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Subject "Heat effects of chemical reactions. Direction of processes"

1. Number of hours  2

2. Material and methodological support.
 Tables:
1. Scheme of structure of the subject.
2.  Types of systems.
3.
Hess’s law and its corollaries.

4.
І law of thermodynamics.
5.
ІІ law of thermodynamics.

6.
Isobaric-isothermal potential. 
1. Medical Chemistry: manual for medical students / I.V. Zavgorodniy,                          A.O. Syrovaya, E.R. Grabovetskaya et al. – Kharkiv, Ekograf,2011. – 240 p. 
2. Medical Chemistry. Self-study guide for the 1st year students (English medium) /  A.O. Syrovaya,  E.R. Grabovetskaya,  L.G. Shapoval et al. – Kharkiv:  KhNMU,  2014. – 70 p. 
3. Syrovaya A.O. Medical chemistry. Adapted concise course / A.O. Syrovaya,  E.R. Grabovetskaya,  L.G. Shapoval. - Kharkiv:  KhNMU,  2013. –  160p. 
4. "Heat effects of chemical reactions. Direction of processes"- Methodical instructions for I year students' self-work in "Medical Chemistry"
5. Individual tasks for students’ self-control of knowledge in Medical  Chemistry / A.O. Syrovaya, L.G. Shapoval, V.N. Petiunina, et al. – Kharkiv: KhNMU, 2014. –50 p. 
6. Text of Lecture 
3. Substantiation for the subject. Metabolism is a continuous process taking place in living organism. It is a combination of a large number of chemical transformations, accompanied by release or absorption of energy. The process of exchange of substances and energy is a sign of life. Therefore, it is important for physicians to know the basic laws of thermodynamics, which determine the possibility of the direction and extent of occurrence of the changes, influence of the main factors (temperature, concentration, etc.) on them. Methods of thermodynamics enable us to understand and explore the vital processes in biological systems.
4. The purpose of the subject:
- general:  to explain chemical and biochemical processes in terms of their heat effects;
- specific: to be able to use thermodynamic functions for evaluating of directions of processes, to explain energy coupling in biological systems.
a) to know: laws of chemical processes, aggregative state of substances, the basic concepts and laws of chemical thermodynamics, physical and chemical principles of homeostasis.
b) to be able to: calculate the heat effect of chemical reaction using calorific values of the reactants and products, calculate caloricity of foods, use the thermodynamic functions for evaluating of directions of processes, to explain energy coupling in living systems.
c) practical skills:
- to calculate heat effects of chemical reaction using the calorific values of the reactants and products;
- to calculate caloricity of foods;
- to use the thermodynamic functions for evaluating of directions of processes, to explain energy coupling in living systems.
5. Scheme of structure of the subject. 

[image: image1]
6. Plan of students' work.  
	№ 

	Stage

	Time, min

	Training and visual aids
	Location


	1.


	Motivational characteristic and plan of subject. Questions and answers

	35

	Manual, self-study guide for the 1st year students


	Class room


	2.


	Self-work of students with methodological literature, the solution of educational problems, filling of self-study guide
	35

	Methodical instructions for students, text of lecture, manual for students' self-work, self-study guide, reference data, tables
	

	3.


	Control of knowledge

	15


	
	

	5.


	Analysis and conclusions 

	4

	
	

	6.


	Home work

	1


	
	


7. Tasks for self-work:

- List of questions to be studied:
1. Basic concepts of chemical thermodynamics.
2. First law of thermodynamics. Enthalpy. Exothermic and endothermic processes.
3. Hess's law - the main law of thermochemistry. Thermochemical calculations for estimation of products caloricity.
4. Second law of thermodynamics. Entropy. Thermodynamic potentials:  Gibbs free energy, Helmholtz energy. Criteria for direction of processes.
5. Application of  laws of thermodynamics to living systems. Energetic coupling in living systems. Endergonic and exergonic processes.
1. Basic concepts of chemical thermodynamics
 Thermodynamics is the brunch of science which studies energy conversions. The essence of the thermodynamic approach is that it considers only initial and final states of the interacting objects, without taking into account the way in which the process takes place and time of transformation. 
The terminology used in thermodynamics.
System is a part of universe which is under observation.  It is separated from surroundings by boundaries (real or imaginary).  Mass and heat exchange is possible in a system. 

Isolated system is a system which does not exchange neither mass nor energy with surroundings (Δm = 0, ΔU = 0).
Closed system exchanges only energy but not mass (Δm = 0, ΔU ≠ 0).
Open system exchanges both mass as well as energy with surroundings              (Δm ≠ 0, ΔU ≠ 0). From the thermodynamics viewpoint, a living organism is an open system.
State of the system is the sum of its physical and chemical properties; it is characterized by thermodynamic parameters. Basic parameters are: temperature T, pressure P, system volume V, total system mass m and concentration Ck of chemical substances (components). 
2. First law of thermodynamics. Enthalpy. Exothermic and endothermic processes

Amount of internal energy in the system remains constant if there is no heat exchange with the external environment. In fact, this is the law of conservation of energy – the first law of thermodynamics. In other words, energy can neither be created nor destroyed, it can only transform from one form to another. This is a fundamental law of nature.
The heat supplied to the system is used to increase the internal energy ΔU and to perform work against external forces A:
Q = ΔU + A – mathematical expression of the first law of thermodynamics.
The internal energy includes energy of translational motion of atoms, molecules, ions, energy of intramolecular vibrations of  atoms, energy of the electrons in the atoms, nuclear energy, etc. but does not include kinetic and potential energy of the system as a whole. It is not possible to determine absolute value of the internal energy. However, its change during the transition from one state to another can be defined and it is quite enough for solution of many problems. 
Isochoric (occurring at V = const) and isobaric (occurring at P = const) processes are distinguished in thermodynamic approach. 

Isobaric processes are widely used in chemical practice. During isobaric process the volume of the system can be increased by ΔV, and work equal to pΔV can be performed. In this case the process is characterized by the enthalpy quantity described by the equation  H = U + pΔV. The change in enthalpy is equal to: 

ΔH = ΔU + pΔV,
that is, the enthalpy change of the reaction products as compared to the enthalpy of the reagents in isobaric process is equal to heat evolved off the system or absorbed by the system: 

Qp = H2 - H1 = ΔH.
Enthalpy is often called heat content of the system. 

Enthalpy, as well as internal energy, characterizes the energy state of substance, but it differs from the internal energy for the amount of energy expended in overcoming the forces of external pressure. It also depends on the state of the system and does not depend on the manner by which this state is reached. For gases, the difference between ΔH and ΔU during a given process can be very significant. This is due to the fact that for the chemical process proceeding at a constant pressure, the volume change is associated with the change of the number of moles of gaseous substances: 

PV = nRT
If n1 moles of gaseous reagents is used up in reaction and n2 moles of gaseous products is formed, then:
Δ(p) = (n2 - n1) RT = ΔnRT
so,                 Qp = ΔH = ΔU + ΔnRT, Qp = Qv + ΔnRT
Comparing the values ​​of Qp and Qv is easy to see that the thermal effect of the reaction proceeding at constant pressure, differs from that at constant volume by the value of expansion work. If reaction takes place in the condensed phase (solid or liquid), the differences between Qv and Qp and therefore between ΔU and ΔH are insignificant. 
Thermochemical reaction equation is one which includes not only the formulas of substances but also aggregative states and the value of any state function. Enthalpy of reaction in this case is called the heat effect of reaction. It is characterized not only by absolute value, but also by sign. The heat absorbed by the system (endothermic reaction) is considered to be positive (ΔH> 0), and the heat evolved of the system (exothermic reaction) is considered to be negative                   (ΔH <0), so: Q = -ΔH.
Thermochemistry allows determining the thermal effects of different reactions – the heats of formation of substances, heats of combustion of substances, dissolving, melting, neutralization, ionization, atomization, etc. Heat effects related to 1 mole of a substance under standard conditions (temperature 298K and pressure 101.3 kPa) are called standard. The standard state of substance is: for solids – stable at standard temperature polymorphic form (graphite for carbon, rhombic sulfur, white phosphorus, etc.), for gases – the state of ideal gas at 1 atm pressure, for substances in solution – concentration  1 mol / L.
3. Hess's law - the main law of thermochemistry. Thermochemical calculations for estimation of products caloricity

Hess’s law (main law of thermochemistry) is the consequence of the first law of thermodynamics: Heat effect of chemical reaction at constant volume or pressure does not depend on the number of intermediate steps and is determined only by the initial and final state of the system. Hess's law allows to calculate the heat effects of reactions, which cannot be determined experimentally. 
It follows from Hess’s law: heat effect of reaction (enthalpy) is equal to the algebraic sum of the enthalpies of formation of the reaction products less the algebraic sum of the enthalpies of formation of the reactants, with account of stoichiometric coefficients (first corollary).
The second corollary of Hess’s law relates to heats of combustion                              (oxidation with oxygen):  heat effect of reaction is equal to sum of the standard enthalpies of combustion of reagents less the sum of standard enthalpies of combustion of products with account of stoichiometric coefficients. 

For living systems first law of thermodynamics can be formulated as follows: all types of work in the organism are performed due to equivalent amount of energy released at oxidation of nutrients. 
The energy balance of the organism is studied by methods of direct and indirect calorimetry. In the first case, the person is placed in an isolated chamber in which the amount of heat emitted by a living organism performing different processes of normal physiological activity is measured. Indirect calorimetry is based on the calculation methods using the respiratory coefficient and caloric equivalent of oxygen. 

Respiratory coefficient is the ratio between the volume of carbon dioxide evolved and the amount of absorbed oxygen. For carbohydrates it equals 1.0, for proteins – 0.8, and for fats – 0.7. 

Caloric equivalent of oxygen is equal to the amount of heat released when   1 liter of oxygen is consumed.  For carbohydrates it is 21.2 kJ, for proteins –              20.09 kJ, for fats – 19.6 kJ. 
Caloricity of food can also be determined on the basis of thermochemistry methods. The average value of the physiological fuel –  three main classes of nutrients – is as follows: carbohydrates – 19.8 kJ/g, proteins – 16.8 kJ/g,                        fats – 37.8 kJ/g. Caloricity of food serves for making of scientifically based standards for food needs in certain groups of the population, with account of energy spending. Standards take into account age, gender, character of work and life, as well as climatic features.
4. Second law of thermodynamics. Entropy. Thermodynamic potentials: Gibbs free energy, Helmholtz energy. Criteria for direction of processes
The first law of thermodynamics shows that in any processes energy does not arise and disappear, and the energy balance of a chemical process can be calculated. However, it does not answer the important question: is spontaneous process possible or not possible (without any external forces) under given conditions, and what is the direction of a process?
 For a long time it was believed that only exothermic processes were spontaneous. However, many known processes are endothermic (e.g. dissolution of certain salts, decomposition of carbonic acid, etc.). In these processes heat is absorbed. 
At low temperatures exothermic reactions are primarily spontaneous:
H2 (g) + O2 (g) = H2O (g) + 241.8 kJ
But at high temperatures the reaction proceeds in the reverse direction, and water is decomposed into hydrogen and oxygen. Moreover, the principle of direction of all processes towards minimum internal energy precludes the possibility of reversible reactions, but such reactions proceed.
What is the reason of a certain direction of chemical processes? What factors determine a particular state of chemical equilibrium? 

It is known that in mechanical systems stable state corresponds to the minimum of the potential energy. This explains why water flows from the top down, rather than vice versa. At the same time, molecules of air are distributed around Earth as an atmosphere of many kilometers thick, but do not fall on the ground while the minimum potential energy corresponds to their lowest position. This phenomenon is an example of direction of a process towards the most probable state which corresponds to the maximal disorder of particles distribution. Thus, the tendency to minimize the potential energy causes the air molecules to fall on the ground, and the tendency to maximum probability makes them to be randomly distributed in space. This results in a certain equilibrium distribution of molecules which is characterized by higher concentration at the surface of the earth and a rarefaction with increasing distance from it. 

In a salt-water system energetic minimum corresponds to the crystalline state of salt. However, a more probable state is achieved by random distribution of salt in liquid water. According to the same principle, in chemical reactions atoms tend to join in molecules whose formation results in the release of energy (addition reactions). But the most probable are those reactions which result in increasing of the number of particles (decomposition reactions).
Thus, spontaneous processes, which are not accompanied by changing in the energy state, proceed only in a direction in which disorder in the system increases and state of a system becomes more probable. 

Degree of disorder or probability of a system is characterized by entropy (S). 
Entropy is a state function and, therefore, its value depends only on the initial and final state of the system, it is measured in kJ / ml • K. Entropy S is associated with the number of possible microstates W, by which given macrostate of the system can be represented, by the following equation:
S = R/N ln W,
where R – universal gas constant, N – Avogadro's number.
Entropy of the perfectly constructed crystalline substance at absolute zero equals zero. Upon heating the entropy of substance always increases, it also increases at the transition from solid state to the liquid state and further into the gaseous state. In chemical processes entropy changes dramatically especially in  reactions proceeding with the change in the number of gas molecules:  increasing number of gas molecules is accompanied with increase in entropy, and decreasing number of gas molecules is accompanied with reducing of entropy. 
The essence of the second law of thermodynamics is as follows: different types of energy tend to turn into heat, and the heat, in turn, tends to dissipate, i.e. heat cannot be completely converted into work. Or:  any spontaneous process in an isolated system proceeds with increase in entropy. 
The question arises: is it possible to reverse a spontaneous process? The second law of thermodynamics says that this is possible through creation of equivalent or even greater disorder somewhere else. Photosynthesis serves as a good example. Complex molecules of carbohydrates are  synthesized in plants from carbon dioxide and water absorbed. This process is accompanied by decrease in entropy. Photosynthesis is impossible without sunlight. Therefore, the decrease in entropy in the synthesis of carbohydrates in plants is compensated by an increase in entropy on the Sun.  

Many other important biochemical processes are also accompanied by  decreasing in entropy – formation of biopolymers (proteins, nucleic acids, and others.), active transport of ions through cell membranes, etc. But a living organism  is an open system, and  entropy within can grow, remain unchanged or decrease, depending on the amount of entropy formed in the system, its inflow from the outside or outflow into the environment. 
Universe is also not an isolated system, and therefore it is not threatened by "heat death" – a state of maximum entropy. 
Sustainability of any isolated system is determined by the ratio of the enthalpy and entropy factors. The first describes the tendency of the system to order, as this process is accompanied by a decrease in the internal energy, the second one shows a tendency to disorder, because this state is the most probable. So, if in the process ΔS = 0 – the degree of disorder is not changed, the process goes in the direction of decreasing enthalpy, i.e. (H <0.  If there are no energetic changes ((H = 0), the process goes to the direction of increasing entropy,               i.e. ΔS> 0. 
A new state function was introduced as a criterion for spontaneity of a process in open systems.  It takes into account both of these factors. This state function for isobaric processes is called Gibbs free energy (in honor of the American physicist J.W. Gibbs), or isobaric-isothermal potential, G:
ΔG = (H – TΔS
Similar state function, Helmholtz energy or isochoric-isothermal potential (F) is used for isochoric processes: 

ΔF = ΔU – TΔS
At constant temperature and pressure only those processes are spontaneous for which the change in Gibbs free energy (or Helmholtz) is negative. This is one of the formulations of the second law of thermodynamics.
Bioenergetic calculations can be carried out for a large number of biochemical reactions and their course can be predicted on the basis of Hess’s law using reference standard values ​​of the thermodynamic state functions (enthalpy, entropy, Gibbs free energy (Table 1.)).
5. Application of laws of thermodynamics to living systems. Energetic coupling in living systems. Endergonic and exergonic processes

Biochemical reactions, accompanied by decrease in Gibbs free energy (ΔG<0) are called exergonic, and those accompanied by increase in Gibbs free energy are called endergonic (ΔG> 0).
Classical thermodynamic approach is rather restricted regarding the biochemical systems. 
Firstly, classical thermodynamics studies isolated systems which do not exist in nature. Secondly, it considers the equilibrium state, but the state of living organisms is defined as a non-equilibrium stationary state. Stationary state is similar to equilibrium one because pressure, volume, temperature, and concentration of particles remain constant. However, this constancy is ensured by continuous outflow of matter from the system and inflow of nutrients from outside at constant rates. 
Property of living systems to maintain the constancy of parameters and constant rates of intake and removal of matter and energy, which ensures the stability of physiological functions, is called homeostasis (from the Greek - "remain the same"). Homeostasis mechanism operates at all levels of the organization of living systems – molecular, cellular, organism, and  population level. 
Stationary state is so necessary for biosystems, because in this state, they acquire the ability of self-regulation. If the stationary state is stable enough, the system is able to return to its original state after the deviations from it because of external effects. 
Energetic metabolism in living systems is organized in such a way as thermodynamically possible reactions (e.g., the decomposition of carbohydrates into water and carbon dioxide) and impossible ones (the biosynthesis of complex molecules, active transport across cell membranes, etc.)  proceed simultaneously.  This is achieved due to energetic coupling, the transition of process in the multi-mode and functioning of multienzyme systems.
The mechanism of energetic coupling arises when reaction which is possible according to the entropy criterion is combined with the reaction which is thermodynamically impossible and supplies energy for it. Free energy of the first reaction must exceed energy consumption of the second one. Coupled reactions should have a common component – a unifying factor, which is the phosphate ion.
Transition of biochemical processes in a multi-mode allows living organism to adjust the synthesis of certain substances in the required quantities easily. This is because the free energy difference of the initial and final states for each of the individual steps is usually low, and therefore the possibility of achieving of equilibrium for it is greater than for the overall process.
Multistage passage of chemical reactions in living systems is provided by the functioning of multienzyme systems that operate according to the principle of molecular assembly line – a product of one enzymatic reaction serves as a substrate for subsequent transformation.
Table 1. Values ​​of thermodynamic functions at 298.15 K.
	Substance

	Enthalpy ΔH0, 
kJ/mol

	Entropy 
S, 
J/mol·К

	Gibbs free energy ΔG0,
 kJ/mol


	HCl (g)


	92,2


	186,7


	-95,3



	NaCl (s.)
	411,0
	72,4
	-384,1

	O2 (g)
	0
	205,0
	0

	O3 (g)


	-142,0


	238,8


	162,8



	H2O (g)


	-241,8


	188,7


	-226,6



	H2O (l.)


	-285,8


	69,9


	-237,2



	SO2 (g)


	296,9


	248,5


	-300,2



	H2S (g)


	20,4


	205,6


	-33,5



	NH3 (g)


	-46,2


	192,5


	-16,5



	NH3 (aq.)


	-80,8


	
	

	HCN (g)
	132,0
	201,7
	121,6

	H3PO4 (s.)


	-1281,1


	110,5


	-1119,2



	C (graphite)


	0


	5,7


	0



	C (diamond)


	+1,8


	2,4


	2,8



	CO (g)


	-110,5


	197,9


	-137,1



	CO2 (g)


	-393,5


	213,6


	-393,4



	CO2 (aq.)


	-699,6


	
	

	H2 (g)


	0


	130,6


	

	Methane (g)


	-74,8


	186,2


	-50,8



	Ethylene (g)


	52,3


	219,4


	68,1



	Acethylene (g)


	226,7


	200,8


	209,2



	Benzene (l.)


	49,0


	173,2


	-124,4



	Glycerine (l.)
	-670,7
	20,5
	-477,1

	Acetaldehyde (l.)

	-166,0


	264,2


	-132,9



	Аceton (l.)


	-246,8


	198,7


	-155,4



	Acetic acid (l.)


	-487,3


	159,8


	-389,4



	Butyric acid (l.)
	-524,3


	255,0


	-376,7



	Fumaric acid (s.)
	-811,1


	166,1


	-653,6



	Lactic acid (aq.)
	-694,0
	221,7
	

	Pyruvic acid (aq.)
	-607,5
	
	

	Glycine (s.)


	-524,7


	109,2


	-366,8



	Urea (s.)


	-333,2


	104,6


	-197,1



	Urea (aq.)


	-319,2


	173,8


	

	Glucose (s.)


	-1274,4


	
	-919,5



	Sucrose (s.)


	-2222,0


	360,3


	-1544,7




- List of practical skills.


After studying the subject student should be able to calculate the heat effect of chemical reaction using heat effects of combustion of the reagents and products; to count caloricity of foods; to use the thermodynamic functions for evaluating of  direction of processes; to explain energetic coupling in living systems.
8. Tasks for knowledge control
1. What type of thermodynamic system does living organism belong to?
A. Isolated
B. Open
C. Closed
D. Living organism is not a system
2. Which one is a mathematical expression of the first law of thermodynamics?
A. H = U + pV
B. Q = (U + A
C. (S = Q / T
D. (G = (H - T(S
3. Enthalpy is:
A. Function which characterizes the direction of processes in a system;
B. Function which characterizes the rate of processes in a system;
C. Function characterizing the heat content in a system; 
D. Functions characterizing the possibility of processes in a system
Answers:  1 - B; 2 - B; 3 - C.
9. Recommendations for the work results design 
Algorithms for solving educational problems of class work and self-work  should be recorded in the workbook. 
10. Suggested readings
1.  V. Kalibabchuk, V. Halinska, L. Hryschenko, S. Hodzynski, T. Ovsyanikova,  V. Samarski. Medical chemistry. –Kyiv AUS Medicine Publishing, 2010, −224p.
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