 

A homogeneous system is one consisting of a single phase, and a heterogeneous system is one consisting of several phases. By phase is meant a part of a system separated from its other parts by an interface upon passing through which the properties change in a jump.

Any gas mixture is an example of a homogeneous system (mixture of nitrogen and oxygen). Example of a heterogeneous system is: water with ice, a saturated solution with precipitate, etc.

If a reaction proceeds in a homogeneous system, it goes on throughout the entire volume of the system.

By the rate of a homogeneous reaction is meant the amount of substance entering into a reaction or formed in the reaction in unit time and in unit volume of the system.
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By the rate of a heterogeneous reaction is meant the amount of substance entering into a reaction or formed in the reaction in unit time and on unit surface area of a phase.
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– reaction rate in a heterogeneous system
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Factors which influence the rate of a reaction are:

1. Concentration of reactants

2. Temperature of the system

3. Nature of the reactants

4. Presence of a catalyst

2. Dependence of reaction rate on the concentration. 
Order and molecularity of reaction
The rate of the reaction is directly proportional to the concentration of the reactants. The quantitative relationship between the rate of a reaction and the molar concentration of the reacting substances was discovered experimentally by               C. Guldberg and P. Waage (Norway) in 1867. This relationship is known as law of mass action: at a given temperature the rate of a chemical reaction is directly proportional to the product of the molar concentrations of the reactants. The molar concentration of the reactant is also called active mass. 

Let us consider a reaction A + B = C

According to the law of mass action, the rate of the reaction may be written as:

υ=k[A][B]

This is known as rate expression. 
[A] and [B] are the molar concentrations of  reactants;

 k is a coefficient of proportionality known as the rate constant. 
For reaction 2A + B = C or A + A + B = C which is the same, we can write:

υ=k[A][A][B] that is υ=k[A]2[B]

Here the concentration of each of the reactants in the expression for the rate of a reaction has an exponent equal to the relevant coefficient in the equation of the reaction. 

The value of the rate constant k depends on:

1) the nature of the reactants, 
2) the temperature, 
3) the presence of catalysts;

 but does not depend on the concentrations of the substances!

 
The rate constant at a given temperature – is rate of the reaction when the concentration of each of the reactants is unity, i.e. if 
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. Rate constant is a measure of the rate of the reaction. Larger the value of k, faster is the reaction.

The equations of the law of mass action for heterogeneous reactions include only the concentrations of the substances that are in the gaseous phase or in a solution. 

Si(s)+O2(g)=SiO2(s)

The law of mass action will be written as

υ = k[O2]
Complex reactions whose equations contain a great number of particles are a combination of consecutive or parallel processes each of which occurs, as a rule, owing to the collision of two particles. In such cases, the law of mass action may be applied only to each separate step of a reaction, but not to the reaction as a whole.  

The dependence of the reaction rates on concentration may be expressed in terms of order of a reaction. The order of reaction can be determined only by the experiment. 
The order of a reaction  – is the sum of the powers to which the concentration terms are raised in the rate expression. 
Thus, for a reaction: aA + bB  = products, the rate expression is υ=k
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are constant numbers of the powers of the concentrations of the reactants A and B respectively on which the rate of the reaction depends. The values of 
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are determined experimentally and may or may not be equal to a and b coefficients in the reaction. The order of the reaction, n, is n=α+β, where 
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 are the orders with respect to individual reactants and n is the overall order of the reaction. 
When n=1, the reaction is said to be the first order reaction;

 
if n=2, the reaction is said to be the second order reaction and so on. 
In the first order reaction the rate of reaction depends on the concentration of only one substance;

 in the second order reaction the rate of reaction depends on the concentration of two substances;

 in zero order reaction the rate of reaction is independent on the concentration of the reactants. 

Reaction of zero order: 

           Pt
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2NH3         N2 + 3H2 (decomposition of ammonia at the surface of metals)

υ=k[NH3]0  or υ=k

It has been observed that the rate of this reaction is independent of the concentration of ammonia. Many enzymatic reactions are zero order reactions when substrate is in excess and the quantity of enzyme is limited. 

Reaction of first order:
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NH4NO2           N2 + 2H2O    υ =k[NH4NO2]

Final stages of enzymatic reactions, reactions of antigens with antibodies, isomerization reactions, hydrolysis reactions are first order reactions. 

 Reactions of second order:
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2NO2           2NO + O2

υ =k[NO2]2
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H2 + I2         2HI

υ =k[H2][I2]

Reaction of third order:
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2NO + O2          2NO2

υ =k[NO]2[O2]

The maximum order for biochemical reactions is the second one.  

The order of a reaction can be determined by method known as half life period method. 

Mechanism of a reaction

Molecularity of a reaction – is the number of reacting species (molecules, atoms or ions) which collide simultaneously to bring about a chemical reaction.
 If a reaction involves the decomposition of only a single species, the molecularity is one or it is called unimolecular reaction.

[image: image306.wmf]H2O            H2+ ½ O2           unimolecular reaction    

If the reaction involves the collision of two species, it is bimolecular reaction and if three species take part in a collision it is called trimolecular and so on.   
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2HI(g)              H2(g)  +  I2(g)     bimolecular reaction 
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2NO(g) + O2(g)          2NO2(g)   trimolecular reaction

In any case the number of molecules of the products formed during a reaction doesn’t influence the molecularity of a reaction. 

Reactions involving three or more molecules are uncommon. The reason for this is that the occurrence of such reactions requires the simultaneous collision of three or more than three molecules at the same time. The chances of the occurrence of such collisions are very small. Actually, complex reactions which involve many reacting particles take place through a sequence of two or more consecutive steps. The detailed description of various steps by which reactants change into products is called mechanism of the reaction. If one step takes place much more slowly than all other steps, it will definitely control the overall reaction rate. The rate of reaction is determined by the slowest step in the sequence. The slowest step is called rate determining step in the proposed mechanism. For example:
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On the basis of this equation we could consider this reaction as second order reaction, though the investigation shows that it is first order reaction.

This apparent contradiction will disappear after the investigation of the real mechanism of a reaction determined by two consecutive reactions. 
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Fig. 96. Isotherm of surface excess (I') in solutions of a surfactant.

Structure of surface layer: a—pure solvent; b—unsaturated monomolecular
layer of surfactant; c—saturated monomolecular layer of surfactant



N2O5           N2O3+O2

[image: image311.bmp]N2O5 +N2O3       4NO2

The first monomolecular step which determines the general rate and order of a reaction is the slowest one. 

Let us consider reaction of sugar hydrolysis:
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C12H22O11 + H2O           C6H12O6  +  C6H12O6
Sucrose           excess         glucose             fructose

The molecularity of the reaction is two because it involves two reacting species namely sucrose and water. However, the concentration of sucrose changes during the reaction while water is present in such a large excess that its concentration remains practically unchanged. Therefore, the rate of the reaction depends only on the concentration of sucrose and hence the order of the reaction is one. Molecularity and order are different terms. 

Molecularity is a theoretical concept while order of a reaction is determined experimentally.  Molecularity cannot be zero and order of a reaction can be zero. 

3. Dependence of reaction rate on the temperature
Temperature has a great influence on reaction rates. In general, an increase in temperature increases the rate of almost all reactions. A general approximate rule for the effect of temperature on reaction rate was given by J.H. Van’t Hoff. He introduced the term temperature coefficient. 
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The temperature coefficient – is a number showing how many times the rate of a given reaction grows when the temperature of the system increases by                  10 kelvins. At conventional temperatures, value of temperature coefficient  for most reactions ranges from two to four. 
Enzymatic processes are characterized by higher values of temperature coefficients (7–10). Metabolic processes run in the narrow interval of temperatures, beyond which biological molecules are unstable. Temperature optimum in animals is about 35-40 °C, in plants it is higher. But it is known, that some bacteria can stand the temperature up to 70°C. 
In human being and warm-blooded animals the constant temperature of the body is maintained by special mechanisms of thermoregulation, due to which outer changes of the temperature do not influence the normal physiological processes. 

 
Temperature limits of life caused by the denaturation of proteins and inactivation of enzymes.  

The basic requirement for a reaction to occur is that the reacting species must collide with one another. This is also the basis of Collision Theory. All the collisions among the reacting species at a given temperature are not effective in bringing about the chemical reaction. The collisions which actually produce the products and therefore, result in the chemical reaction are called effective collisions. For effective collision (to yield products) the colliding molecules must have more than or equal to certain minimum amount of energy. The colliding molecules should also have proper orientation in space so that the old bonds may break and new bonds are formed. 

To summarize: the collision theory states that, in order to react, molecules must

1) collide

2) collide in a favourable orientation

3) collide with enough energy to react

Increase in the rate of reaction with the rise in temperature is mainly due to the increase in number of effective collisions as at higher temperature molecules have higher energies. 

4. Dependence of reaction rate on the nature of reactants

There are many reactions which do not occur unless some energy is supplied to reacting system. Activation energy, Ea – is the excess energy (over and above average energy of the reactants) which must be supplied to the reactants to undergo chemical reactions. Molecules having such an energy are called active molecules.

The activation energy of different reactions is different. Its value is the factor by means of which the nature of reactants affects the rate of reaction. For some reactions, the activation energy is low, for others, on the contrary is high. Each reaction has definite value of Ea and this decides the fraction of total collisions which are effective. If the activation energy is very low (less than 40 kJ/mol), it means that the rate of such a reaction is high. An example of reactions whose activation energy is negligibly small is ionic reactions in solutions, usually consisting in the interaction of oppositely charged ions. Such reactions proceed virtually instantaneously.

Conversely, if the activation energy is very high (above 120 kJ/mol), this means the rate of such a reaction is very low. 

Finally, if the activation energy of a reaction is not very low and not very high (40 – 120 kJ/mol), the reaction will proceed at a moderate rate.

Reactions requiring appreciable activation energy begin with breaking or weakening of the bonds between the atoms in the molecules of the reactants. The latter pass over into an unstable intermediate state characterized by a great store of energy. This state is known as an activated complex (or a transition state). It is exactly for its formation that the activation energy is needed. The unstable activated complex exists for a very short time. It decomposes with the formation of the reaction products and energy is evolved.
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Activation energy of most of biochemical reactions, taking place in the organism is 2 – 3 times less than that of the ordinary chemical reactions. This can be explained by the fact, that biochemical reactions are enzymatic ones. However, activation energy of the biological structures destruction caused by different toxic factors is higher, which makes cells resistible to harmful influences.

Svante Arrhenius proposed a quantitative relationship between rate constant, activation energy and temperature as: k=Ae-Ea/RT

where  
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 – frequency factor  
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 – the absolute temperature
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 – the gas constant
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– the activation energy.
This equation is called Arrhenius equation in which 
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 is the number of collisions between molecules per second per liter. A is the rate of effective collisions between molecules. 
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 can be considered as extrapolation value of maximum rate constant, when all molecules are reactive and every collision between molecules leads to the chemical reaction, i.e. 
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 is zero then  k=A, and all collisions are effective. 

It has been observed that in some cases the rate of a chemical reaction is considerably increased by the use of certain radiations. The photons of these radiations possess sufficient energies (E=hν) to overcome the activation energy barriers. Such types of reactions which are initiated by the absorption of radiation are called photochemical reactions. Many photochemical reactions are chain reactions    

            light
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Photosynthesis is an example of photochemical reaction. Chlorophyll absorbs the visible light energy from the sunlight. After absorption, the excited chlorophyll transfers the energy to carbon dioxide and water molecules which then react chemically involving series of reactions and finally form carbohydrates and oxygen.
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As a rule, chemical and biochemical processes have composite mechanisms. The mechanism of composite processes can be consecutive, simultaneous, coupled, and chain.

5. Catalysis and catalysts

A catalyst– is a substance which alters the rate of a chemical reaction without being consumed in the reaction. Thus, a small amount of catalyst is able to catalyze the reaction of a large amount of reactant. 
Catalysis  – is  the phenomenon of the change in the rate of a reaction under the action of catalysts. A catalyzed reaction has lower activation energy than an uncatalyzed reaction.  A catalyst provides a different mechanism for the reaction, with lower activation energy.

 In the presence of a catalyst a reaction proceeds through other intermediate steps than without it, and these steps are more accessible from the energy viewpoint. In other words, other activated complexes appear in the presence of a catalyst, and less energy is needed for their formation than for the formation of the activated complexes appearing without a catalyst. Thus the activation energy of a reaction is lowered. Some molecules, whose energy was insufficient for active collisions, are now active. A catalyst accelerates both the forward and the reverse reaction the same number of times. 


Homogeneous catalysis and heterogeneous catalysis are distinguished. If the catalyst and the reactants are in the same phase, the process is described as homogeneous catalysis. An example of homogeneous catalysis is acid-base catalysis. Many reactions are catalyzed by acids and bases. An example is the acid-catalysed hydrolysis of esters to give carboxylic acid and an alcohol:

                          H+
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Heterogeneous catalysis takes place at the surface of a catalyst which is in a different phase from the reactants (e.g. a solid catalyzing a reaction between gases). It thus follows that the activity of a catalyst depends on the size and properties of its surface. To have a greater surface, a catalyst must have a porous structure or to be in a greatly comminuted (highly dispersed) state. The reactants are adsorbed on the surface of the catalyst, where bonds are broken and new bonds are formed. The products are then desorbed from the surface. Many transition metals act as heterogeneous catalysts. For example, in the hydrogenation of unsaturated organic compounds, a process which is used in the conversion of liquid oils into solid fats, nickel is used. It is finely divided to increase the area of surface over which the reactants can come into contact. 

                          Ni
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R2C=CR2 + H2               R2CH – CHR2
Catalyst can absorb impurities present in reacting mixture and lose its activity. In this case catalyst is said to be “poisoned”.  

If the catalyst is in colloidal or highmolecular state, the process is known as microheterogeneous catalysis. Enzymatic catalysis is an example of microheterogeneous catalysis.

Autocatalysis is an example of catalytic process in which products influence the rate of reaction. For instance, the rate of reduction of KMnO4 increases in the presence of Mn2+ ions which are the products of this reaction.  

6. Kinetics and peculiarities of enzymatic reactions



Catalysis plays a very great role in biological systems. The enzymes are biological catalysts, produced by living cells, which catalyze the biochemical reactions in living organisms. Chemically all enzymes are globular proteins. Without enzymes, the living processes would be very slow to sustain life. About 3000 enzymes have been identified. Specific features distinguish enzymes from inorganic catalysts. Enzymes are exceptionally effective, and their catalytic activity, under the conditions of moderate temperature, normal pressure, and pH range close to the neutral, is million times superior over that of inorganic catalysts. Enzymes exhibit a high specificity of action with respect to both the chemical nature of substrate and the type of reaction, i.e. each enzyme catalyzes a definite reaction only. Some common enzymes and reactions which are catalyzed by them are given in Table 1.

Table 1. 
	Enzyme
	Reaction catalyzed 

	Maltase

Lactase

Amylase

Pepsin

Nucleases

DNA Polymerase
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The important characteristics of enzymes are:

1. High efficiency. Enzymes increase the speed of reactions up to 10 million times as compared to the uncatalyzed reactions.

2. Extremely small quantities. Extremely small quantities of enzymes – as small as millionth of a mole – can increase the rate of reaction by factors of 103 to 106.

3. Specificity. The enzymes are highly specific in nature. Almost every biochemical reaction is controlled by its own specific enzymes. For example, maltase catalyses the hydrolysis of maltose. No other enzyme can catalyze its hydrolysis.

4. Optimum temperature and pH. The enzymes are active at moderate temperature (about 37°C) and pH (around 7).

5. Control of activity of enzymes. The actions of enzymes are controlled by various mechanisms and are inhibited by various organic and inorganic molecules.

In the catalytic process, of essential importance is the exact spatial matching between enzyme and substrate. The enzyme (E) combines with its substrate (S) to form an unstable intermediate enzyme-substrate complex (ES) which on completion of the reaction, decomposes to release the enzyme and to yield the products (P) of reaction. In enzymatic reactions an important specific feature is the effect of saturation of enzyme with substrate. In their studies on enzyme saturation effect, Leo Michaelis and Monica Menten have developed a general theory of enzymatic kinetics. 

A quantitative relationship between the substrate concentration and the enzymatic reaction rate is:
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where 
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 – reaction rate measured at the given substrate concentration [S]    

Vmax – maximum rate of reaction for complete saturation of enzyme with substrate
Km – Michaelis constant which is measured from experimental data. 
Numerically the Michaelis constant is equal to the substrate concentration (mol/L) at which the rate of the given enzymatic reaction is half the maximum rate value. 

At low substrate concentrations the reaction rate versus substrate concentration relationship is nearly linear and obeys the first order kinetics, meaning that the rate of the reaction S → P is directly proportional to the substrate concentration [S] and is determined by the equation: υ=k[S]. 

At high substrate concentrations, the reaction rate attains a maximum and becomes constant, independent of the substrate concentration υ=Vmax, meaning that the reaction is of zero order. In addition, the reactions of second order are distinguished for which the reaction rate is proportional to the product of the concentrations of two reactants. In certain conditions, as this proportionality is disobeyed, one refers to mixed – order reaction (Fig.1)
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Fig 1. Relationship between the enzymatic reaction rate and the substrate concentration. (a) first order reaction (at [S]<
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 the reaction rate is proportional to the substrate concentration); (b) mixed order reaction; (c) zero order reaction (
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7. Chemical equilibrium.  Displacement of chemical equilibrium.                   Le Chatelier’s principle

All chemical reactions can be divided into two groups: irreversible and reversible reactions. Irreversible reactions proceed to the end – until one of the reactants is completely used up. Reversible reactions do not proceed to the end. In these reactions, none of the reactants is used up completely. This distinction is associated with the fact that an irreversible reaction can proceed only in one direction. A reversible reaction, on the contrary, can proceed either in the forward or in the reverse direction.
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Example 1. The reaction between zinc and concentrated nitric acid proceeds according to the equation:

Zn + 4HNO3 = Zn(NO3)2 + 2NO2 + 2H2O


With a sufficient amount of nitric acid, the reaction terminates only when the entire zinc dissolves. In addition, if we try to conduct this reaction in the reverse direction – if we pass nitrogen dioxide through a solution of zinc nitrate, no metallic zinc and nitric acid will be obtained – the given reaction cannot proceed in the reverse direction. Thus, the reaction of zinc with nitric acid is an irreversible reaction. 


Example 2. The synthesis of ammonia proceeds according to the equation:

[image: image325.bmp]
N2  +  3H2           2NH3

If we mix one mole of nitrogen with three moles of hydrogen, provide conditions favorable for the reaction to proceed in the system, and analyze the gas mixture after sufficient time elapses, the results of the analysis will show that the system contains not only the product (ammonia), but also the reactants (nitrogen and hydrogen). If we now take ammonia as the reactant instead of the nitrogen-hydrogen mixture in the same conditions, we shall find that part of the ammonia decomposes into nitrogen and hydrogen, and the three substances will be in the same proportion finally as when we started with the mixture of nitrogen and hydrogen. Thus, the synthesis of ammonia is a reversible reaction.

  
Reversible reaction reaches the point of equilibrium when the rate of forward reaction equals the rate of reverse reaction.

Chemical equilibrium is called dynamic equilibrium. This stresses the fact that both the forward and reverse reactions proceed in equilibrium, but their rates are the same, and as a result no changes are noticeable in the system. 

Chemical equilibrium is characterized quantitatively by a value known as the chemical equilibrium constant. Let us consider the reaction of hydrogen iodide synthesis:

[image: image326.bmp]H2  +  I2           2HI

According to the law of mass action, the rates of the forward (υ1) and reverse (υ2) reactions are expressed by the equations:

υ1 = k1[H2][I2] 
υ2= k2[HI]2
At equilibrium, the rates of the forward and reverse reactions are equal, hence
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The ratio of the rate constants of the forward and reverse reactions is also a constant. It is called the equilibrium constant (K) of a given reaction:
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And finally 
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The left – hand side of this equation contains the concentrations of the reacting substances that set in at equilibrium – the equilibrium concentrations. The right – hand side of the equation is a constant (at a constant temperature) quantity. 

In the general case of a reversible reaction
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the equilibrium constant will be expressed by the equation
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Thus, at a constant temperature, the equilibrium constant of a reversible reaction is a constant quantity showing the relationship between the concentrations of the products (the numerator) and the reactants (the denominator) that is established at equilibrium.

For heterogeneous reactions, the expression of the equilibrium constant, like the expression of the law of mass action includes the concentrations of only the substances that are in the gaseous or liquid phase. 

The magnitude of the equilibrium constant depends on:

1) the nature of the reacting substances
2) the temperature 

but does not depend on the presence of catalysts!

A catalyst does not affect the magnitude of the equilibrium constant. It can only accelerate or retard the setting in of equilibrium. 
A system will be in a state of equilibrium as long as the external conditions remain constant. If the conditions change, the system will no longer remain in equilibrium – the rates of the forward and reverse processes will change differently – a reaction will proceed. 
The equilibrium can be shifted by:

1) change in concentrations of reactants or products;

2) change in temperature;

3) change in pressure.

The shifting of equilibrium in chemical reactions obeys Le Chatelier’s principle, the general principle determining the influence of various factors on equilibrium systems. This principle as applied to chemical equilibria can be formulated as follows:
When stress is applied to a system at equilibrium, the system reacts in such a way to counteract the stress. 
Le Chatelier’s principle relates not only to chemical, but also to various physicochemical equilibria. 
1. Shifting of equilibrium because of a change in the concentration of one of the substances participating in the reaction. The process of a change in concentrations due to violation of equilibrium is called the displacement or shifting of equilibrium. When one of the substances participating in a reaction is introduced into the system, equilibrium shifts in the direction of consuming this substance. If we increase the concentration of reactant, the system, according to Le Chatelier’s principle, tries to counteract, i.e. to decrease the concentration of reactant. It can be achieved by increasing the rate of forward reaction. Thus, if concentration of reactant is increased, the equilibrium shifts to the right side. If the product is taken of the system, the system tries to maintain this reduced concentration and equilibrium shifts to the right i.e. in the direction of the forward reaction.  
 Thus, when the concentration of one of the substances participating in equilibrium increases, the equilibrium shifts in the direction of consumption of this substance; when the concentration of one of the substances decreases, the equilibrium shifts in the direction of formation of this substance.

2. Shifting of equilibrium because of a change in pressure. Change in pressure influences only reactions involving gaseous substances.  If the pressure is increased, equilibrium shifts so as to lower the pressure in the system, i.e. to the side with lesser number of gaseous molecules as lesser number of gas molecules cause lower pressure. For example, if the pressure is increased in equilibrium system 2NO  +  O2   ↔  2NO2 the rate of forward reaction will be increased, i.e. equilibrium will be shifted to the right. If pressure is decreased, the equilibrium shifts to the left.
When a reaction proceeds without a change in the number of molecules of the gases, equilibrium is not violated upon change the pressure in the system. 

3. Shifting of equilibrium because of a change in temperature. The equilibrium of the majority of chemical reactions shifts when the temperature changes. The factor determining the direction of equilibrium displacement is the sign of the heat effect of the reaction. Upon elevation of the temperature, equilibrium shifts in the direction of the endothermic reaction, and upon its lowering – in the direction of the exothermic reaction. 

For instance, the synthesis of ammonia is an exothermic reaction:

N2 + 3H2 = 2NH3     +92.4 kJ

Hence, upon elevation of the temperature, equilibrium in this reaction shifts to the left – in the direction of decomposition of ammonia, because this process goes on with the absorption of heat. 

Conversely, the synthesis of NO is an endothermic reaction:

N2  +  O2  = 2NO     –180.5 kJ

Therefore, elevation of the temperature is attended by shifting of equilibrium in this reaction to the right, in the direction of formation of NO. 

A catalyst in a system that reaches a point of equilibrium increases the rates of both the forward and reverse reaction but does not change the point of equilibrium. The function of a catalyst is simply to reach the point of equilibrium in less time.

8. Heterogenous equilibrium. Solubility product
Dissolution of poorly soluble substances serves as an example of heterogenous equilibrium. Solubility of various substances is expressed by concentration of saturated solutions. Solubility (s) of the given substance equals its molar concentration in saturated solution expressed in mol/l. It depends on the nature of the substance, temperature and ion concentration in the solution. When salts dissolve in water, not molecules but ions pass into the solution. Hence, dynamic heterogeneous equilibrium sets in between the solid phase (precipitate) and the ions of the electrolyte:  

CaSO4(s) 
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The equilibrium constant for this process is:
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then: [Ca2+][SO42–] = [CaSO4](s)(Keq = const

Ksp(CaSO4)= [Ca2+][SO42–]

Thus, in a saturated solution of a poorly soluble electrolyte, the product of the concentrations of its ions is a constant value at the given temperature. It is called solubility product (Ksp). When an electrolyte contains two or more common ions, the concentrations of these ions must be raised to the relevant powers in calculating the Ksp, e.g. Ksp(Ag2S)=[Ag+]2[S2-].
Ksp characterizes the ability of the electrolyte to dissolve. For some poorly soluble salts Ksp are given in the table:

	Salt
	Ksp
	Salt
	Ksp

	AgCl
	1,8(10–10
	HgS
	1,6(10–52

	AgBr
	5,3(10–13
	Mg3(PO4)2
	1,0(10–13

	AgI
	8,3(10–17
	Ca3(PO4)2
	2,0(10–29

	BaSO4
	1,1(10–10
	CaHPO4
	2,7(10–7

	PbS
	2,5(10–27
	Ca3(OH)(PO4)3
	1,6(10–58


A knowledge of the solubility product makes it possible to solve problems related with the formation or dissolving of precipitates in reactions. 
a) Precipitate forms if the product of real concentrations of ions in the solution (PI) with the account of coefficients in the equation of dissociated electrolyte is more than Ksp;

b) Precipitate dissolves if PI < Ksp. This can be achieved by dilution of solution or binding one of the ions to a more stable compound. E.g., a poorly soluble salt BaCO3 is easily dissolved in hydrochloric acid due to sharp decrease in concentration of carbonate ion, which decomposes into carbon dioxide and leaves the sphere of the reaction:

BaCO3 + 2HCl = BaCl2 + СО2↑ + H2O


If the mixture of ions is present in solution, the compound with lesser value of solubility product will precipitate first. 
Self-check exercises
1. Activation energy is:

a. The energy needed for activation of one of the interacting molecules
b. The energy needed for interaction of electrically neutral molecules
     c. The energy needed to overcome repulsion forces between the molecules
     d. The energy needed to split (form) chemical bonds of the reacting molecules
      2. On increasing temperature of the reacting system by 10 degrees the rate of reaction increases  2 – 4  times. The most appropriate reason for this is:

a. Collision frequency increases 
b. Activation energy decreases by increases in temperature         
c. The fraction of molecules having energy equal to activation energy or more increases
d. All are correct
3. What is the order of enzymatic reaction if substrate is in excess?

a. Zero 
b. First 
c. Second
d. Third
Ans. 1 – d; 2 – c; 3–a
oxidation-reduction reactions

Characteristic of the subject

Oxidation-reduction reactions (ORR) are of great importance for metabolism. They are necessary for both anabolic and catabolic processes. ORR serve as basic energy source for the living organisms. They also form the basis of some volumetric analysis methods (oxidimetry), which enable to determine the content of oxidizing and reducing agents in solutions including biological fluids.
Practical skills

1. To be able to make up ORR equations using ion-electron method (the half-reaction method).
2. To determine the equivalent, the equivalence factor and the molar weight of the equivalent of oxidizing and reducing agents in ORR.
3. To determine the direction of ORR by the values of the standard oxidation-reduction potentials.

Questions

1. Oxidation state of the element. Oxidation and reduction. Types of oxidation-reduction reactions.

2. Balancing redox equations: ion-electron method.
3. The role of oxidation-reduction reactions in the vital activity of the organism.

4. The use of redox reactions in medico-biological investigations.
1. Oxidation state of the element. Oxidation and reduction. Types of oxidation-reduction reactions

Oxidation state (or the oxidation number) of an atom in a compound – is the charge that atom would have if all atoms were present as monatomic ions.  


The rules for assigning oxidation states are as follows:

1. The oxidation state of an element in its free state is zero (e.g., Cu(s), B(s)). This includes polyatomic elements (e.g., Cl2(g), P4(s)).

2. The oxidation state of a monatomic ion is the same as the charge on that ion (e.g., Na+ = +1  oxidation state, O2– = –2,  Al3+ = +3).

a) Alkali metal ions are always +1

b) Alkaline earth metal ions are always +2.

3. The halogens are in a –1 oxidation state in binary (two-element) compounds, whether ionic or covalent, when bound to a less electronegative element. 

4. Oxygen in a compound is usually –2. Certain compounds (which are rare) called peroxides or superoxides contain O in a lower negative oxidation state. Oxygen is positive when bound to F.

5. Hydrogen in a compound is usually +1. When combined with a less electronegative element, usually a metal, H has a –1 oxidation state (e.g. LiH).

6. The sum of the oxidation states of all of the atoms in a neutral compound is zero. For polyatomic ions, the sum of the oxidation states equals the charge on the ion.
All chemical reactions can be divided into two groups. In those of the first group, the oxidation state of all the elements in the reactants remains constant, while in those of the second group, the oxidation state of one or several elements changes. We can exemplify the reactions of the first group by the neutralization reaction

HCl  +  NaOH  =  NaCl  +  H2O

An example of a reaction of the second group is the reaction of a metal with an acid:

Zn  +  2HCl = ZnCl2  +  H2(
If in the neutralization reaction no element changes its oxidation state, in the second example the oxidation state of the zinc changes from 0 to +2, and of the hydrogen from +1 to 0. 
Reactions as a result of which the oxidation states of elements change are called oxidation-redaction reactions. 
Changing of the oxidation states means that electrons are transferred.  
Oxidation –  is  a loss of electrons. 
Reduction – is a gain of electrons.
A simple example of an oxidation-reduction reaction is the reaction of formation of an ionic compound from elementary substances, for example, the reaction of sodium with chlorine:

2Na(s) + Cl2(g) ( 2NaCl(s)

In the reaction of elemental sodium and chlorine, each sodium atom loses one electron, forming positively charged ion; the oxidation state of sodium changes from 0 to +1. 

Na = Na+  +  e–

Therefore, sodium is oxidized. Each chlorine atom gains one electron, forming a negative chloride ion, and is thus reduced:  Cl2  +  2e– = 2Cl–
A substance that loses electrons in a chemical reaction (as indicated by an increase in oxidation state) is said to be oxidized.
 A substance that gains electrons in a chemical reaction (as indicated by a decrease in oxidation state) is said to be reduced. 
Obviously, the two processes (oxidation and reduction) complement each other. Note that the reactant that is oxidized (Na) provides the electrons for the reactant reduced. 
Reducing agent –  is  the reactant which is oxidized.
 Conversely, the reactant reduced (Cl2) accepts the electrons from the reactant oxidized. 
Oxidizing agent –  is  the reactant which is reduced. 
An important principle of a redox reaction is that the electrons gained in the reduction process must equal the electrons lost in the oxidation process. 

Compounds containing an element in its highest possible oxidation state can only be oxidizing agents. Compounds containing an element in its lowest possible oxidation state can only be reducing agents. If an element in compound is in  an intermediate oxidation state it can serve as both oxidizing and reducing agent, e.g. H2SO4 - oxidizing agent, H2SO3 – either oxidizing agent or reducing agent, H2S – reducing agent. 
Major oxidizing agents are:
1) Electronegative elements (fluorine, oxygen, chlorine, etc);

2) Oxygen-containing acids having non-metal in its highest oxidation state (H2SO4, HNO3, HMnO4) and salts of these acids (KMnO4, K2Cr2O7, etc);
3) Metal ions in highest oxidation states (Fe3+, Cu2+, etc);
4) Oxides of non-metals and transition elements in highest oxidation state (SO3, MnO2, etc), and all peroxides (H2O2, Na2O2, etc).
Major reducing agents are:

1) Metals;

2) Hydrogen, carbon, CO;

3) Hydracids and their salts (H2S, HI, etc).

All redox reactions can be divided into three types:
1) Intramolecular oxidation-reduction reaction. In this process, one constituent part of the substance is an oxidizing agent, and the other is a reducing agent: 2H2O = 2H2 + O2 (in thermal dissociation of water, the oxygen is oxidized and the hydrogen is reduced). 
2) Intermolecular oxidation-reduction. These are ordinary redox reactions in which element change oxidation states being in composition of different molecules. 
3) Disproportionation or autoxidation-autoreduction reactions. In these reactions, within the same substance, one part of the element is oxidized and the other part is reduced: Cl2 + H2O = HCl + HOCl (chlorine undergoes both oxidation and reduction).
2. Balancing redox equations: ion-electron method

Redox reactions involve an exchange of electrons. One substance is oxidized (it’s the reducing agent) and one is reduced (it’s the oxidizing agent). An important point is that the same number of electrons are gained by the substance reduced as are lost by the substance oxidized. Thus a redox reaction can be balanced by emphasizing the equal exchange of electrons.


In the ion-electron method (also known as the half-reaction method), the total reaction is separated into half-reactions, which are balanced individually and then added. The  ion-electron method recognizes the complete change of an ion or molecule as it changes from reactant to products. One half-reaction represents a reduction process and the other half-reaction represents an oxidation process.


The rules for balancing equations are somewhat different in acidic solution (containing H+(aq) ion) than in basic solution (containing OH– ion).


The balancing of an equation in aqueous acid solution is illustrated by the following unbalanced equation.
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1. Separate the molecule or ion that contains atoms of an element that has been oxidized or reduced and the product containing atoms of that element. If necessary, calculate the oxidation states of individual atoms until you are able to recognize the species that changes. In this method, it is actually not necessary to know the oxidation state. The reduction process is
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2. If a subscript of the atoms of the element undergoing a change in oxidation state is more than one, balance those atoms with a temporary coefficient. In this case, it is Cr.
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3. Balance the oxygens by adding H2O on the side needing the oxygens (one H2O for each O needed).
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4. Balance the hydrogens by adding H+ on the other side of the equation from the H2Os (2H+ for each H2O added). Note that the H and O have not undergone a change in oxidation state.
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5. The atoms in the half-reaction are now balanced. Check it to make sure. The charge on both sides of the reaction must now be balanced. To do this, add the appropriate number of electrons to the left side. The total charge on the left is (14((+1)) + (–2) = +12. The total charge on the right is  (2
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(+3)) = +6. By adding 6e– on the left, the charges balance on the both sides, and the half reaction is balanced.
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6. Repeat the same procedure for the other half reaction, but now subtract the appropriate number of electrons from the left side as it’s an oxidation half–reaction.
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7. Before the two half–reactions are added, we must make sure that electrons gained equal electrons lost. Because, the key principle in balancing oxidation-reduction reactions is that the number of electrons lost (from the reactant that is oxidized) must equal the number of electrons gained (from the reactant that is reduced). Sometimes, the half-reactions must be multiplied by factors that give the same number of electrons. In this case, if the oxidation process is multiplied by 3 (and the reduction process by 1), there will be an exchange of 6e–. 
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Addition produces the balanced net ionic equation.
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In a basic solution, OH– ion is predominant rather than H+. Therefore, the procedure is adjusted to allow the half-reactions to be balanced with OH– ions and H2O molecules in the basic solution.

The balancing of an equation in aqueous base solution is illustrated by the following unbalanced equation.
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1. Separate the molecule or ion that contains an atom that has been oxidized or reduced and the product containing that atom. The reduction process is:
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2. For every oxygen needed on the oxygen-deficient side, add two OH– ion:
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3. To balance H, add one H2O to the other side for each two additional OH–:
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4. Balance the charge by adding electrons to the left side as before:
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5. Repeat the same procedure for the other half-reaction:
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	(balance Cr)
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	(balance O and H)
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	(balance charge)
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6. Multiply the half-reactions so that electrons gained equal electrons lost. In this example, both reactions are multiplied by 1:
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Cr2O3 + KClO3 + 4KOH ( 2K2CrO4 + KCl + 2H2O


Reactions in neutral solutions can be balanced by using the rules either for basic or acidic solutions, e.g.:
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According the rules for basic solutions:
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According the rules for acidic solutions:
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3. The role of redox reactions in the vital activity of the organism 

Oxidation-reduction reactions are of great importance in biological systems. Photosynthesis, breathing, digestion – all these are chains of oxidation-reduction reactions.

 The essence of the biological oxidation is in the oxygen addition to the substrate or hydrogen proton and electron detachment and transfer from one molecule (which is being oxidized) to another (being reduced). The oxidation-reduction processes are connected with each other in an organism. Specific enzymes catalyze them: oxidases, dehydrogenases and others. 

Energy necessary for vital activity is given off, low-molecular organic substances used for the biosynthesis of specific complex substances of an organism are formed, and the processes of destruction and neutralization of metabolites takes place due to the oxidation-reduction process.

It is necessary to admit that biological redox processes have a number of specific features. First, they proceed through a number of intermediate stages; the energy is released in small portions, which allows the cell to use it most completely. Second, the released energy is stored in the bonds of ATP and other macroergic compounds (process of oxidative phosphorylation).
The redox reactions in the organism are:

· tricarboxylic acid cycle reactions (Krebs cycle);

· tissue respiration;

· photosynthesis reaction;

· fermentation and glycolysis reaction;

· oxidation and fatty acid synthesis reactions.

Impairment of the redox processes is a cause of disease. In particular, when oxygen blood saturation is law, this results in hypoxia. Severe hypoxia can arrest oxygen transport to the tissues (anoxia). This results in loss of consciousness with a possible lethal outcome. Such pathological changes are frequently observed in poisoning with carbon monoxide, industrial gases containing aniline, nitrobenzene and the so-called blood poisons.

4. The use of redox reactions in medico-biological investigations

Oxidation-reduction reactions are the basis of some quantitative analysis methods that are called oxidimetry (redoximetry). Oxidimetry methods are widely used in biochemistry and clinical analysis. Main methods of oximetry depending on the type of the reaction and the operating solutions are  permanganatometry, iodometry, chromatometry, etc. The method of permanganatometry (a solution of KMnO4 is the operating solution) is used to determine the content of uric acid in urine, Ca2+ in plasma and catalase enzyme content.   

In sanitary-hygienic practice these methods are used to investigate drinking water and sewage, hydrochloride lime analysis. In pharmaceutics these reactions are used to analyze drugs.

Self-check exercises
1. Oxidation is a process of

a. Loss of electrons 

b. Gain of electrons
c. Addition of protons
d. Loss of oxygen
2. What happens to oxidizing agent in the course of redox reaction?
a. It looses electrons 
b. It gains electrons 
c. Its oxidation state increases    
d. It adjoins oxygen
3. What happens to reducing agent in the course of redox reaction?

a. It undergoes reduction
b. It undergoes oxidation
c. Its oxidation state decreases 
d. It looses oxygen

Ans. 1–a; 2– b; 3 – b
ROLE OF ELECTROCHEMICAL PHENOMENA
IN BIOLOGICAL PROCESSES
Characteristic of the subject

Electrochemistry studies chemical reactions which take place under the influence of electric current and the processes of the electric energy generation occurring due to the chemical reactions. Electrochemical processes are widely used in scientific research. Methods of electrochemistry such as potentiometry, polarography, as well as methods used for the determination of different ions concentration are widely adopted in medical practice and medico-biological studies.

Diffuse and membrane potentials play a great role in biological objects. Diffuse potential develops if only some mechanical damage of a cell takes place. Membrane potential is very similar by its nature to the diffuse one.

Biopotentials are very sensitive to the physiological changes in cells and organs. The use of electrocardiography and encephalography methods is based on this sensitivity.

Practical skills

1. To make up the patterns of electrodes and galvanic elements.

2. To determine the values of electrodes potentials and electromotive force.

3. To know the nature of formation of diffusive, membranous and biological potentials.
Questions


1. Electrode potentials and mechanism of their origin.
2. Measurement of electrode potentials.  Standard hydrogen electrode. Nernst’s equation.
3. Classification of electrodes.

4. Galvanic cells.
5. Potentiometry. Determination of pH by means of potentiometry.
6. Diffuse and membrane potentials. Biopotentials. 
1. Electrode potentials and mechanism of their origin

A chemical reaction proceeds in a certain direction for the same reason that a ball rolls down a hill – the bottom of the hill represents a lower potential energy than the top.

Chemical reactions occur spontaneously because the products represent a position of lower potential energy than the reactants. When a chemical reaction proceeds spontaneously from reactants to products, the difference in energy is given off as heat, light, or electrical energy. 

Two experiments confirm that a redox reaction proceeds spontaneously in only one direction. When a strip of copper metal is placed in a solution containing Zn2+ (ZnSO4(aq)), no reaction occurs. However, when we immerse a zinc strip in a Cu2+(CuSO4(aq)) solution, a coating of Cu forms on the zinc strip. It is important to distinguish between the two separate species – the metal ion (Cu2+, which is dissolved in water) and the neutral metal (Cu, which is present as a solid). These simple experiments indicate that the following is the spontaneous reaction that occurs:

Zn(s) + CuSO4(aq) ( ZnSO4(aq) + Cu(s)
A galvanic cell uses a favorable or spontaneous redox reaction to generate electrical energy through an external circuit. The galvanic cell uses the reaction between Zn and Cu2+ is known as the Daniell cell.

To generate electricity, however, the oxidation reaction must be separated from the reduction reaction so that the electrons exchanged can flow in an external wire where they can be put to use. The Daniell cell is illustrated in Fig. 1. 
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Fig.1. Daniell cell 
A zinc strip is immersed in a Zn2+ solution, and, in a separate compartment, a copper strip is immersed in a Cu2+ solution. A wire connects the two metal strips. The two metal strips are called electrodes. 
The electrodes – are the surfaces in a cell at which the reactions take place. Anode – is the electrode at which oxidation takes place. 
Cathode – is the electrode at which reduction takes place.

In the compartment on the left, the strip of Zn serves as the anode, since the following reaction occurs when the circuit is connected.

Zn ( Zn2+ + 2e– (oxidation)

When the circuit is complete, the two electrons travel in the external wire to the Cu electrode, which serves as the cathode. The reduction reaction occurs at the cathode.

2e– + Cu2+ ( Cu (reduction)

To maintain neutrality in the solution, some means must be provided for the movement of a SO42–  ion (or some other negative ion) from the right compartment where a Cu2+ has been removed to the left compartment where a Zn2+ has been produced. The salt bridge is an aqueous gel that allows ions to migrate between compartments but does not allow the mixing of solutions.  (If Cu2+ ions wandered into the left compartment, they would form a coating of Cu on the Zn electrode, thus short-circuiting the cell).

As the cell discharges (generate electrical energy), the Zn electrode becomes smaller but the Cu electrode becomes larger. So, the direction of the spontaneous reaction indicates that the Cu2+ ion is a better oxidizing agent than the Zn2+ ion. Since Cu2+ has a greater potential to be reduced (is a stronger oxidizing agent), it is reduced to form copper metal, and zinc metal is oxidized to Zn2+ ion. The Zn electrode is written as Zn|Zn2+ and the Cu electrode – as Cu|Cu2+. An important feature of this cell is that the reaction can be stopped by interrupting the external circuit with a switch. If the circuit is open, the electrons can no longer flow, so no further reaction occurs until the switch is again closed. 

2. Measurement of electrode potentials.  Standard hydrogen electrode. Nernst’s equation

Each electrode has a definite standard electrode potential – a quantitative value, which indicate the comparative strength of a given oxidizing agent to a defined standard. This standard is a hydrogen electrode. Its potential equals zero. The potentials are compared at the same concentration for all ions involved (1,00 M) and at the same partial pressure of all gases involved (1,00 atm).

The value of the electrode potential (e) depends on the standard electrode potential (e0) and the concentration of the ions. This is illustrated by the Nernst’s equations (at 298K):
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where 
e –  electrode potential
    
e0 – standard electrode potential
     
n –  number of electrons 

C –  molar concentration of the ions in the solution.

In the galvanic cell between two electrodes appears the electromotive force (E.M.F.) because of difference in the electrode potentials. 

E = e+ – e–

   where
E –  electromotive force

e+, e– – potentials of cathode and anode correspondingly.

We have a table of standard electrode potentials. The strong reducing agents are at the top of the table and they have negative electrode potentials. A favorable or spontaneous reaction occurs between a reducing agent and any oxidizing agent in the table that is lower than the reducing agent. 
In the galvanic cell reducing agent is the anode and it is oxidized; 
oxidizing agent is the cathode and it is reduced.  
The cathode must be written on the right and the anode on the left. For example, the Daniell Cell is written as:

Zn | ZnSO4 || CuSO4 | Cu

3. Classification of electrodes
The electrodes used in the electrochemistry have been classified depending on their composition and electrode reaction.

The electrode of the first type –  is electrode consisting of metal which is in the solution of its salt. 
The scheme of the electrode of the first type: Me(Men+; 
the electrode reaction is Me – ne– 
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 Men+.
 The electrode potential value depends on the active concentration of metal ions, and, therefore such an electrode can be used for their determination.

The electrode of the second type –  is electrode consisting of metal covered with a hardly soluble compound of this metal (salt, oxide, hydroxide) and plunged into a solution of the readily soluble compound with the same anion. Particularly calomel or silver-chloride ones used as a reference electrodes.

Calomel electrode consists of mercury covered with calomel: Hg,Hg2Cl2. This system is in the solution of potassium chloride. Here is the scheme of the electrode:

Hg,Hg2Cl2 | KCl

The reaction takes place on the calomel electrode: 

Hg2Cl2  + 2e– 
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 2Hg + 2Cl–

Its potential depends only on the concentration of chloride ions in the solution: 

ecal.= eo – 0,059 lgCCl-
In the saturated solution  of KCl ecal is the constant and  equals ecal = 0,248V at T = 298K.

Silver-chloride electrode consists of a silver wire covered with a layer of a silver-chloride plunged into the KCl solution.  Here is the scheme of the electrode:

Ag,AgCl | KCl

The reaction takes place on the silver chloride electrode: 

AgCl +  e– 
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 Ag + Cl–

The silver chloride electrode’s potential depends on the concentration of chloride ions in the solution. 

es.c.= eo – 0,059 lgCCl-
In the saturated solution of KCl es.c. is the constant and equals:
es.c. = 0,222 V   at T = 298K.

As the calomel and silver-chloride electrodes’ potentials are constant, such electrodes are used as the reference  electrodes.
Antimony electrode. It consists of antimony covered with a hardly soluble membrane of antimony oxide (III) and plunged into the solution containing H+. Here is the scheme of the antimony electrode:

Sb,Sb2O3 | H+

The electrode reaction is:

Sb2O3 + 6H+  
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  2Sb3+ +3H2O

The chain consisting of an antimony electrode and a reference electrode is used for measuring pH in the stomach cavity. The double-channeled pH Linar probe is used for this purpose and enables to measure pH of the stomach and of the anthral part. The antimony electrode’s potential depends on the concentration of H+ ions in a solution as well as of the Sb3+ ions and it equals 

eant.=eo + 0,059lgCH+ = eo – 0,059pH.

Standard electrode potential (eo) is not constant and it should be calibrated by buffer solutions. 

Therefore the antimony electrode can be used for measuring the concentration of the antimony ions and pH.

Gas electrodes. Hydrogen and oxygen electrodes can be referred to them. The scheme of the hydrogen electrode is:

Pt (H2) | H+
H+ + e– ( 1/2H2
The potential of the hydrogen electrode depends on pH and equals                         e = – 0,059pH. 
The hydrogen electrode can be used for measuring the pH but it is not convenient.
The electrode of the third type (Oxidation-reduction electrodes) –  is the half-element consisting of metal (platinum or gold) in a solution containing oxidized and reduced forms of the same substance. 
Here is the scheme of the oxidation-reduction electrode: 
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 RED.

Platinum doesn’t take part in the electrode reaction in the oxidation-reduction electrodes but it acts as carrier of electrons. These electrodes’ potential depends on the value of the standard oxidation-reduction potential as well as of the activities ratio of the oxidized and reduced forms of a substance: 
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The electrode reactions in some oxidation-reduction electrodes take place in the presence of H+ ions. 

The oxidation-reduction electrode potential for such systems depends not only on the activity ratio of the oxidized and reduced forms of a substance but on the concentration of H+ ions as well.


[image: image220.wmf]m

o

]

+

[H

×

[Red]

[Ox]

lg

n

0,059

+

e

=

e


For example:
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Here is the scheme of such electrodes:
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Quinhydrone electrode, which constitutes the platinum wire soldered in the glass tube and immersed into the investigated solution to which some quinhydrone crystals have been added, is referred to the oxidation-reduction electrodes. Here is the scheme of such an electrode:

Pt | H+, Quinhydrone
Quinhydrone is an equimolar mixture of hydroquinone (the reduced form) and quinone (the oxidized form). The equilibrium between them is established in the solution:
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The potential of a quinhydrone electrode  depends on the H+ ions concentration:

equinhydrone = eo + 0,059lgCH+ = eo – 0,059pH; eo=0,7V, 

so  equinhydrone=0,7 – 0,059pH

Membrane electrodes. Their electrode potential occurs on the boundary of a thin layer of the electrode material and a solution as a result of the ion exchange.

The most widespread membrane electrode is a glass electrode, which consists of a glass tube with a ball made of a special electrode glass on its end. A buffer solution is inserted inside of the system and a silver-chloride electrode is placed there to provide it with a current-conductor. The potential that occurs on the silver-chloride electrode remains constant and doesn’t influence the potential occurring between the glass surface and the investigated solution. When we place the glass electrode into a solution, the hydrogen ions from the solution penetrate into the surface layer forcing out the alkali metals ions (sodium or lithium) contained in the glass. The energy  states of the ions in the glass and in the solution are quite different. It results in such H+ ions distribution between the glass and the solution that these phases’ surfaces obtain the opposite charges and the potential which value depends on pH occurs between the glass and the surface.

The occurred potential is specially directed to decrease ions’ tendency to pass into the glass. The equilibrium between the hydrogen ions and the power forces they have to get over is established at a definite concentration of hydrogen ions. This equilibrium can be shown as follows: 

H+solution  
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  H+glass
The glass electrode standard potential depends on the sort of the electrode glass and is being changed in the course of time that’s why it should be calibrated by buffer solutions. 

eglass = eo – 0,059pH

The glass electrodes are used for pH measuring in any medium. They take their place in the medico-biological investigation practice.

Ion-selective electrodes. Their mechanism is similar to the mechanism of the glass electrode. To make such electrodes the wide number of electro-chemically active substances such as liquid and solid ionites, mono and polycrystals, synthetic membrane-active chelates, is used. Depending on the type of the electrode material the ion-selective electrodes can be divided into three groups: solid, liquid and membrane. Today more than 20 ion-selective electrodes destined for the determination of 
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 and other ions concentration are created.

4. Galvanic cells
Chemical cells. The chemical reaction energy  turns into the electric energy in such kind of cells. 

Daniell cell is an example of the chemical cell. The E.M.F. occurs in the chemical elements due to the different chemical nature of electrodes.

The concentrating cells. The similar electrodes in such chains are plunged into the solutions of the same electrolytes having different concentrations:

Ag | AgNO3 || AgNO3 | Ag

C2  <  C1

The E.M.F. occurs as a result of the concentration  leveling between the solutions. The electrode in the solution with a higher ion concentration will serve as a cathode, the ions move from left to right.

The E.M.F. depends on the concentrations ratio of the potential-determining ions and not on the electrodes nature.

The oxidation-reduction cells are the galvanic cells consisting of two oxidation-reduction electrodes:
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The anode reaction is:    Sn2+ – 2e–( Sn4+

The cathode reaction is:  Fe3+ + e– ( Fe2+

The combined reaction, which is a source of E.M.F. in this element, is:

Sn2+  +   2Fe3+  
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  Sn4+  + 2Fe2+

 The E.M.F. can be calculated as:
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a, b, c, d – are stoichiometric coefficients in the reaction equation. 
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5. Potentiometry. Determination of pH by means of potentiometry

The internal media of an organism such as blood, lymph, gastric juice and urine are water solutions; pH of these solutions affects the vital activity of cells, tissues, organs and an organism as a whole. pH stability of organism systems is a pledge of its normal vital activity. Checking of this value enables to found out different kinds of pathology and to make the right diagnosis.

The electrochemical method of pH measuring is widely used in chemistry, medicine, and biochemistry due to its high accuracy. Besides, it enables to measure pH without changing the composition and properties of the investigated solutions.

To measure pH it needs electrodes which potential depends on the hydrogen ions concentration. Hydrogen, quinhydrone, antimony and glass electrodes are referred to such a type of electrodes. These electrodes are called indicating electrodes.

Hydrogen electrode is a primary standard electrode used for pH measuring. Its potential linearly depends on the pH value:  e = – 0,059pH 

It is rather inconvenient for serial measurements.

A quinhydrone electrode is convenient for the laboratory work though it can be used for the pH measuring only in acidic or weak-alkaline area (pH ( 8)

An antimony electrode is convenient for serial analyses, pH measuring of the concentrated solutions of salts and of the colloidal solutions.

A glass electrode is the most widely used one for pH measuring.

To compose a galvanic cell for pH measuring it needs an indicating electrode and a reference electrode with a constant potential. The reference electrodes are calomel and silver-chloride ones.

The following galvanic cells can be used for the pH measuring: 

1. A cell consisting of hydrogen and reference electrodes.
Pt(H2) | H+ || KCl(sat.) | AgCl, Ag
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2. A cell consisting of quinhydrone and reference electrodes. 
Hg, Hg2Cl2 | KCl(sat.)  || H+quin. | Pt

A quinhydrone electrode’s potential is more positive than the potential of a calomel   electrode. It should be written on the right side. Here is the E.M.F. of this cell.

E = e(quin.) –e(cal.) = 0,7–0,059pH–0,248
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     3. A cell composed of an antimony electrode and a reference electrode. This kind of cell is used for pH measuring of a stomach (Linar probe).

Sb, Sb2O3 | H+ ||  KCl(sat.) | Hg2Cl2, Hg

4. A cell consisting of a glass electrode and a reference (calomel or silver chloride) one.

Glass | H+ ||  KCl(sat.) | Hg2Cl2, Hg

Glass | H+ || KCl(sat.) | AgCl, Ag

5. Concentrating cell consisting of two indicating electrodes plunged into the solutions with different concentrations of hydrogen ions.

Pt(H2) | H+ || H+ | (H2)Pt

C2 < C1
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For the pH measuring we can use a concentrating cell consisting of two glass electrodes, one of which is plunged into a standard solution with the determined pH value. This kind of chains can be used for the blood and gastric juice pH measuring. 

6. Diffuse and membrane potentials. Biopotentials.

Diffuse potential – is the potential difference on the borderline of two electrolyte solutions with different concentration or different composition due to different ion mobility.
Diffuse potentials can appear in biological objects in the result of impairment, e.g. cellular membranes.

The electrolytes travel from the place of impairment to the intact areas. The damaged tissue is charged negatively when compared with the intact one, it means that diffuse potential of the impairment appears. It equals about 30–40 mV.

Membrane potential is formed on the borderline of two solutions if there is a semi-permeable membrane, which passes cations and captures anions. Therefore, one side of the membrane is charged positively, the other – negatively.
The changes in membrane potential which accompany transmission of nerve impulses or muscular contraction are due to the flow of potassium cations outside the cell and sodium cations inside the cell. This results in potential diminishing, which can be registered using microelecrodes placed inside and outside the cell.

Rest potential – is potential difference measured in the state of physiological rest of the cell.

Rest potential in different cells equals 50–100 mV.

The cause of biopotential appearance is uneven distribution of K+ and Na+ ions. The number of K+ ions in the intracellular fluid is 20–40 times higher than in the extracellular fluid, while Na+ ions concentration is 10–20 times higher in the extracellular one.

The ions of organic acids pass the membrane with difficulty. At rest K+ ions pass from the intracellular fluid to extracellular.

Thus, inner surface of the cell is charged negatively, while external is charged positively.

Action potential is explained by increase of cellular membrane permeability for Na+ at the moment of excitation while K+ ions rate remains the same.

In the initial moment of action potential appearance, termed depolarization, rest potential decreases, that is Na+ ion flow into the cell results in reduction of the membrane negative charge on the internal surface and later in recharge.

The period of membrane depolarization lasts less than a second, then the flow of K+ ions from the cell increases and the contrary flow of Na+ ions decreases. This goes on until the potential restoration to the value of rest potential. After that K+ ion diffusion decreases to the initial value. This phase is called repolarization.

Biocurrent registration is used in medical diagnosis, electrocardiography in particular. Electrocardiography is the study of the heart physiology by means of registration of the electrical potentials, which develop during the work of the heart muscle.

Electroencephalography is the method of investigation of the bran activity based on registration of the potentials produced by the nerve cells of the brain.

Standard reduction electrode potentials, T = 298 K

	Electrode
	eo, V
	Electrode
	eo, V

	Li+(Li
	–3,024
	Pb2+(Pb
	–0,126

	K+(K
	–2,924
	Pt(H2)(H+
	0,000

	Na+(Na
	–2,866
	Ag, AgBr(Br–
	0,073

	Ca2+(Ca
	–2,714
	Ag, AgCl(KCl(sat.)
	0,2225

	Mg2+(Mg
	–2,37
	Hg, Hg2Cl2(KCl(sat.)
	0,248

	Al3+(Al
	–1,66
	Cu2+(Cu
	0,339

	Zn2+(Zn
	–0,761
	Pt(O2)(OH–
	0,401

	Fe2+(Fe
	–0,441
	Pt(I2, I–
	0,535

	Cd2+(Cd
	–0,402
	Ag+(Ag
	0,799

	Pb, PbSO4(SO42–
	–0,350
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2

2

Hg

(Hg
	0,799

	Co2+(Co
	–0,283
	Pt(Br2, Br–
	1,065

	Ni2+(Ni
	–0,236
	Pt(Cl2)(Cl–
	1,358

	Ag, AgI(I–
	–0,151
	Au3+(Au
	1,50

	Sn2+(Sn
	–0,140
	Au+(Au
	1,70


Standard electrode potentials of redox systems in water solutions at 25 oC
	Oxidized form
	Reduced form
	eo,V

	2H+
	H2
	0,00

	S
	S2–
	–0,51

	PbSO4
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+

Pb


	–0,356

	Sn4+
	Sn2+
	+0,15

	Cu2+
	Cu+
	+0,153

	1/2 O2 + H2O
	2 OH–
	+0,401

	1/2 I2 (S)
	I–
	+0,536
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	+0,564
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MnO

 + 2H2O
	MnO2(K) + 4OH–
	+0,57

	Fe3+
	Fe2+
	+0,771

	2Hg2+
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Hg


	+0,910

	1/2 Br2 (L)
	Br–
	+1,065

	IO3 + 6H+
	I– + 3H2O
	+1,195

	O2 + 4H+
	2 H2O
	+1,229
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	2Cr3+ + 7H2O
	+1,36

	1/2 Cl2 (g)
	Cl–
	+1,36

	PbO2 + 4H+
	
[image: image242.wmf]O

2H

+

PbO

2

+

2


	+1,455
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	+1,51

	PbO2 + 4H+ + 
[image: image244.wmf]-

2

4

SO


	PbSO4 + 2H2O
	+1,685

	H2O2 + H+
	2H2O
	+1,77

	Co3+
	Co2+
	+1,82


Example 1. Calculate electrode potential of magnesium electrode if active concentration of magnesium ions is 0,1 mol/l, T=298 K.
Solution:

Electrode potential is calculated using Nernst equation. Standard electron potential of magnesium electrode is  
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Example 2. Calculate pH of formic acid solution, if quinhydron electrode potential immersed into this solution at T=298 K is 0,48 V.

Solution:  
Electrode potential of quinhydron electrode is determined using the formula:

equin. = eoquin. – 0,059pH;

pH = eoquin. – equin/0,059 = 0,70 – 0,48/0,059 = 3,73

Example 3. Calculate electromotive force of an electrochemical cell consisting of calomel and quinhydron electrodes immersed in solution of hydrochloric acid with:

pH = 2,15, T = 298 K, ecal. = +0,248 V, eoquin. = +0,70 V

Solution: 
A standard electrode potential of quinhydron electrode is greater than that of a calomel electrode therefore: 

Hg, Hg2Cl2 | KCl(sat.)  || H+quin. | Pt

E.M.F = equin – ecal. = eoquin. – 0,059pH – ecal.
E.M.F = 0,7 – 0,059(2,15 – 0,248 = 0,33 V

Self-check exercises
1. Calculate electrode potential of a zinc electrode if molar concentration of zinc ions is 1 mol/L, T=298 K.

a. 0,45 V       
b. 0,76 V
c. 0,85 V
d. 0,9 V
2. Calculate electromotive force of a galvanic cell consisting of two silver electrodes immersed in a solution of silver nitrate with active concentration of silver ions 0,1 mol/L, T=298 K.

a. E = 0,049 V     
b. E= 0,059 V
c. E = 0,069 V
d. E = 0,079 V

3. Hydrogen electrode immersed in the distilled water has the definite value of electrode potential. If this electrode is immersed in HCl solution, its potential:

a. Remains unchanged
b. Decreases
c. Increases
d. Is always zero
Ans. 1– b; 2– b; 3 – c
Informative module 4

Physico-chemistry of surface phenomena.

     Lyophobic and lyophilic dispersed systems
Sorption  of  biologically  active 

substances at a phase interface. 

Ion exchange. Chromatography
Characteristic of the subject

Living systems are characterized by the presence of a developed surface, which separates the parts of the system from each other. Therefore, the phenomena taking place at a phase interface play an important role in the processes of vital activity. The properties of many biologically active substances are determined by their behavior at a phase interface. The location of phospholipid molecules in the cellular membranes, capability of salts of fatty acids to emulsify fats, these and other phenomena are explained by superficially active properties of the substances participating in them. The capability of some compounds to accumulate the substances from the environment on their surface is used for purifying blood from toxic substances, toxins and poisons in the gastrointestinal tract, treatment of burns and other superficial pathologies.

Practical skills
1. To be able to assess the superficial properties of the substances based on the structure of the molecule.

2. To be able to explain the behavior of biologically active substances based on their surface activity.

3. To interpret the use of adsorbents for analytical and therapeutic purposes.
Questions

1. Adsorption: concept and terms.

2. Adsorption at the surface liquid –gas and  liquid-liquid. Surface active                     and surface inactive substances.  Gibbs equation.

3. SAS molecule orientation at a phase interface. Structure of cellular membranes. Fat emulsification.
4. Adsorption at the solid surface. Langmuir’s theory. Molecular adsorption. Adsorption therapy.

5. Ionic adsorption. Selective and ion-exchange adsorption.
6. Basic methods of chromatographic analysis.

1. Adsorption:  concept and terms
Biological systems are heterogeneous, i.e. consist of some phases separated by an external surface.  The properties of a substance in interphase surface differ from those deeper within the phase. Within the body of a pure substance in the solid, liquid, or gaseous state, any molecule is surrounded by similar ones. At the surface layer, the molecules interact either with a different number of molecules (for example, at the interface of a liquid or solid and its vapour) or with molecules of a different chemical nature (for example, at the interface of two poorly miscible liquids). The greater the difference between the intensities of the intermolecular forces acting in each of the phases, the higher is the potential energy of the interphase surface, known in brief as the surface energy. With a growth in the comminution of substance the surface area increases. The ratio between the surface area and the volume is the specific (unit) surface Ssp=S/V.  
The unit free surface energy – is the work done for the isothermal and reversible formation of a unit of a new phase interface and equal to the change in the Gibbs energy in the relevant process. 
   For the interface of a liquid with its vapour this quantity is called the surface tension (
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). The units for surface tension are J/m2 or N/m. 
The value of 
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 depends on:

1) the nature of the contacting phases;

2) the temperature;

3) whether or not solutes have been added. 
For most pure liquids at their interface with air saturated with their vapour (a slightly polar medium) the surface tension varies from 1 to 5 
[image: image249.wmf]×

10-2 J/m2, while for a strongly polar liquid – water – at 20oC, we have 
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=7.275
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10-2 J/m2. With elevation of the temperature, the value of 
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 diminishes (weakening the intermolecular interaction), and at the critical temperature when the interface between a liquid and its vapour vanishes, we have 
[image: image253.wmf]s

=0. 

The surface area of human skin is 1.5 m2. The surface area of erythrocytes is 3000 m2.  The surface area of cells contained in 1 ml of blood serum is 100 m2. Organism consists of systems with greatly developed interfaces (skin, vascular walls, cell membranes, etc.). Therefore, in living systems the value of surface energy is great.  

As known from thermodynamics, all spontaneous processes occur in the direction of diminishing of the Gibbs energy.  Similarly at a phase interface, processes occur spontaneously in the direction of diminishing of the free surface energy equal to the product of its unit value (
[image: image254.wmf]s

) and the surface area (S) (Gs=
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S). In all systems, the product 
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S tends to minimum value possible for the given system with its volume remaining constant. For pure substances (
[image: image257.wmf]s

=constant) processes occur spontaneously in the direction of diminishing of the total surface area (S
[image: image258.wmf]®

min). Sphere has the minimal surface area, that’s why the form of drop of any liquid is spherical. The tendency to minimize the free surface energy leads also to the consolidation of particles. This is why the fine droplets coalesce in fogs, rain clouds, emulsions and it leads to the precipitation of fogs and rain clouds as rain, stratification of emulsions, etc.  

For solutions (as bicomponent and multicomponent systems) the free surface energy diminishes spontaneously as a result of a decrease in surface tension at a phase interface (
[image: image259.wmf]s

D

<0). This is why adsorption processes occur. 

Sorption (from the Latin “sorbere” – to suck) is the process of absorption or adsorption (or both) of one substance (the sorbate) by another (the sorbent).  

Adsorption is a surface phenomenon. 
Adsorption – is a change in the concentration of a substance at a phase interface. 
Adsorption diminishes with elevation of the temperature. 
Absorption – is accumulation of a substance throughout the entire volume of the sorbent. 


As it was mentioned, all spontaneous processes at phase interface occur in the direction of a decrease in the free surface energy. Consequently, positive adsorption leading to a growth in the concentration of a substance in the boundary layer is possible only if it is attended by a diminishing of the surface tension. 

2. Adsorption at the surface liquid – gas and  liquid - liquid.

Surface active and surface inactive substances. 

Gibbs equation
Let us see how the surface tension of solutions is related to the adsorption at a liquid – gas interface. The surface tension of a solution depends on the nature of the solvent and the solute, on the concentration of the solute, and on the temperature. The relation of the surface tension of a solution at constant temperature to the solute concentration is called the surface tension isotherm.             A solute either lowers the surface tension of the solvent, when it is known as a surface – active substance (surfactant), or increases the surface tension (a surface – inactive substance), or does not affect the magnitude of the surface tension of the solvent (Fig.1). 


[image: image260]
Fig. 1 Surface tension isotherms

1 and 2 – solutions of surfactants with a higher (1) and lower (2) surface activity;

3 – solution of surface inactive substance; 
[image: image261.wmf]s

 - surface tension; C – concentration of solution 


   Most of the strong electrolytes are surface – inactive substances. 
In aqueous solutions, polar organic compounds (alcohols, acids, amines, phenols) are surfactants. The molecules of surfactants are dipolar. They are composed of nonpolar part – long chain of alkyl group called tail and a polar part (–OH, –NH2, –COOH) called head. The surface activity of dipolar molecules depends on the length of the hydrocarbon chain. Traube’s rule describes this dependence and states: surface activity of aliphatic acids increases approximately threefold for each methylene group (–CH2) added. 

The difference between the concentrations of the solute in the surface layer and in a similar layer within the solution is called the surface excess of this substance and is designated by the Greek letter 
[image: image262.wmf]G

 (“gamma”). 
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 is a measure of adsorption.  Surfactants are positively adsorbed in the surface layer, and consequently, 
[image: image264.wmf]G

>0 for them because this leads to lowering of the surface tension. Conversely, surface – inactive agents are adsorbed negatively, i.e. their concentration in the surface layer is lower than within the solution (
[image: image265.wmf]G

<0). The surface tension grows somewhat here because in solutions of strong electrolytes the surface molecules of water are drawn into the solution with a greater force than in pure water. 

The mathematical relationship between adsorption, concentration of surfactant and surface tension was given by J. Gibbs:
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where   C –  molar concentration of substance, mol/L
             T – absolute temperature 
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– surface activity (change in surface tension with the concentration), J/m2.
If 
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>0, then adsorption is negative, if 
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< 0, then Г>0. 


An example of an adsorption isotherm for a surfactant is shown in Fig. 2. 


[image: image270]
Fig. 2. Adsorption isotherm in solution of a surfactant

Structure of surface layer: a – pure solvent; b – unsaturated monomolecular layer of surfactant;  c - saturated monomolecular layer of surfactant

The figure shows that with an increase in the concentration of the solution, Г reaches its extreme value (
[image: image271.wmf]¥

G

) when the entire surface layer is occupied by the surfactant molecules that have displaced the solvent molecules. In such saturated monomolecular surface layers, the surfactant molecules are oriented identically, with their polar group towards the polar phase (for instance, water), and their non-polar hydrocarbon radical towards the non-polar phase (for example, air), forming a structure resembling a paling (Langmuir’s paling).  


The surface tension changes and the third component is absorbed in a similar way at the liquid - liquid interface (two immiscible liquids). 

3. SAS molecule orientation at a phase interface. Structure of cellular membranes. Fat emulsification
If concentration of  surface active substances reaches 10–5 – 10–3 mol/L, they accumulate in the inner layers of the solution forming aggregates (SAS micelle). The inner portion of micelle consists of hydrophobic hydrocarbons chains, and the external surface is composed of hydrophilic groups of the molecules.

[image: image272]
Biological membranes are composed of dipolar molecules of phospholipids which form lipid bilayer. The hydrophobic tails of phospholipids molecules are pointed inside the membrane, hydrophilic heads are pointed outside the membrane.  The hydrophilic and hydrophobic portions of phospholipids make them perfectly suited for one of their most important biological functions: they form a portion of a structural unit that creates an interface between an organic and an aqueous environment. This structure (Fig.3) is found in cell membranes where phospholipids are often found associated with proteins and glycolipids. 


Fig 3. Structure of biological membrane

If surface active substances are added to water – oil emulsion, their hydrophilic groups will be in the water and hydrophobic – in the oil phase.


[image: image273]
As a result, aggregation of the drops in the emulsion will be inhibited and emulsion will be more stable. In the process of digestion fat emulsion is formed in the intestine. It is stabilized by the salts of bile acids present in the bile.  Solutions of bile acid salts have a very low surface tension. Spontaneous fat crushing takes place without a prior mechanical breaking. This determines the importance of bile for digestion and absorption of fats in the gastrointestinal tract.

4. Adsorption at the solid surface. 

Langmuir’s theory. Molecular adsorption. Adsorption therapy
Adsorption of gases and vapours on solids also occurs as a result of diminishing of the free surface energy. Owing to the difficulty of measuring the surface tension of solids, adsorption on them is assessed by directly determining the amount of adsorbed substance. The latter grows with an increasing surface area of the adsorbent. Hence, to carry out adsorption processes, it is very important to create highly porous adsorbents with a developed internal surface that is characterized by the specific surface area, i.e. the surface area per gram of sorbent. The most important porous sorbents are activated carbon (charcoal) and silica gel.   One of the ways of activating charcoal was its processing with superheated steam for removing the resinous substances formed in the dry distillation of wood and filling the pores in ordinary charcoal. The specific surface area of activated carbon reaches 1000 m2 per gram. Activated charcoal is generally used in gas masks to adsorb poisonous and toxic gases from air. Activated carbon is a hydrophobic adsorbent poorly absorbing water vapour and very well absorbing hydrocarbons. Great favor has been found for absorbing water vapour by a hydrophilic adsorbent that is an aerogel of dehydrated silicic acid and has been named silica gel. 

Unlike the surface of liquids, not all points of the surfaces of solids are equivalent with respect to the adsorptive capacity. The extent of adsorption of a gas per unit mass of adsorbent depends upon the pressure of the gas. The character of adsorption on the interface solid – gas (vapour) is described by Langmuir’s   theory. It states:

1. Adsorption occurs over the most active sections of the adsorbent – its “active centers”, which are individual atoms or groups of atoms on the surface whose force field is the least saturated. 
2. Adsorption of gases occurs monomolecularly, i.e. each active center retains only one molecule of adsorbate and monomolecular layer forms on the surface of adsorbent.

3. Adsorption is in dynamic equilibrium with desorption. 
Since desorption takes place simultaneously with adsorption at equilibrium pressure the amount of gas adsorbed becomes equal to the amount of gas desorbed so that the extent of adsorption becomes constant. 

Adsorption of gases depends on temperature. Elevation of the temperature results in desorption of gases and vapours. 

Sorption of gases by solids plays significant role in the gas exchange processes of the organism with surroundings.  Sorption – desorption methods are widely used in industry for extracting various substances from air, and also for separating gases and vapours. 
The process of adsorption can take place from solutions also. Adsorption at the interface solution – solid is similar to the adsorption of gases on solids. 

Both dissolved non-electrolytes and electrolytes can be adsorbed. In this connection, molecular and ionic adsorption from solutions is distinguished. 

In the adsorption of solutes from solutions on solid adsorbents, adsorption of the solvent always occurs too to a certain degree. To diminish solvent adsorption, hydrophobic adsorbents – activated charcoal, graphite, talc, paraffin – are customarily used in molecular adsorption from aqueous solutions, and hydrophilic adsorbents – silica gel and clays – in sorption from non-polar solvents (hydrocarbons). Adsorption occurs over the active centers of the adsorbent, frequently monomolecularly and highly selectively. It means that solid adsorbents adsorb certain solutes from solution in preference to other solutes and solvents. The isotherms of molecular adsorption from solutions, as well as of gases and vapours, have the form of the curve depicted in Fig. 2.  

Molecular adsorption by solid adsorbents from solutions is widely used in medicine. Hemo- and lymphosorption, i.e. blood and lymph purification from toxic substances by perfusion via different adsorbents is used in case of renal and hepatic insufficiency; poisonings with hypnotics, neuroleptics, organophosphorous substances, halogen derivatives. Activated charcoal is often used for hemo- and lymphosorption   Activated charcoal is also used for elimination of plant poisons, toxins, non-polar drugs (e.g. barbiturates) from gastrointestinal tract. Application therapy is used to treat burns and other surface pathologies.

5. Ionic adsorption. Selective and ion-exchange adsorption
In case of adsorption of electrolytes, ions are mainly adsorbed on the polar adsorbents. Selective adsorption and ion – exchange adsorption are distinguished.   Adsorption of ions is characterized by high selectivity, i.e. either cations or anions are mainly adsorbed on the solid adsorbent. Nature of the adsorbent (its charge), nature of adsorbing ions (their charge, value of radius, extent of hydration), and pH are those factors which affect selectivity of adsorption. Cations are mainly adsorbed on the negatively charged adsorbents, while anions are mainly adsorbed on the positively charged adsorbents. 
The rule of selective adsorption given by K. Fajans and N. Peskov states: ions identical to those forming the crystal lattice or similar to them are preferentially adsorbed on the surface of the crystals.  
That is why, for instance, silver and iodine ions will be adsorbed on the silver iodide precipitate obtained in reaction AgNO3 + KI, but neither K+ nor NO3- ions. 

Adsorption capacity of ions depends on the charge. The higher is the ion charge, the greater is its adsorption capacity:

Th4+>Fe3+ > Ca2+ >K+
The adsorption capacity for the ions with the same charge depends on the radius of the hydrated ion: the more is the radius of hydrated ion, the lower is its adsorption capacity.

       
For example, we can write down the following lyotropic series for the cations:

Cs+>Rb+ > K+ >Na+>Li+
Ba2+>Sr2+ > Ca2+ >Mg2+
For anions:

CNS->I- > Br- >Cl-
In the ion-exchange adsorption, either cations or anions are mainly adsorbed, and they are replaced with an equivalent amount of ions of the same sign from the adsorbent. The solution remains electrically neutral. Consequently, the adsorption   of electrolytes occurs by the equivalent exchange of ions of the same sign, and is therefore called ion – exchange adsorption. Inorganic and organic materials capable of exchanging ions are known as ion exchangers.  They are divided into cation exchangers and anion exchangers. The chemical industry produces a variety of synthetic ion exchangers in the form of granular powders, fibers, and membranes. 

Ion exchangers are widely used to diminish the hardness of water and desalinate it, and to recover and separate a variety of inorganic and organic ions. Ion exchangers are used as catalysts in hydration and dehydration reactions. The industrial production of many products of the vital activity of microorganisms (antibiotics, aminoacids, proteins, enzymes, etc.) became possible owing to the use of ion exchangers. The use of ion exchange allowed chemists to improve the methods of qualitative and quantitative analysis of many inorganic and organic substances. The substances having ion-exchange properties include certain grades of glasses. Such glasses are used to manufacture glass electrodes by means of which pH of solutions can be measured.  Ion exchangers are used in medicine for blood conservation, detoxication in case of poisonings with toxic electrolytes. Anion exchangers are used as antacid substances for prevention of acidosis. Cation exchangers are used for prevention and treatment of oedemas caused by heart failure. 

Tissues of plants and animals possess properties of ion exchangers. Their cation exchange properties are due to the presence of carboxyl and phosphate groups, and ability to exchange anions is due to the presence of amino groups of proteins.  

6. Basic methods of chromatographic analysis

Adsorption processes are widely used in separation of different substances. Chromatography is based on adsorption processes (M.S. Tsvet, 1903).

Chromatography – is a physico-chemical method of mixture separation based on different distribution of the components between two phases, one of which is immovable, the other is movable flow filtered through the immovable phase.

Adsorbents in adsorption columns or placed in a fine layer on glass plates as well as a special chromatography paper are used as the immovable phase. Chromatography is then called column, film, and paper, respectively.

Separation of the components can be accomplished according to different features: capability to be adsorbed on the adsorbent, capability to participate in ion exchange, difference in distribution between two immiscible fluids. These varieties of chromatography are called adsorption, ion-exchange and partition.

At adsorption chromatography during passing of the mixture through the adsorbent the substances are placed consequently in accordance with their ability to adsorption. More easily adsorbed substances are located in the upper layer, and so on with the decreased in the ability to adsorption. When a solvent is passed through the adsorbent you can wash out the components of the mixture consequently.
In ion-exchange chromatography ion exchange resins serve as adsorbents. The most adsorbable ions exchange in the upper portion, then less adsorbable and so on. As a result the ions are released in turns.

Partition chromatography uses differences in substance distribution between immiscible fluids. For example, if a mixture of substances with different solubility in water and benzene is consequently treated  by the mixture of these two fluids, you can completely separate the substances according to their solubility.

 Gas-liquid chromatography is a variant of partition chromatography. In this case a solid adsorbent (charcoal, zeolite) is saturated with nonvolatile fluid (glycerin, polyethylene glycol, lanolin) to the degree that it remains dry on touch and easily blown throw by gas. The adsorbent is placed to the column and a gas (nitrogen, argon), to which the separated  mixture in the form of gas or vapor has been added,  is blown through it. Substance separation takes place due to different adsorption capability of the components.

To perform chromatography analysis chromatographs, specially designed equipment, are used. They allow automating the process and promoting quick separation of the components.
Chromatographic analysis in combination with other physical and chemical methods is widely used now in biology and medicine. Chromatography allows to separate mixtures of amino acids, nucleic bases, carbohydrates. Chromatographic analysis is used to determine the primary structure of proteins, nucleic acids, polysaccharides, quantitative analysis of vitamins, hormones and other biologically active substances.

Self-check exercises
1.Ions of which electrolyte will be preferentially adsorbed on the surface of  Mg3(PO4)2  particles?

a. NaOH     
b. MgCl2      
c.  CaCl2      
d. Al(NO3)3    
2. Which of the following substances is surface-active?

a. AlCl3 
b. NaOH  
c. NH3    
d. C3H7-NH2      
3. What is adsorption?

a. Accumulation of one substance in the bulk of the other

b. Dissolution of one substance in the other

c. Accumulation of one substance on the surface of the other

d. Chemical interaction of substances

Ans. 1– b; 2 – d; 3 – c
PREPARATION, PURIFICATION AND PROPERTIES

OF COLLOIDAL SOLUTIONS. COAGULATION. 

COLLOIDAL PROTECTION
Characteristic of the subject

 The most important biological liquids such as blood, urine and spinal fluid contain slightly soluble substances in colloid state: cholesterol, carbonate, phosphate, urate, and salts of other acids. Break of their stability causes their precipitation resulting in arteriosclerosis, holelithiasis, urolithiasis, etc. Knowledge of coagulation and stability of the dispersed, systems is necessary to understand processes taking place in the human organism, because a large number of biological fluids in the organism are colloidal systems. One of the most important characteristics of blood is red corpuscles sedimentation rate (RCSR) which increases if some kind of pathology takes place. Coagulation phenomena become clearly seen in the process of blood coagulation. The nature of blood coagulation must be taken into account during the blood conservation as well as in the process of creation of new medicinal materials possessing antithrombotic properties.
Practical skills

1. To be able to obtain a colloidal solution and to refine it from low-molecular admixtures.

2. To be able to distinguish colloidal and true solutions basing on the differences in their molecular-kinetic and optical properties.

Questions

1. Dispersed systems: general aspects, classification.

2. Methods of preparation of colloidal solutions.

3. Methods of colloidal solutions purification.

4. Properties of colloidal solutions.

5. Structure of micelles.  

6. Stability and coagulation of the dispersed systems.

7. Coagulation by means of electrolytes.

8. Coagulation in the biological systems. 

9. Coarsely dispersed systems. 

1. Dispersed systems: general aspects, classification
Dispersed system – is a system in which one substance is uniformly distributed in the other substance.  It means that dispersed systems consist of a contin​uous phase – the dispersion medium, and the comminuted particles of the relevant size or shape – the dispersed phase. 

On the basis of particles size of the substance, the dispersed systems may be divided into three types. These are: true solutions, suspensions, and colloidal solutions.

1. When a substance is in its surroundings in the form of                                  molecules or ions, such solutions are called true, i.e. homogeneous one-
phase solutions. The particle size is less than 1 nm. The particles of
a solute in a true solution are invisible even under microscope.

2. Suspension is a heterogeneous mixture, which contains small
insoluble particles (e. g. dirt particles in water). The particle size is
more than 100 nm. The particles of a suspension are visible under
a microscope.

3. Colloidal solution is a heterogeneous solution, which contains
particles of intermediate size. The particles of a colloidal solution have
diameters between 1 to 100 nm. The colloidal state is the highest
dispersed state of a substance. The colloidal solutions generally appear
to be homogeneous to the naked eye but their heterogeneity can be
confirmed by seeing under electron microscope.

Colloidal solutions are intermediate between true solutions and suspensions. In other words, the size of dispersed particles in colloidal solutions is more than that of solute particles in a true solution and smaller than that of suspension.

An essential condition for dispersed systems obtaining is the mu​tual insolubility of the substance being dispersed and the dispersion medium. For instance, it is impossible to obtain colloidal solutions of sugar or sodium chloride in water, but they can be obtained in kerosene or benzene in which these substances are virtually in​soluble.
Dispersed systems are classified according to their dispersity, the state of aggregation of the dispersed phase and the dispersion medi​um, the intensity of the interaction between them, and the absence or formation of structures in the dispersed systems. Table 1 gives the conventionally adopted limits of the dimensions of particles for systems with differ​ent particle sizes.
Table 1.

	System
	Comminution of substance
	Particle diameter, m

	Coarsely dispersed (suspensions)
	Macroscopic

Microscopic
	( 10–7

	With highest dispersion (colloids)
	Colloidal
	10–7(10–9

	True solutions
	Molecular and ionic
	( 10–9


The real world – various objects of a living and nonliving nature, meal, clothes, building materials etc. – are dispersed systems. Cells, genes, viruses  – these are colloidal particles. Biological liquids – blood, lymph, urine – are colloidal dispersions.
The diversity of dispersed systems is due to the fact that the phases forming them can be in any of the three states of aggregation (Table 2). 
Table 2. 

	Dispersed

phase
	Dispersion medium
	Type of dispersed system
	Example

	Gas
	  Liquid
	Foam
	soap lather, whipped cream, soda water

	Gas
	Solid
	Solid foam
	bread, pumice, slag, foam concrete, lava, foam plastics

	Liquid
	Gas
	Aerosol
	fog, cloud, spray

	Liquid
	   Liquid
	Emulsion
	milk, mayonnaise, oil in water

	Liquid
	Solid
	      Solid emulsion
	pearls, cheese, curd, jelly, butter

	Solid
	Gas
	      Aerosol, powder
	smoke, haze, dust-laden air, flour

	Solid
	   Liquid
	Suspension (coarsely dispersed) or sol (highly dispersed)
	paints, clay, starch dispersed in water

	Solid
	Solid
	Solid sol
	concrete, alloys, colored glass, enamels, metal-ceramic compositions, crystalline glass-ceramic materials, precious and semiprecious stones.



The letter symbols G (gas), L (liquid) and S (solid) are used for the sche​matic writing of the state of aggregation of dispersed systems. The first symbol shows the state of the dispersed phase, and the second symbol that of the dispersion medium. 

Dispersed systems with a gaseous dispersion medium are known as aerosols. Fogs (mists) are aerosols with a liquid dispersed phase (L/G), and dust and smoke are aerosols with a solid dispersed phase (S/G). Dust is formed in the dispersion of substances, and smoke in the condensation of volatile substances.

Foams are a dispersion of a gas in a liquid (G/L), the liquid in foams degenerating to thin films separating individual gas bubbles. Emulsions are dispersed systems in which one liquid is dispersed as finite droplets in another liquid, the two liquids being immiscible (L/L). Coarsely dispersed systems of solid particles in liquids (S/L) are called suspensions, and extremely highly dispersed ones are called colloidal dispersions or sols, or often lyosols to emphasize the fact that the dispersing medium is a liquid (from the Greek "lyos"– liquid). If water is the dispersion medium, such sols are known as hydrosols, and if an organic liquid is the dispersing medium, they are known as organosols.

Gases, liquids, or solids can be dispersed in a solid dispersion medium. The systems G/S (solid foams) include foam plastics, foam concrete, pumice, slag, and metals with gas inclusions. Bread, buns, and the like can also be considered as a sort of solid foam. In solid foams, the gaseous phase is in the form of individual closed cells separated by the dispersion medium. Natural pearls exemplify an L/S system; they are calcium carbonate in which water is colloidally dispersed.         

Of great practical importance are dispersed systems of the type S/S. They include the most important building materials (for example, concrete), and also metal-ceramic compositions and crystalline glass-ceramic materials. Dispersed systems of type S/S, also include certain alloys, col​oured glass, enamels, a number of minerals, in particular some pre​cious and semiprecious stones.

Depending upon the nature of interactions between dispersed phase and dispersion medium, the colloidal solutions can be classified into two types as: lyophilic and lyophobic sols.

1.
Lyophilic colloids. The colloidal solutions, in which the particles
of the dispersed phase have a great affinity for the dispersion
medium, are called lyophilic colloids. These solutions are easily formed
and they are reversible in nature (after evaporation of these colloids
solutions and the addition of a new portion of solvent, the dry residue
again passes into the solution). They include natural and synthetic
high-molecular substances having a molecular mass from ten thousand
to several millions. The molecules of these substances have the size of
colloidal particles, therefore such molecules are called macromolecules
(glue, gelatin, starch, proteins, rubber, etc.)

2.
Lyophobic colloids. The colloidal solutions in which there
is no affinity between particles of the dispersed phase and the dispersion
medium are called lyophobic colloids. Such solutions are formed with
difficulty. These are irreversible in nature (the precipitates remaining
after the evaporation do not form a sol again upon contact with                                      dis​persion medium) (solutions of metals like Ag and Au, A1(OH)3,
Fe(OH)3 etc).
2. Methods of preparation of colloidal solutions

 Sols, like dispersed systems in general, can be produced in two ways: by the dispersion, i.e. comminution of large bodies, and by the condensation of substances forming molecular or ionic solutions. Comminution by crushing, grinding, or attrition yields comparatively coarsely dis​persed powders (over 60 µm size). Finer comminution is achieved with the aid of special equipment named colloid mills, or by em​ploying ultrasound.

The condensation method consists in the obtaining of insoluble compounds by reactions of exchange, hydrolysis, reduction, or ox​idation. In greatly diluted solutions and in the presence of a small surplus of one of the components, colloidal dispersions are obtained instead of precipitates. Particles of colloidal solution have a definite structure and are called micelles. 
1.
Oxidation. A colloidal sol of sulfur is obtained by bubbling H2S
gas through the solution of bromine water, sulphur dioxide, etc.

H2S + Br2 → 2HBr + S

2H2S + SO2 → 2H2O + 3S

2.
Reduction. The colloidal solutions of metals are obtained by
reduction of their compounds. For example, a solution of AuCl3 is
reduced with SnCl2.

2AuCl3 + 3SnCl2 → 3SnCl4 + 2Au

                                                                                       Gold sol

The gold sol, thus prepared, has a purple colour.

3.
Hydrolysis. A colloidal solution of ferric hydroxide is prepared
when a concentrated solution of ferric chloride is added dropwise to
hot water.

FeCl3 + 3H2O → Fe(OH)3 + 3HC1

4.
By exchange of solvent. A colloidal dispersion of rosin can be
prepared by pouring its alcohol solution into water, in which rosin is
insoluble, alcoholic solution of sulfur on pouring into water gives
milky colloidal solution of sulfur.
3. Methods of colloidal solutions purification

The colloidal solutions prepared by the above methods usually contain impurities especially electrolytes which can destabilize the sols. These impurities must be eliminated to make the colloidal solutions stable. The following methods are commonly used for the purification of colloidal solutions:

1. Dialysis. The process of separating the particles of colloids from
impurities by means of diffusion through a suitable membrane
is called dialysis. Its principle is based upon the fact that colloidal
particles cannot pass through a parchment or cellophane membrane
while the ions of the electrolyte can pass through it. The colloidal
solution is taken in a bag made of cellophane or parchment. The bag is
suspended in fresh water. The impurities slowly diffuse out of the bag
leaving behind pure colloidal solution. The ordinary process of dialysis
is slow. To increase the process of purification, the dialysis is carried
out by applying electric field. This process is called electrodialysis.

2. Ultra-filtration. It is the process of removing the impurities from
the colloidal solution by passing it through graded filter papers called
ultra-filter papers. These filter papers are made from ordinary filter
papers by impregnating them with colloidal solutions. As a result, the
size of the pores gets reduced. These filter papers allow the ions and
molecules of the impurities to pass but retain colloidal particles. Ordinary
filter papers cannot be used for the purpose since the colloidal particles
can easily pass through the pores of these papers.
4. Properties of colloidal solutions
1. Optical  Properties. When a strong beam of light is passed through a true solution placed in a beaker, in a dark room, the path of the light does not become visible. However, if the light is passed through a sol, placed in the same room, the path of the light becomes visible when viewed from a direction at right angle to that of the incident beam. This phenomenon was studied for the first time by John Tyndall, a British physicist, in I860, and therefore, it is called Tyndall effect. The cause of Tyndall effect is the scattering of light by the colloidal particles. The particles in true solution are too small in size to cause any scattering i.e. the Tyndall effect is not observed in true solutions. 
Tyndall effect – is the phenomenon of scattering of light by colloidal particles as a result of which the path of the beam becomes visible. The illuminated path of the beam is called Tyndall cone.
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2. Molecular-kinetic properties. The properties associated with the chaotic thermal motion of the particles forming a system are called molecular-kinetic. The differ​ences in the molecular-kinetic behaviour of molecularly, colloidally, and microscopically dispersed systems depend on the size of the particles forming these systems and are of a quantitative nature.
The molecular-kinetic properties of dispersed systems include Brownian movement, diffusion, and sedimentation.

Brownian movement – is disordered chaotic motion of colloi​dally and microscopically dispersed particles. This phenomenon was named after the English botanist Robert Brown, who, in 1827, was the first to discover in a microscope continuous oscillating movements of the pollen of plants in its aqueous suspension. Brownian movement is a reflec​tion of the invisible thermal, chaotic motion of the molecules of the dispersion medium visible in a microscope. The intensity of Brown​ian movement grows with elevation of the temperature, diminishing of the size of the particles and the viscosity of the medium. Browni​an movement stops for particles larger than 1 to 3 micrometers. At present, observations of the Brownian movement are used for determining the size of dispersed particles.
The rate of diffusion at constant temperature and viscosity of the medium depends on the size and shape of the particles. Slow diffusion is a feature distinguishing colloidal systems from true solutions of low-molecular substances.

Sedimentation – is the free settling out of particles in a viscous medium under the action of the gravitational field. Only sufficiently large particles settle out. The sedimentation of particles with a size of one micrometre and less is prevented by Brownian movement. Consequently, true solutions and colloidal dispersions, including solutions of high-molecular compounds, are stable with respect to sedimentation, while suspensions are not stable. The phenomenon of sedimentation is used to determine the molecular mass of macromolecules. 
3. Colligative properties. The colloidal particles have very high molecular masses so the number of particles per liter of the sol is relatively very small than in a true solution. Therefore, the colloidal solutions boil and freeze at almost the same temperature as the pure dispersion medium and lowering in vapour pressure is also negligible. However, the osmotic pressure of colloidal solutions, though smaller than true solutions is measurable and gives information regarding the number of particles present in solution. 
4. Electrokinetic phenomena. –are the movement of one phase relative to another in an electric field and the appearance of a potential difference when a liquid flows through porous materials (the streaming potential), or when particles settle (the sedimentation potential). 
Electrophoresis – is the migration of colloidal particles in an electric field.   

Electroosmosis – is the flow of a liquid through capillary systems under the influence of a potential difference. Both these phenomena were discovered by              F. Reiss, a professor of the Moscow University, in 1809. 

Electrokinetic phenomena find a practical application. Electrophoresis is widely used for separating, extracting, and studying biocolloids, especially proteins. A simple version of it, called paper electrophoresis,  is used to investigate the qualitative and quantitative composition of proteins in blood and other biological liquids.

5. Structure of micelles  

As the size of dispersed phase particle in colloidal solution is larger than that of true solution, it means that this particle (micelle) consists of some molecules and ions and has a definite structure.  

Let us consider the structure of micelle on example of the preparation of colloidal particles of Agl in the reaction of AgNO3 and KI in their greatly diluted solutions with a small surplus of the KI.
AgNO3  +  KI  →  AgI↓  + KNO3

The substance that is in surplus is called stabilizer. As known from rule of selective adsorption given by K. Fajans and N. Peskov: Ions identical to those forming the crystal lattice or similar to them are preferentially adsorbed on the surface of the crystals. In the present case, the ions I– will be adsorbed, and the surface of the minute crystals of Agl (nucleus of micelle) acquires a negative charge. Ions which are adsorbed on the solid particles are called potential-determining ions. The charged surface attracts ions with opposite charge from solution. These oppositely charged ions are called gegenions (K+ in the present case). The interphase potential, or the ε-potential (ε is the Greek letter "epsilon") appears between potential-determining ions and gegenions. The gegenions are under the action of the electric field of the charged surface and of the thermal motion tending to distribute them uniformly in the volume. This leads to the regular dynamic distribution of the gegenions like a cloud whose density diminishes with an increasing distance from the charged surface. The outer boundary of this cloud of gegenions determines the thickness of the electrical double layer (Fig. 1). Upon a relative displacement of the phases, the boundary of slid​ing is at a certain distance from the solid surface owing to hydration of the solid surface and the ions. As a result, the electrical double layer divides into an inner layer and a diffuse layer (Fig. 1.).          


[image: image275]
Fig. 1. Structure of a colloidal micelle (a) and change in the potential (b) in an electrical double layer: 1 – nucleus; 2 – electrical double layer; 3 – its inner layer; 4 – Its diffuse layer, AB  – interphase ε-potential, CD – electrokinetic ζ-potential; «–» – potential–determining ions, «+»– gegenions
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The inner (compact) layer of an electrical double layer consists of potential-determining ions and part of the gegenions. The diffuse layer of the double layer is formed by the remaining gegenions. The rate of movement of the phases in the electric field is determined by the magnitude of the potential on the slipping surface, which is therefore called the electrokinetic potential and is briefly designated as the ζ-potential (zeta-potential). This potential is given the sign of the charge of the solid surface. In a constant external electric field, a colloidal particle moves towards the electrode whose charge sign is opposite to that of the surface of the colloidal particle.

Micelles with the different charges can be obtained depending upon the substance which is present in surplus. In the previous case, AgNO3 solution was added to a solution of KI and as a result negatively charged sol was formed. However, if AgI is formed by adding KI to silver nitrate solution (now AgNO3 in surplus) the sol will be positively charged due to adsorption of Ag+ ions (common ions) present in the dispersion medium.

{[AgI]mnAg+(n(x) NO(3}x+x NO(3
An increase in the concentration of a solution results in "dis​placement" of the gegenions from the diffuse to the compact layer of the double layer. The thickness of the double layer and the mag​nitude of the zeta-potential diminish. At a certain concentration of the solution (about 0,1 N), all the gegenions become displaced into the inner layer, and the zeta-potential vanishes. Such a state of a colloidal micelle is called the isoelectric state. The elec​trokinetic potential has an order of magnitude from 0,001 to 0,1 V.  The micelle of isoelectric sol has following structure:
{[AgI]mnAg+x NO(3}0

Notwithstanding its small value, the zeta-potential plays an appreciable role in the stability of colloidally dispersed systems.

6. Stability and coagulation of the dispersed systems
The problem of stability of the dispersed systems is one of the main problems of the colloid chemistry. There are two stability types of the dispersed systems – kinetic and aggregative.
Kinetic stability – is the dispersed phase ability to be in the suspension without undergoing to sedimentation. Highly dispersed systems are stable kinetically. An essential condition for the cohesion of two particles of a dis​persed phase is their coming close enough for the forces of attraction to manifest themselves. If the frequency of collisions of colloidal particles is low, a dispersed system can be stable (the kinetic stability factor). This can occur at a very low concentration of the dispersed particles (for instance, in certain aerosols, or at a very high viscosity of the dispersion medium (for example, in dispersed systems with solid dispersion medium). Coarsely dispersed systems such as suspensions and emulsions are characterized by the kinetic instability. The division into media and phase occurs rapidly in them. 

Aggregative stability – is the ability of a system to keep the fixed degree of dispersion without being combined into more coarse (large) aggregates. 
Coagulation – is breaking of the aggregative stability in the result of the primary particles adherence and formation of the more coarse aggregates followed by the sedimentation of the dispersed phase. 
The coagulation process can take place spontaneously as, in this case, the system passed to the more advantageous state by diminishing its total surface. The aggregative instability of the colloidal state of a substance distinguishes it from aggregatively stable coarsely dispersed and molecular systems. So, a qualitative feature of colloids is their aggregative instability. But, there are some reasons enabling colloids to keep their stability for a long period. 
The following properties of the dispersed systems can be referred to the factors of their stability:

1. The presence of the electric charge on the dispersed particles (electrical factor);

2. The ability to solvate (hydrate) the stabilizing ions (solvating factor);

3. Adsorption-structurizing properties of systems (structural-mechanical factor).

The electrical factor of soles stability consists in the following: the dispersed particles have the same sign of their charge that’s why the repulsion appears between the particles – the more is their zeta-potential, the stronger is the repulsion.

The solvating (hydrating) effect is the second factor of their stability. The hydrated shell of the gegenions of the diffuse layer (the shell consisting of molecules of dispersion medium) protects the dispersed particles from sticking together. The more hydrated are the gegenions of the diffuse layer, the greater is the thickness of the hydrated shell surrounding the granules and the more stable is the dispersed system. Solvated (hydrated) shells possess elastic properties and protect the dispersed particles from approaching each other.

The third stability factor is referred to the adsorption properties of the dispersed systems. Surface-active substances and high-molecular compounds (proteins, polypeptides, polysaccharides and others) added to stabilize dispersed systems are called protective colloids. Being adsorbed on the colloidal particle, they form netlike and gel-like structures in the surface layer. These structures form a mechanical barrier that hinders the coalescence of the dispersed phase particles.             P. Rehbinder, Russian physicochemist, Academician, called the formation of such molecular-adsorption solid-like surface layers the structural-mechanical factor of stabilization of dispersed systems. Structural and mechanical stabilization (called colloidal protection) is widely spread in nature and has a decisive significance for stabilizing suspensions, pastes, foams, concentrated emulsions. The protective power of different protective colloids is expressed in terms of gold number. The gold number is defined as minimum amount of the protective colloid in milligrams required to just prevent the coagulation of 10 ml of a given sol when 1 ml of a 10 % solution of NaCl is added to it.

Colloidal protection is very important for living organisms. 
7. Coagulation by means of electrolytes
As it has been just mentioned, coagulation is a process of growing and aggregating of the primary particles resulting in the phase sedimentation. Different kinds of the external effects such as increasing or decreasing of the temperature, shaking, mixing, radiation, addition of some chemical substances and so on can cause the coagulation.

The different features can define the beginning of the coagulation process: changing of the sol color, growing turbidity (cloudiness) and sedimentation of the dispersed phase, etc.

Coagulation by means of electrolytes is the most investigated process. The particles of the dispersed phase bear some charge. When an electro​lyte is added to the sol, the colloidal particles take up ions carrying opposite charge from the electrolyte. As a result, their charge gets neutralized and this causes the uncharged particles to come closer and to get coagulated or precipitated. At first, the slow coagulation takes place, when only a small fraction of collisions between colloidal particles results in their adhesion. In slow coagulation, a certain diminishing of the total number of colloidal particles occurs in time as a result of the formation of aggregates consisting of two or three primary particles but no coagulate precipitates. Such coagulation, not attended by a visible change in a colloidal dispersion, is known as hidden coagulation. Then the rate of coagulation, characterized by a change in the number of particles in unit time, increases.  Finally, rapid coagulation sets in, when every collision of colloidal particles leads to their adhesion. A coagulate forms in the colloidal dispersion, and explicit coagulation occurs. 
Laws of coagulation by means of electrolytes:

1. All the electrolytes can cause the coagulation of the lyophobic soles. The ions which charge is opposite to the charge of a granule or the ions having the same sign of charge as the gegenions possess the coagulating activity. Hence, the coagulation of positively charged soles is caused by anions, and the coagulation of negatively charged soles is caused by cations. 

2. Every electrolyte is characterized by the threshold concentration (coagulation threshold, C), i.e. the minimum concentration measured in millimoles which have to be added to a liter of the colloid solution to cause its coagulation. A value inversely proportional to the coagulation threshold is called the coagulating power (P):
P = 1/C

3. The coagulation power of ions depends of the value of their charge. The greater is the ion charge, the greater is its coagulating power (Hardy-Schulze  rule): 
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The following ratio can be written down for the coagulation threshold:
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I.e. the lower is the ion charge, the higher electrolyte concentration is necessary to cause the coagulation. Such lyotropic series can be written down for anions:
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4. The coagulating power for the ions with the same sign of charge depends on the radius of the solvated ion: the more is the radius, the lower is its coagulating power.
According to the Periodic table the atom and the ion radius in the subgroup increases downwards. The more is the crystallographic radius, the less is the radius of the solvated ion. For example, the crystallographic radius of Na is bigger than the radius of Li, therefore the density of the Li charge is higher, hence it attracts more water dipoles and the radius of Li solvated ion is larger than the radius of the solvated ion of Na. The coagulating power of Li+ is less than the coagulating power of Na+.

       For example, we can write down the following lyotropic series for the cations of the alkaline metals:
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5. Coagulating power of many organic substances is higher than of the inorganic ones. It can be explained by their high adsorption capacity. Many alkaloids, coloring agents as well as hydronium ions and hydroxide ions possess this quality. 

6. Coagulation of a large number of lyophobic soles occurs earlier than the isoelectric state is obtained. ζ-potential at which the coagulation process begins is called critical and its value is (30 mV.

Freshly obtained coagulates are often capable of passing again into the state of a sol. The process of converting a freshly prepared precipitate into colloidal form by the addition of a suitable electrolyte is called peptization. The electrolytes used for this purpose are called peptizing agents. During peptization, the suitable ions from added electrolyte are adsorbed by the particles of the precipitate. The charged particles repel one another and form colloidal solution.

The action of a large number of the detergents is based on peptization. Soap colloid ion being a dipole is adsorbed by the dirt particles, passes them its charge and causes their peptization. The dirt in the state of sol is easily removed of the surface.
Several phenomena can be observed during the coagulation process. 

1) Additivity – the coagulating power of electrolytes in a mixture is equal to the sum of the coagulating powers of each electrolyte. Such a phenomena is quite rare when coagulating ions have the same sign of charge and are close as to the degree of hydration; 

2) Antagonism – the coagulating power of ions in a mixture is less than the activity of each ion taken separately; 

3) Synergism – the coagulating power of ions in a mixture grows. The coagulation thresholds decrease in both ions.

Antagonism phenomenon is very important for living organisms. Biological fluids are colloid systems containing a large number of electrolytes. Electrolytes don’t cause the biological fluids coagulation due to antagonism. 

4) Tolerance. If we add a small portions of electrolyte coagulating agent to the sol every wide interval the coagulation will not occur, though the total amount of the added electrolyte exceeds much the threshold concentration value. It is called a tolerance, as the sol behaves like a living organism that can become tolerant to poison inserted in small doses (nicotine, arsenic, morphine, etc.).

5) The mutual coagulation of sols. When two oppositely charged sols are mixed in equimolar proportions, they mutually neutralize their charge and both get coagulated. This process has electrostatic nature and this phenomenon is widely used in the purification of natural and industrial water.
8. Coagulation in the biological systems 

Such biological fluids of an organism as blood, lymph, spinal fluid, urine and others are colloidal systems. We can estimate the physiological condition of an organism by a large number of blood characteristics.

The unitary blood can be considered as emulsion. Blood elements like red corpuscles, leucocytes, trombocytes represent the dispersed phase and plasma is a dispersion medium. Plasma is a more highly dispersed system. Its dispersed phase consists of proteins, enzymes, hormones, etc.

Coagulation processes are the distinctive features of the dispersed phases. Red corpuscles are rather large particles. They rate of their sedimentation in the usual state is called RCSR (red corpuscles sedimentation rate) in clinical analyses. 

If some kind of pathology takes place the biochemical composition of blood changes, the red corpuscles adsorb large molecules of (-globulins and fibrinogens, the particles become larger and heavier resulting in the RCSR increasing.

Biological liquids are protected by diffe​rent kinds of proteins, polysaccharides and pectins which possess a protective activity. They are adsorbed on the colloidal particles of such hydrophobic systems of an organism as calcium carbonates and calcium phosphates making them pass into stable state. Blood and urine are the examples of the protected dispersed systems.

It needs 7 – 14 litters of a solvent to evaporate one litter of urine, to gather the obtained precipitate and then to solve it. Hence, urine is a colloid solution where the dispersed particles are protected by different kinds of proteins.

Healthy people have a constant amount of the protective substances in the organism fluids. The protective qualities of proteins and other substances are changed when some kind of pathology or ageing processes take place in an organism resulting in forming hard soluble salts precipitating and forming of stones in kidneys, liver and ducts of the digestive glands.

9. Coarsely dispersed systems 

Dispersed systems in which particle size is between 10–4 – 10–7 m are called coarsely dispersed systems. These are aerosols, emulsions, foams, suspensions, powders.


Aerosols – are dispersed systems with gaseous dispersion medium. Dispersed phase may consist of hard substances (smoke, dust) or liquids (fog).

Aerosols are widely used in medicine. Aerosols of antibiotics, sulfanilamides are used in treatment of pulmonary infections. Aerosols allow combining several highly effective drugs. But some aerosols are harmful. Industrial smoke pollutes the working place and surrounding of the plant, destroys the vegetation and affects the health of the people. 
Aerosols containing the tiny particles of lead oxide, zinc, and silicon destroy the lung tissue, decrease the organism resistance to lung infections. Toxic effect can be produced by aerosols formed at dispersion of disinfectants: insecticides, fungicides, etc.

Powders – are dispersed systems with gaseous dispersion medium and solid dispersed phase. The size of particles is 10–4 – 10–8 m. The powders can be considered as aerosols with a solid dispersed phase, which has coagulated and formed precipitate (aerogel).

At present powders are used in the form of granules i.e. cylindrical or spherical aggregates. Granules are more stable at storage. Many drugs are used in the form of granules.

Suspensions – are microheterogeneous systems with a liquid dispersion medium and a solid dispersed phase. The size of the particles is 10–4 – 10–6 m.

Suspensions are obtained by means of dispersion of insoluble solid substances in a liquid or by means of stirring of a primarily obtained powder with a liquid.

Suspensions are of great importance in nature and technology. Soil, cement and lime solutions, paints, varnishes are suspensions. Suspensions are widely used as catalysts in heterogenic catalysis.

Suspensions are used in medicine. Drugs in the form of suspensions have higher degree of dispersion than powders and manifest their properties more intensively. Suspensions are stabilized with gelatin, gum, methylcellulose, etc.

Increase in concentration of the dispersed phase of a stable suspension to the maximal possible value  results in paste formation. Pastes are more viscous due to the absence of  free liquid.

Pastes and suspensions are widely used in treatment of skin diseases, in dentistry, cosmetology, etc.

Emulsions are dispersed systems in which both dispersion medium and dispersed phase are liquids. Emulsions are formed by mutually insoluble liquids of different polarity.

There are two types of emulsions:

1. Oil-in-water (o/w)
2. Water-in-oil  (w/o).

Depending on the concentration emulsions can be: 

– diluted, in which dispersed phase concentration is not higher than 0,1% of the emulsion volume;

– concentrated, in which dispersed phase concentration is 0,1-17% of the volume;

· highly–concentrated, in which dispersed phase concentration is  more than 74%.

Emulsion stability depends on dispersed phase concentration. Stability of diluted emulsions is close to that of colloidal solutions. 
Diluted emulsions can be obtained without emulsifying agents, but concentrated emulsions need to be stabilized by emulsifying agents.

Emulsifying agents are surface-active substances, which reduce free surface energy and form a membrane around the drops of the emulsifiable liquid which prevents merging the drops.

Emulsions are of great  importance for  life activity. Fat digestion in the organism is accomplished by means of emulsification by bile acids salts and fatty acids, which are present in the bile. Milk, egg white, fats are digested only as emulsions. Emulsions are used as drug formulas both for internal and external administration.

Semi-colloids – are solutions of mixed character, that is the systems in which dispersed phase can be both in the form of ions and molecules and colloidal particles are in dynamic equilibrium.

Semi-colloids are soaps, detergents, tannins, and dyes.

Soaps (salts of higher carboxylic acids) and detergents (octadecyl ammonium chloride, duponol) are highly surface active. They are long hydrocarbon chains with ionogenic groups at the end. Depending on the character of the ionogenic groups anionic (–COO–, –OSO3–) and cationic (–NH3+) detergents are distinguished.

Hydrocarbon chains unite in molecule associations with formation of spherical or cylindrical micelles due to intermolecular attraction in water solutions. Polar groups locate on the surface of micelles, they hydrate in water and promote the system stability.

Alkaline metal soaps in concentrations < 1% exist in the form of molecular solutions, in higher concentrations – in the form of spherical or plate-like micelles in which ionogenic groups are directed towards water medium. 
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At concentrations > 7–8% soap solutions loose fluidity and turn into gels.

An important property of micellar solutions is solubilization, that is introduction of poorly or insoluble in a given solvent substances into the micelles of lyophilic colloids resulting in sharp increase of solubility of these substances in micellar solutions. Solubilization process is associated with emulsifying properties of surface-active substances (SAS), cleaning properties of soap and detergents.

Many natural molecules possessing surface activity, e.g. phospholipids, may form bilayer structures, in which their molecules are directed towards each other with hydrophobic ends (hydrophobic interactions), and polar – towards water molecules. These structures can be not only bilayer but also multi-layer. They may contain water, which is present in the interspaces between two bilayer structures – inner and outer. These formations are called liposomes. They are suitable as an object for investigation of the models of cellular membranes, they are used for direct delivery of drugs to the organs and tissues.

Proteoliposomes, i.e. liposomes containing a protein molecule inside, are widely used in medicine as drugs.

Self-check exercises   
AgCl sol is obtained by the reaction:

AgNO3 + KCl ( AgCl +KNO3
1. What is the charge of sol if its particles move to anode?

a. (+)

b. (–)

c. (0) 

d. partial (+)
2. What is the structure of micelle if potassium chloride is in excess?

a. {[AgCl]mnAg+(n–x)Cl–}0
b. {[AgCl]mnCl–(n–x)Ag+}0
c. {[AgCl]mnAg+(n–x)NO3–}x+NO3–
d. {[AgCl]mnCl–(n–x)K+}x–K+


3. What reagent should be taken in excess in order to obtain the sol, which particles move to cathode?

a. KCl 


b. AgNO3
c. KCl, AgNO3 equally

d. H2O

Ans. 1– b; 2 – d; 3 – b
Properties of polymer solutions. 

isoelectric point of ProteinS
Characteristic of the subject

 High-molecular weight natural compounds, biopolymers, are a structural base of all living organisms. They play an important role in the processes of vital activity. Proteins, polysaccharides, and nucleic acids are biopolymers. Biopolymers are formed in the process of biosynthesis in the cells. Thus, proteins are a material base of the cell vital activity. Proteins act as enzymes, hormones as well as structural, transport, and protective substances. Animal starch, glycogen, performs an energetic function being a source of glucose in the organism. Nucleic acids play the main role in transmission of genetic information and managing the processes of protein synthesis.

Thus, the knowledge of biopolymer structure and properties is necessary to understand the nature of the most important biological processes.
 Practical skills

1. To be able to interpret physico-chemical properties of biopolymers and their connection with  biological functions.



2. To know the mechanism of protein swelling and physiological significance of this phenomenon.



3. To know the process of formation and physico-chemical properties of gels.

Questions

1. High-molecular weight compounds (HMC). Classification of HMC.
2. Biopolymers.
3. Isoelectric state of proteins.
4. Properties of HMC solutions.
5. Breaking of HMC solutions stability.
6. Gelatination.  Properties of gels.

1. High-molecular weigh compounds (HMC). Classification of HMC

Polymers – are compounds of very high molecular masses (from ten thousand to several millions) formed by the combination of a large number of simple molecules (monomeric units). 
Polymers are classified in a number of ways.

1.  On the basis of origin the polymers can be classified as 

1. Natural polymers         2. Synthetic polymers

1. Natural polymers are obtained from nature (plants and animals). For example, starch, cellulose, proteins, nucleic acids, natural rubber, etc.

2. Synthetic polymers (man-made polymers) are prepared in the laboratories.  For example, PVC, nylon, Teflon, bakelite, synthetic rubber, etc.    

2. On the basis of structure   the polymers can be classified as 

1. Linear chain polymers       2. Branched chain polymers                                    3. Cross-linked polymers

 
1. In linear chain polymers monomeric units are linked together to form linear chains: -X-X-X-X-. For example, cellulose, nylon, natural rubber.


2. In branched chain polymers monomers are joined to form long chains with side chains or branches of different lengths:

           |

-X-X-X-X-X-

              |

-X-X-X-X-X-

              |


For example, amylopectine, glycogen, etc.


3. In cross-linked polymers monomer units are cross-linked together to form a three dimensional network. For example, bakelite, some artificial fibres. 

3. On the basis of chemical composition the polymers can be classified as 1. Homopolymers           2. Copolymers

1. Homopolymer is a polymer formed from one type of monomers, e.g. starch, cellulose, glycogen (glucose). 

2. Copolymer (mixed polymer) is polymer formed from two or more different monomers, e.g. proteins, nucleic acids, heteropolysaccharides. 

4. On the basis of mode of synthesis the polymers can be classified as

1. Addition polymers        2. Condensation polymers

1. Addition polymers are formed by direct addition of repeated monomers without the elimination of any byproduct molecules. For example, 

nCH2=CH2 
[image: image285.wmf]®

 -(CH2-CH2-)n

   ethene             polythene 

2. Condensation polymers are formed by the condensation of two or more than two monomers with the elimination of simple molecules like water, ammonia, HCl, etc. For example, proteins, polysaccharides, nucleic acids.
2.   Biopolymers
Structural chemical basis of the organism is natural high molecular compounds – proteins, nucleic acids, polysaccharides. Polymers which control various life processes in plants and animals are called biopolymers.  The most important polymers in the organism are proteins, polysaccharides and nucleic acids.

Polysaccharides are formed by polycondensation of monosaccharides, chiefly glucose and some its derivatives. The liver and muscles contain an animal starch, glycogen, α-glucose being its monomer. An important role is played by heteropolysaccharides of the connective tissue (hyaluronic acid, heparin, chondroitin sulfates) formed from various glucose derivates.

Nucleic acids are polymers of nucleotides, which, in turn, consist of a nitrogen base (uracil, thymin, cytosine, adenine, guanine), one or two monosaccharides (ribose or deoxyribose) and phosphate group. If a polymer molecule contains ribose, this forms ribonucleic acids (RNA), if deoxyribose – deoxyribonucleic acid (DNA).

Proteins are complex nitrogenous molecules which are essential for the growth and life, structurally are long polymers of amino acids linked by peptide             (-CO-NH-) bond. Proteins can be classified into two broad classes on the basis of molecular structure as: 1. Fibrous proteins and 2. Globular proteins.

1. Fibrous proteins consist of linear thread like molecules which tend to lie side by side to form fibres. The molecules are held together at many points by hydrogen bonds. These are usually insoluble in water. The common examples of fibrous proteins are keratine in skin, hair, nails and wool, collagen in tendons, fibroin in silk, myosine in muscles, etc. These proteins serve as the main structural material of animal tissues. 

2. Globular proteins have molecules folded together into compact units forming spheroidal shapes. The peptide chains in globular proteins are also held by hydrogen bonds but these forces are comparatively weak. These are soluble in water or aqueous solutions of acids, bases or salts. The common examples are enzymes, hormones such as insulin, etc.   
3. Isoelectric state of proteins
The charge of the protein molecule in the water solution depends on the amino acid composition of a given protein molecule. 
Isoelectric point of amino acid or protein (pI) – is pH of solution at which amino acid or a protein exists as zwitterions (dipolar ion) i.e. number of positive charges equals number of negative charges in the molecule so that the molecule is electrically neutral.
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If pH of solution is less than isoelectric point of a protein, the protein exists as cation, if pH of solution is higher than isoelectric point of a protein, the protein exists as anion. 
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In isoelectric state protein molecules do not move in the electric field.

4. Properties of HMC solutions
Dilute solutions of high-molecular compounds (HMC) are thermodynamically stable true homogeneous solutions. To obtain solutions of HMC it is sufficient to bring the dry substance into contact with a suitable solvent. Non-polar macromolecules are dissolved in hydrocarbons (for example, rubber in benzene), and polar macromolecules in polar solvents (for example, proteins in water). Solutions of HMC are reversible systems i.e. after evaporation and the addition of a new portion of solvent, the dry residue again passes into the solution. 

HMC solutions can be regarded as true solutions because they are homogeneous, stable and reversible. The particle of dispersed phase in such solution is a molecule. But the molecules of these substances have the size of colloidal particles and because of this, HMC solutions posses properties which are typical for colloidal solutions – slow rate of diffusion, optical and electrokinetic properties, etc.  

Like colloids some biopolymers (proteins, nucleic acids) are characterized by electrophoresis due to the presence of an electric charge. But this charge appears not due to the presence of diffuse layer but due to dissociation of polar groups of molecules in water solution.

Using electrophoresis it is possible to isolate and investigate separate blood plasma protein fractions. This method is used to diagnose many diseases characterized by the changes in the blood proteins.

The dissolving of HMC passes through the stage of swelling, which is a characteristic qualitative feature of substances of this type. In swelling, the solvent molecules penetrate into the solid polymer and move the macromolecules apart. The distance between macromolecules increases and mass and volume of polymer also increase. Swelling can be unlimited, when its final result is the passing of the polymer into the solution. This process is spontaneous and is accompanied by increase in entropy of the system. Albumins, gelatin in the hot water, cellulose in the acetone swell unlimitedly. Swelling is limited, if it does not reach the stage of dissolving of the polymer. Gelatin and agar swell limitedly in the water at room temperature. Process of swelling is characterized by the degree of swelling. 
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where   α – degree of swelling

[image: image289.wmf]          m0 –  mass of the polymer before swelling
             m – mass of the polymer after swelling.
Degree of swelling expressed in such way corresponds to the number of grams of liquid per gram of polymer. Degree of swelling can also be expressed in percents:
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Swelling in closed systems is accompanied by arising of very high pressures: pressure of swelling breaks strong seed coats of spired seeds, roots of plants destroy rocks, etc. 

Some factors influence the swelling of HMC. These are:

1) temperature;

2) pH;

3) presence of electrolytes.

Increase in temperature lowers the degree of swelling. 

The swelling of proteins is minimal when the pH coincides with the isoelectric point of the protein.   This is because in isoelectric point the degree of salvation of ionogenic groups is minimal. 

The swelling of proteins is maximal in the presence of CNS- and I- ions. This is because these ions are practically not hydrated. Anions SO42- and ClO4- are highly hydrated, that’s why the swelling of proteins is minimal in the presence of these anions. This phenomenon can be explained by the competition of anions for solvent. According to the influence on the swelling of proteins ions can be arranged in the following series:

 CNS->I- >Br->Cl->ClO4->SO42-
 Cs+ >Rb+ >K+ >Na+ >Li+ >Ba2+ >Sr2+ >Ca2+ >Mg2+
Maximal swelling                                      Minimal swelling

Processes of swelling are of great importance for the physiology of the organism. Connective tissue serves as water-metabolism regulator between blood and cells.  This tissue is a depot for water excess in the organism. Connective tissue is capable to absorb excess of water due to swelling and then to give it away.  Swelling of organs and tissues (oedemas of lungs and brain) in case of different pathologies can be observed. Some inflammatory and allergic diseases are accompanied by swelling of mucosas. 

5. Breaking of HMC solutions stability
Basic factor of biopolymers solutions thermodynamic stability is their hydrophylic nature. Carboxylic groups, amino groups, peptide bonds and other polar groups are hydrated. Proteins can be isolated from solution by means of salts. This process is known as salting out.  Na2SO4, (NH4)2SO4, magnesium salts and phosphates are usually used for this purpose. Salting out is most effective in the isoelectric point of protein. Ions of salts attract water molecules from proteins so the number of water molecules bound to proteins decreases.  As solubility of proteins in water depends on the formation of hydrated shell around hydrophilic ionic groups, the migration of water molecules from proteins to salt ions decreases solubility of protein and protein precipitates. The method of salting out is used for precipitation of serum proteins. Globulins precipitate in semi saturated, albumins – in saturated solution of ammonium sulfate. Stability of HMC solutions also decreases with lowering of lyophilic property of polymer. For example, proteins can be separated from water solutions by means of dehydrating solvents – methanol, ethanol, and acetone. 

Solutions of high-molecular compounds have a considerable viscosity that rapidly grows with an increase in the concentration of the solutions (viscosity of a liquid is a measure of its resistance to flow).  High viscosity of HMC solutions can be explained by hydrophilic nature of HMC, i.e. strong intermolecular forces exist between polymers and water molecules. Viscosity depends on the molecular mass of the polymer. Measuring of viscosity is used for determination of polymer molecular mass. 

6. Gelatination.  Properties of gels

An increase in the concentration of macromolecular solutions, the addition of substances lowering the solubility of the polymer, and frequently, lowering of the temperature result in jellification (gelatination), i.e. the transformation of a greatly viscous, but fluid solution into a non-fluid gel, retaining its shape.    Solutions of polymers with greatly extended macromolecules jellify at a low concentration of the solution.  Gels are formed when the macromolecules come into contact to form a lattice or net. So, gelatination occurs as a result of the interaction of individual macromolecules with one another that leads to the formation of supermolecular structures. Division of solution into dispersed phase and dispersion medium does not occur in the course of gelatination, because all molecules of solvent are enclosed in the net-like structure. 

Gels and gelatination are of great importance for the living organisms. Organisms consist of different gels. Cytoplasm of living cells, skin, and lens can be considered as natural gels. The body of jelly-fish is a living gel containing a lot of water (up to 98%). Bones have some elasticity due to the content of gelatinous compound – ossein.  In young age bones and connective tissues are very elastic because they consist of a large number of gelatinous compounds. 

 On the one hand, gel can be considered as HMC solution which lost its fluidity, and on the other hand – gel is formed in the process of swelling. Gelatination depends on some factors: size, shape and nature of macromolecules, concentration of dispersed phase, temperature, time, pH, presence of electrolytes, etc. 

A greatly extended, needle-shaped and film-lamellar shape of the molecules increases the probability of contacts between them and facilitates the formation of gels at a low concentration of the dispersed phase. Albumins and globulins are globular proteins and do not form gels at low concentrations. 
Concentration has a great influence on gelatination. The more is the concentration of solution, the greater is the probability of interaction between molecules.  But the concentration of gelatination depends on the nature of the substance. For instance, agar forms gels in 0.2% solution, and gelatin needs 2% solution for gelatination at room temperature.  

Gelatination more easily occurs at pH corresponding to the isoelectric point of protein because in this case the net charge of the molecule is close to zero, which facilitates arising of bonds between molecules. 

Influence of low-molecular electrolytes on gelatination is opposite to that on swelling. Ions which increase swelling inhibit gelatination. On the contrary, ions reducing the volume of swelled gel promote gelatination. 

Increase in temperature hinders gelatination of polymers solutions. Solutions which do not jellify at room temperature can be converted into gels at low temperature. This is because heating increases the rate of thermal motion of the macromolecules and weakens bonds between them. 

Gels are characterized by thixotropy and syneresis. 
Thixotropy – is a reversible demolition of a structure with the transition to the fluid state upon mechanical action, for instance upon shaking, and spontaneous restoration of the structure, “solidification” at rest. This process is observed, for example, in case of brain concussion and restoration of its initial structures. 
Syneresis – is a loss of homogeneity with time which is accompanied by division of gels into two phases: liquid is separated and volume of gel decreases. Syneresis develops in living cells. While aging animal tissues loose water and become more rigid.  

Self-check exercises   

1. pI of a  protein is 7,8. Which functional groups in amino acid radicals are responsible for this value of pI?

a. –COOH  
b. –OH
          c. –SH  
d. –NH2
2. Solutions of biopolymers are:

a. Heterogeneous, thermodynamically unstable systems

b. Homogeneous, thermodynamically unstable systems

c. Heterogeneous, thermodynamically stable systems 
d. Homogeneous, thermodynamically stable systems

3. Ability of polymers solutions to condense their structure with separation of liquid phase is called:

a. Syneresis 
b. Thixotropy

c. Coacervation

 
d. Salting out
Ans: 1–d; 2–d; 3–a
Glossary
absorption – accumulation of one substance in the entire volume of the other substance.
acidity:

– active ~ – acidity caused by the hydrogen ions concen​tra​tion. The measure of active acidity is pH.   

– total ~ – acidity caused by both the hydrogen ions and the non-dissociated acid  molecules.
acidosis – a drop of blood pH

active concentration of an ion – the effective, conditional concentration of ion according to which it acts in chemical reactions. 

adsorption – the change in the con​centration of a substance at a phase interface. 

adsorbent – the substance at which surface adsorption occurs.
adsorbate – the substance which is adsorbed at the surface of adsorbent. 

aerosol – a highly dispersed system with gaseous dispersing medium 

alkalosis – the increase of blood pH

ampholyte – an electrolyte which possesses amphoteric properties.
amphoteric character – the ability of a substance to behave as both acid and base. 

anticoagulant – a substance which prevents coagulation

buffer action – an ability of buffer solution to resist changes in pH from the addition of limited amounts of strong acid or base or from concent​ra​tion/dilution 

buffer solution – a solution that resists changes in pH even when a strong acid or a strong base is added to it or when concentrated/diluted

chromatography – the method of mixtures separation based on a different distribution of components between stationary phase and mobile phase.

catalyst – a substance that is not consumed in  a reaction but whose presence increases the rate of the reaction. 

chromatography:

– paper ~ – chromatography which is carried out on a special chromatographic paper

– gas ~ – chromatography in  which gas acts as a mobile phase

– gas-liquid ~ – chromatography in  which mobile phase is a stream of carrier gas and stationary phase is a liquid adsorbed on a solid.

– ion-exchange ~ – chromatography based on different ability of components  to be exchanged by ions. 

– column ~ – chromatography which is carried out on a special columns packed with an adsorbent (e.g., alumina, silica starch, magnesium silicate).

– thin layer ~ – chromatography which is carried out on a special plates coated with thin layer of sorbent.

coacervation – coalescence of hydrating shells of particles.

coagulation – the breaking of aggregative stability of colloids caused by the adhesion of primary particles in larger aggre​gates followed by preci​pi​tation of dispersed phase.

coefficient:

– absorption ~ – the volume of gas at normal conditions dissolved in 1 ml of a liquid when partial pressure of gas equals 101.3 kPa. 

– activity ~ – the value indicating the difference between the molar concentration of solution and its effective, conditional concentration.

– Van`t Hoff`s (isotonic) – the value which shows how many times the number of particles in electrolyte solution is greater than that in non-electrolyte solution of identical molar concentration.
– respiratory ~ – relation between the volume of carbon dioxide exhaled and oxygen inhaled.  

– temperature ~ – a number showing how many times the rate of a given reaction  grows  when the temperature of the system increases by 10  kelvins. 

constant:

– Michaelis ~ – is the substrate concentration (mol/l) at which the rate of the given enzymatic reaction is half the maximum rate value. 

– equilibrium ~ – a number that defines the position of equilibrium for a particular reaction at a specified temperature. It depends on nature of reactants, temperature, but doesn’t depend on concentration of reactants and the presence of a catalyst. 

– reaction rate ~ – reaction rate when concentration of all reacting species equals unity. It depends on nature of reactants, temperature, and the presence of a catalyst, but doesn’t depend on concentration of reactants.  

denaturation – the change in structure and properties of proteins (solubility and biological activity) under the action of external factors (temperature, pH, irradiation, influence of electrolytes, etc) 

depression – the lowering of freezing temperature of solution compared to that of the pure solvent.

diffusion – the mixing of one substance into others.

dispersed phase – the comminuted substance which is distributed in the other substance.

dialysis – the method of  colloidal dispersions and high-molecular compounds purification. Based on the different ability of solution components to diffuse through thin films – membranes (made from cellophane, parchment, etc) 

electrode – the system in which double electric layer appears, and, as a result, electrode potential forms.  

electromotive force – the potential difference between the cathode and the anode.

electrophoresis – the movement of solid phase in respect with liquid medium under the electric field action.

electro conductivity – the ability of a substance to conduct electric current, the value reciprocal to resistance. 

eluant – the mobile phase in chromatography.

emulsion – coarsely dispersed system of liquid/liquid type.

energy:

– activation ~ – the excess energy (over and above average energy of the reactants) which must be supplied to the reactants to undergo chemical reactions.

– internal ~ – fixed quantity of energy of a substance which depends upon its chemical nature and its state of existence. Internal energy is the sum of kinetic and potential energies of the particles.

– surface ~ – potential energy of the interphase surface.

– Helmholtz free ~ – iso​cho​ric-isothermal potential F.

– Gibbs free ~ – isobaric- isothermal potential G.  

electro osmosis – the movement of liquid medium in respect with solid phase under the electric field action.  

enthalpy –  a measure of heat change (evolved or absorbed) taking place during a process at constant pressure.

enthalpy of formation ((Hof) – the enthalpy change when one mole of a compound is formed from its elements.

enthalpy of combustion ((Hoc) – the amount of heat evolved when 1 mole of a substance is completely burnt or oxidized. 

entropy (S) –  the property of a system which measures the degree of disorder or random​ness in the system. Entropy is a state function. 

equilibrium:

– osmotic ~ – the state of a system when number of particles passing through semipermeable membrane in forward direction equals number of those passing in reverse direction. 

– chemical ~ – the state of a system when rates of forward and reverse reactions are equal.

flocculation – the settling out of colloidal particles under the poly electrolytes (high molecular weight compounds) influence. 

granule – a charged part of micelle placed in square brackets.
heat:

– ~ of neutralization – the heat effect of neutralization reaction

– ~ of dissolution – the heat effect of dissolution of 1 mol of a substance in a great amount of solvent.

heat effect of reaction – the heat which is evolved or absorbed in the course of reaction.

heat capacity – the heat needed to heat up 1 mole of a substance for 1 Kelvin.   

hemodialysis – blood purification from decay products (urea, uric acid, excess of potassium, chlorine ions etc) in apparatus “artificial kidney”.

hemolysis – swelling and destruction of erythrocyte in hypotonic solution. 

hemosorption – blood purification from toxic substances by means of different adsorbents.

hydration – addition of water by ions and molecules.

hydrolysis – reaction of salt ions with water accompanied by formation of a weak electrolyte and change in pH.

hydrosols – dispersed system with water dispersing medium.

homeostasis – stable stationary state of the organism characterized by a constancy of chemical composition of organism internal medium, osmotic pressure, pH, temperature, etc. 

inhibitors of enzymes – compounds which decrease the rate of enzymatic process.

indicator – the substance which allows to determine the end of chemical reaction by color change.

ionite – ion-exchange resins which are capable to exchange their anions or cations with the surrounding. 

Krebs cycle – the cycle of citric acid transformation, the main energetic cycle of the organism 

micelle – electrically neutral colloidal particle consisting of a nucleus, potential determining ions, and gegenions of inner and diffuse layers.  

nephelometry – the method of quantitative determination of colloidal particles and proteins in biological liquids by means of nephelometer. The method is based on ability of dispersed systems to scatter light.  

nucleic acids – biological polymers of nucleotides. DNA and RNA are, respectively, nucleic acids that preserve and transcribe hereditary information within cells. 

osmosis – the tendency of a solvent to move through a semipermeable membrane from a region of low concentration to a region of high concentration of solutes. 

pressure:  

– oncotic ~ – a part of blood osmotic pressure  caused by high-molecular weight compounds (proteins mainly)  

– osmotic ~ – the pressure needed to counteract the movement of solvent through a semiper​meable membrane from a region of low concentration of solute to a region of high concentra​tion.

– partial ~ – the pressure of one component in a mixture of gases.

protective number (gold number) – the number of mg of a dry protective substance which is needed to be added to 10 ml of a sol in order to protect it from coagulation.

pH – the negative of the common logarithm of the H3O+ con​centra​tion. 

plasmolysis – shrink of erythrocyte in hypertonic solution.

semipermeable membrane – the membrane which allows some substances to go through but retains others. 

sol – highly dispersed system (colloidal solution) with solid dispersed phase.

solution  – homogeneous system consisting of two or more components and the products of their interaction.

solution:

– hypertonic ~ – solution in which osmotic pressure is higher than that in standard solution (e.g. blood)

– hypotonic ~ – solution in which osmotic pressure is lower than that in standard solution (e.g. blood)

– isotonic ~ – solution in which osmotic pressure is equal to that in standard solution (e.g. blood)

– ionic strength of ~ – the half-sum of the products of the concentrations of all the ions in the solution and the square of their charge.

– colligative property of ~ – a property that depends only on the relative amounts of solute and solvent present, not on their identity. 

– colloidal ~ – heterogeneous system in which dispersed particles have size              10-7-10-9m

– operating ~ (titrant) – solution whose molar concentrations of equivalent and titer are known.  

surface active substances – the substances which reduce surface tension of pure solvent.

surface inactive substances – the substances which increase or do not affect surface tension of pure solvent.

surface tension – the energy which is needed to create a unit of surface area.  

point:

– isoelectric ~ – pH at which amino acid or protein exists in the form of zwitterion and the number of NH3+ groups equals number of COO– groups. 

– equivalence ~ – a titration moment when the mole-equivalents quantity of the operating solution is equal to the mole-equivalents quantity of the investigated solution

potential:

– diffusion ~ – potential which appears at the border​line solution-solution due to different mobility of ions. 

– membrane ~ – potential which appears at the border​line solution-semipermeable membrane.

– action ~ – biopotential arising in a cell membrane at excitation.

– rest ~ – biopotential arising in a cell membrane at normal state

– oxidation-reduction stan​dard ~ – potential of oxi​dation-reduction electrode at T=298K, P=101.3 kPa, and concentrations of oxidized and reduced forms equal         1 mol/l.

​– electrode standard ~ – potential of electrode measured in respect with standard hydrogen electro​de at  T=298K, P=101.3 kPa, and concentrations of oxidized and reduced forms equal 1 mol/l.

– electrokinetic (ζ) ~ – the potential difference between granule and diffuse layer of colloidal particle.

promotors – substances which improve action of catalysts.

process:

– isobaric ~ – the process which takes place at a constant pressure.

– isothermal ~ – the process which takes place at a constant temperature.

– isochoric ~ – the process which takes place at a constant volume.

– irreversible ~ –  the process which runs only in one direction.

– reversible ~ –  the process which runs in both forward and reverse directions.

– enzymatic ~ – the process which is catalyzed by enzyme.

– exothermic ~ – the process in which heat is evolved.

– endothermic – the process in which heat is absorbed.

– exergonic ~ – the process for which the change in Gibbs free energy is negative.

– endergonic ~ – the process for which the change in Gibbs free energy is positive.

reaction:

– molecularity of ~ – the number of reacting species (molecules, atoms or ions) which collide simultaneously to bring about a chemical reaction

· parallel ~ – reactions which yield some different products.
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– order of ~ – the sum of the powers to which the concentra​tion terms are raised in the rate expression.

· serial  ~ – reaction running through a sequence of stages. 
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– rate of ~ – the change in concentration of any of reactant or product per unit time per unit volume.

– coupled reactions – two reactions one of which can run independently and the second one only along with the first reaction.

– chain ~ – a self-sustaining reaction. In a chain reaction one intermediate – free radical produces other free radicals that in turn cause reaction.

series:

– lyotropic ~ – the series of ions placed in order of decre​asing of their coagulating or adsorptive ability.

– electrochemical ~ – the series of electrodes placed in order of increasing of standard potential values.

sedimentation – the settling out of particles.

stability of dispersed systems:

– kinetic ~ –  the dispersed phase ability to be in the suspension without undergoing to sedi​mentation.

– aggregative ~ – the ability of a system to keep the fixed degree of dispersion without being combined into more coarse (large) aggregates.
synergism – increasing of coagulation action of ions in mixture in comparison with individual action

system –  a specified part of the universe which is under observation.

system:

– homogeneous ~ – the system in which all components are present being in the same aggregative state and there is no interface between them.

– heterogeneous ~ – the system in which all components are present being in different aggregative state and there is interface between them.

– lyophobic ~ – the system in which there is a weak inter​action between dispersed phase and dispersing medium.

– lyophilic ~ – the system in which there is a strong inter​action between dispersed phase and dispersing medium.

– closed ~ – is a system which can exchange energy but not mass with its surroundings.

– isolated ~ –  is a system which can neither exchange mass nor energy with the surro​un​dings.  

– open ~ – is a system which can exchange matter as well as energy with the surroundings.

solubilization – the dissolution of organic substances in hydrocarbon part of the surface-active substances micelles.
solvation – the interaction of ions and molecules of solute with the solvent.

suspension – coarsely dispersed system of solid/liquid type. 

thermodynamics – the branch of science which deals with energy changes in physical and chemical processes.

thermodynamics:

first law of ~ –  energy can neither be created nor destroyed although it can be converted from one form into another.

second law of ~ -  the entropy always increases in the course of every spontaneous (natural) change.

third law of ~ -  at absolute zero the entropy of a perfect crystalline substance is taken as zero.

suspensoid – highly dispersed heterogeneous system which are  unstable and irreversible. The dispersed particles exist in the form of aggregates of molecules and atoms separa​ted by interface from the dispersing medium. 

titration – addition of opera-ting solution to the investi​gated one.

Tyndall cone – the detection in a solution of the path of a ray from a light source when looking at the solution at right angles to the direction of the ray. 

zwitterion – the dipolar ion formed as a result of reac​tion of carboxyl group and amino group in amino acids and proteins: NH3+–R– COO–.
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