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PART 1
chemical thermodynamics
I. MAIN UNDERSTANDINGS.  First LAW OF THERMODYNAMICS


A system is a part of the universe, in which we are particularly interested. All the other universe serves as surroundings to the system. 

 Internal energy of a system U is the sum of all kinds of energy that are present in the system. 

   They include translation, vibrational and rotational energy of molecules, electron energy, etc., but not the kinetic or potential energy, which the system owns as a whole. Thus, for instance, if we choose a glass of solution as the system, internal energy of the system will be the same both if the glass of solution is placed at the lowest or highest floor of the building (at the same time potential energy of the system as a whole will be different).

  At the same time, internal energy of the solution in the glass is not changed, if we move the glass at high speed or it just stands on table (kinetic energy of the system as a whole is different at these two cases).


The first law of thermodynamics states, that in an isolated system the sum of all kinds of energy is constant. 

 
 If we introduce some heat into the system, this heat can be used

 
1) for increasing of the internal energy ,


2) for a work, that the system does upon its surroundings, thus: 

Q = ∆U + A,   where
 Q is heat and

   A is work and




        ∆U is change of internal energy of the system 

 The most common case of the work, that can be done by the system is the work of system’s expansion, which can be expressed as

 A= p ∆V , where
∆V is change of volume, 

p is pressure.


In this case the previous equation obtains a form: 

Q = ∆U + p∆V.  


As the processes, in which work is done and system expands 

at constant pressure, are the most typical ones (most process on the Earth occur at pressure 1 atm), a new function enthalpy H  is invented,

H = U + pV.   


Enthalpy can be treated as the heat content of the system - in a simplified explanation one can say, that 

enthalpy is the amount of heat, that is equivalent to internal energy U of the system plus the amount of heat, that is necessary to expand the system from zero volume to present one. 


Any heat effect of a process can be treated as enthalpy change: the more heat is liberated in a process (for example, in a chemical reaction), the more negative is ∆H (because the heat content of the system grows smaller, when heat leaves the system). 

Thus, ∆H is negative in exothermic reactions and positive in endothermic ones. 

II.CALCULATION OF REACTION HEATS FROM HESS’ LAW  


 Hess’ law states, that: 

Heat of reaction depends only on the initial and final compounds, but it does not depend on the way of reaction


This allows to calculate the reaction heats, using known reaction heats and combining them as a second possible way of reaction. For example, initial compounds A and B can react, directly forming at on products C and D and the reaction heat for this reaction being ∆H1

 A + B => C + D,       ∆H1
and another way of reaction, which consists of two reactions, following each other, is also possible: the initial compounds first form intermediate compounds E and F (enthalpy change of this reaction is ∆H2 ): 

A + B => E + F,       ∆H2

The intermediate compounds react further to form the same final products C and D (heat of this reaction is ∆H3 ).

E + F => C + D,       ∆H3
  The enthalpy diagram of this reaction looks like shown in fig.1.1.

The enthalpy change ∆H1 of the overall reaction (immediate formation of final products) is a sum of the reaction heats ∆H2 and ∆H3 of the two steps of second possible reaction way.
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Fig.1.1. Enthalpy diagram for illustration of Hess’s law. 


The equation 
∆H1 = ∆H2 + ∆H3
can be used for the calculation of an unknown reaction heat, if the other two are known. It is only necessary to make a formal “second way” of reaction, in which the reaction heats are known. Two most common ways of the practical calculation of reaction heats from Hess’s law are :

  1) calculation of reaction heat, using standard enthalpies of the initial and final compounds, 

  2) calculation of a reaction heat, using combustion enthalpies of initial and final compounds.

II.1. CALCULATION OF REACTION HEAT
FROM STANDARD ENTHALPIES

 A a standard enthalpy change ∆Ho of a compound is the enthalpy change in a reaction, in which 1 mole of the compound is formed from free elements, e.g. a standard enthalpy of H2SO4 is the enthalpy change in the reaction

H2 +S +2O2 => H2SO4 
  The main idea of this method is, that the “first way” of reaction is formation of the final compounds from free elements and the ”second way” is , that the free elements first combine to form initial compounds, that react further to form final compounds. So the reaction, that we are interested in is artificially written as the final stage in the conversion of free elements into final compounds.


For this reason, on the upper level of the enthalpy diagram one must write free elements, on the middle level - the initial compounds of the studied reaction and on the lower level the final products of reaction.

 The reaction, for which the reaction heat has to be  calculated, is the process of initial compound conversion into final products, that corresponds to reaction heat ∆H3 in fig.1.2. 

  The “first way” reaction heat ∆H1 is the sum of reaction heats of the reactions, in which final products are formed from free elements, i.e. it is a sum of standard enthalpies of final products:

∆H1 = ∑ ∆Hoproducts

    ∆H2 of the original Hess’s law enthalpy diagram in this case corresponds to sum of standard enthalpies of initial compounds:

∆H2 = ∑ ∆Hoinitial comp.
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Fig.1.2. Enthalpy diagram for calculation of reaction heat, using standard enthalpies of compounds.


  As 

∆H3 = ∆H1 - ∆H2 ,

the reaction heat ∆H3 of the studied reaction is found as the difference between the sum of standard enthalpies of reaction products and the sum of standard enthalpies of initial compounds:

∆Hreaction = ∆H3 = ∑ ∆Hoproducts - ∑ ∆Hoinitial comp.
  For example, if it is necessary to calculate heat of the reaction 

  Na2O + SO3 => Na2SO4  

we can calculate it as
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II.2 CALCULATION OF REACTION HEATS
USING COMBUSTION HEATS OF COMPOUNDS

  Combustion heat of a compound is the enthalpy change in a reaction, in which 1 mole of the compound is completely combusted. 

 As for organic compounds it is very difficult to determine their standard enthalpies (it is difficult to carry out these reactions, in which the compounds are formed from free elements), but the combustion heats of the organic compounds is easy to determine, this method of calculation is more commonly used in organic and biochemistry. 

[image: image4.wmf]H

reaction coordinate

D

H

1

D

H

2

D

H

3

reaction products

initial compounds

combustion products

= ?


Fig.1.3.Enthalpy diagram for calculation of reaction heat using combustion heats of compounds.

 In this case the reaction, in which we are interested in, is treated just as the first stage in combustion of initial compounds, so the “first way” of reaction is the combustion of initial compounds, the “second way” consists of the reaction and further combustion of the reaction products (see fig.1.3). 


The initial compounds are written on the upper level of the enthalpy diagram , reaction products are written on the middle level and the combustion products are written on the lower level.


 Thus, the enthalpy change ∆H2 is the heat of the studied reaction, which has to be calculated. ∆H1 is the sum of combustion heats of all the initial compounds and ∆H3 is the sum of combustion heats of all the reaction products. 

  Reaction heat (∆H2) can now be calculated as the difference between the sum of combustion heats of all the initial compounds and the sum of combustion heats of all the reaction products (∆H1 - ∆H3): 
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For example, a reaction heat for the reaction, in which ethyl alcohol is oxidized to acetic acid: 

C2H5OH + O2=> CH3COOH + H2O ,

is calculated as:
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   As O2 and H2O cannot be combusted, practically the reaction heat in this case is the difference between combustion heats of alcohol and acid. 

 II LAW OF THERMODYNAMICS.

 II.1.THE DIRECTION OF A SPONTANEOUS CHANGE.   

  The problem: 
  why do all chemical reactions occur in one direction, but not in the opposite one? How can the direction of the spontaneous reaction be determined? 

  How, for example, to determine, in which direction can spontaneously occur a reaction like this:

CH3OH + NH3  =>CH3NH2 + H2O

  There are two forces, that drive the processes in nature - the amount of energy, that is liberated in the process and the increase of chaos in the system (see further). Let us consider both of them and finally find an overall criterion, that will join both driving forces of nature. 
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Fig.1.4. The analogy between a chemical (a)  and a mechanical (b) process.

  First, it was observed, that the more energy is liberated in a chemical reaction, the more spontaneously it occurs. This is practically an analogy between chemical and mechanical processes, see fig.1.4.

 
In a mechanical process, if a body is situated on a level with a higher potential energy ( just bigger height), it can spontaneously fall to a level with lower potential energy (lower height) and the energy difference will be liberated.


 In a chemical reaction, if the enthalpy of the initial compounds is higher (remember, that the enthalpy is the heat content of the system) , than the enthalpy of final compounds, the initial compounds can spontaneously react to form final products and, as the heat content of the system drops down, the enthalpy difference will be liberated as reaction heat. 


Thus, one of the driving forces of chemical reactions is the enthalpy change - the more negative is ∆H (the more heat is liberated), the more spontaneous is the reaction. 

  On the other hand, there are lots of endothermic reactions, e.g.

(NH4)2CO3  => 2NH3 + CO2+H2O,   ∆H = +0.68 KJ/mol

 that occur spontaneously. This fact doesn’t suit the considerations, discussed before, therefore the enthalpy change cannot be the only criterion of a spontaneous reaction. 

  To understand the second driving force of the nature, we must discuss some more examples:

  1) If we consider a heap of stones, in which we place a very hot stone, we can easily imagine, that some time later all the stones in the heap will have equal temperature again. The energy of the hot stone will be spontaneously dissipated into smaller parts and given to other stones. We cannot imagine the reverse process - that small parts of energy of each stone could be spontaneously joined together to make one stone hotter, then the others.

  2) If we consider a complicated molecule of a protein, we can easily imagine, that it can spontaneously decompose into separate molecules of amino acids, but the spontaneous combination of amino acids to make one particular protein seems impossible. 

  3)If we consider a small ball, that we let fall on the floor, (fig.1.5) we know, that it will 
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Fig.1.5. The direction of spontaneous change, when a ball is bouncing on the floor.  

bounce back to a lower height with each time, when it falls down and bounces back again, because part of its energy will be transferred to molecules of the floor and dissipated into the vibrations and rotations of these molecules. We can not imagine, that all the molecules of the floor could collect their vibrational energy together at some moment to make the ball bounce higher.

  From all these examples one can formulate a general rule -

The greater is energy dissipation in a process, the more spontaneous the process.is 

  Energy dissipation is proportional to chaos in the system, therefore: 

the more chaotic is a system, the more dissipated is its energy. 

  For example, in a molecule of protein, there is a very high order (small chaos), because each atom or each amino acid fragment must be located in a precisely determined place, as every displacement changes the given protein into a completely other one. At the same time, all the energy of the system is concentrated in one molecule. If the molecule of protein is decomposed into individual amino acids, the system becomes much more chaotic - each amino acid moves individually. At the same time, the energy of the system becomes dissipated if the protein molecule is decomposed into the corresponding amino acids - small parts of it are then transferred to individual molecules of amino acids. 

Chaos in the system is measured by a thermodynamic function called entropy S. 

  Entropy is calculated from the so called thermodynamic probability of the system (or compound): 

  S = k ln w , where 

k is Boltzmann’s constant (k = R/N )


  and w is the thermodynamic probability of the system (compound)

  The thermodynamic probability of every compound can be calculated, knowing the possible replacements of atoms in the compound, the possible vibrations and rotations of the molecule. One can imagine that the thermodynamic probability of a given compound is the probability of an occasional formation of a molecule of this compound from atoms. So the simpler is the molecule, the higher is its thermodynamic probability (and, consequently, its entropy S). A difference between thermodynamic and mathematic probabilities is, that thermodynamic probability can be greater than 1 and can reach great values. (In fact, thermodynamic probability is the mathematic probability, multiplied by the total number of possible cases) 

 The entropies of many known compounds are calculated and given in chemical tables. The change of entropy ∆S in a chemical reaction can be calculated as a difference between the sum of entropies of reaction products and the sum of entropies of initial compounds. For example, for a reaction

A + B => C + D 

the entropy change is calculated as:

∆Sreaction = (SC + SD) - (SA+ SB)

 Thus, entropy change ∆S is the other criterion for spontaneous occurrence of a reaction. As we saw from the examples above, spontaneous processes lead from a more ordered state to a more chaotic one . As entropy is the measure of chaos, a positive entropy change ∆S makes the  reaction (process) more spontaneous, while a negative ∆S makes the reaction less spontaneous. Thus, 

  the more positive is entropy change in a reaction (the more positive is ∆S), the more spontaneous is the reaction. 

  Now we have 2 different criteria of a spontaneous change -


1) the more negative is the enthalpy change, the more spontaneous is the reaction. 


2) the greater is the entropy growth in a reaction, the more spontaneous it is. 

We have to join both these criteria in one. To do this, let us first imagine, that the internal energy of the system U consists of two parts:

U = F + TS , where



F is the free energy of the system, which is concentrated and can be used for realization of processes in system, for example,for chemical reactions. 



The other part of system’s energy (TS) is dissipated into small parts - transferred to vibrations and rotations of individual molecules and cannot be joined together for realization of any processes. This “lost” or “bound” energy of system is calculated as TS, where T is the absolute temperature (in kelvins).


 If the system is isolated from its surroundings, its internal energy sU is constant. - no energy enters the system from outside and no energy can leave the system. For this reason, any process, which occurs in an isolated system uses the free energy F  of the system and leads to a growth of entropy, so that the sum of the free and bound energies remains constant. From these considerations we can draw a conclusion: 

  spontaneous processes in an isolated system lead to a growth of entropy. 

  This last sentence is called II law of thermodynamics.


Let us add a product of volume and pressure PV to both sides of the previous equation:

  U + PV = F + PV + TS 

  As we know,

 U + PV = H , 

thus, at the left side of equation we now have enthalpy.H 


Let us assign a symbol G to the sum F + PV. 

  G is the symbol of Gibs's energy  of the system, which is the free energy of the system at constant pressure ( actually, F is the free energy of the system at constant volume). So the new form of the previous equation becomes 

 H = G + TS.

  This equation is equivalent to the previous one: we can as well consider, that the enthalpy of an isolated system is constant and the spontaneous processes can occur only by using the Gibbs's energy of the system with the following increase of entropy. 


Let us re-write the last equation for changes of the thermodynamic functions  ∆H,  ∆G, ∆S instead of their full values H, G and S:

∆H = ∆G + T∆S 

  and express ∆G through the other functions:

  ∆G = ∆H - T∆S

G as the free energy of the system is decreasing in spontaneous processes, therefore 

a negative ∆G means, that the process (reaction) is spontaneous  and a positive ∆G means, that the process is non-spontaneous.


Now we have obtained an universal criterion of spontaneous processes -as ∆G is calculated from ∆H and ∆S, it includes both criteria, discussed above - the reaction heat (∆H) and the change of chaos in system (∆S).

  As we can see from the last equation, the more negative will be ∆H (the greater is the reaction heat), the more negative becomes ∆G and the more positive is ∆S (the more energy is dissipated in the reaction), the more negative becomes ∆G. Thus, both already known driving forces of nature are included in the formula of ∆G and therefore from the sign of ∆G one can immediately see, if the reaction is spontaneous or not.

  II.2.CHANGE of GIBBS’S ENERGY IN CHEMICAL REACTIONS 
Four main types of reactions from thermodynamic point of wiew 
  In every particular case the ∆G can be calculated, knowing ∆H and ∆S, but there are 4 most common cases, in which it is possible to guess the sign of ∆G without any calculations. 

1. exothermic decomposition reaction


This type of reaction can be written in a general way as:

AB => A + B,       ∆H<0

  In a decomposition reaction more complicated molecule is decomposed to more simple ones, the chaos in the system grows, so ∆S is positive. As the reaction is exothermic, its ∆H is negative (if heat is liberated, the heat content of the system grows smaller). 

  If one now comes back to the equation 
 ∆G = ∆H - T ∆S,

one can see, that the first component of it (∆H) is negative.  ∆S itself is positive, but as there is a minus sign before it, the second component of it (- T ∆S) is also negative. This means, that ∆G is always negative for this type of reactions..

  Conclusion: an exothermic decomposition reaction is spontaneous at all conditions. 

2. exothermic reaction of synthesis .


An exothermic reaction of synthesis in a general way can be written as:

A + B => AB,      ∆H<0

 As more simple molecules combine to form a more complicated one, the chaos decreases and

 ∆S < 0. As the reaction is exothermic, its ∆H < 0 So now the first component ∆H of the equation

∆G = ∆H - T ∆S

is negative, but the second one - positive (∆S is itself negative, but there is a minus sign before it). As one of the components is positive, but the other - negative, the result ∆G can be negative, if the negative component ∆H by its absolute value is greater, than the positive component (-T∆S): 

│∆H│ > │T∆S│
  This is possible, if the temperature is low enough (T is the only parameter, that can be freely manipulated from outside). 

Conclusion: A synthesis reaction, that is exothermic, is spontaneous at low enough temperatures.

   3. endothermic Reaction of decomposition.  


An example of an endothermic reaction of decomposition in a general form can be written as:

AB => A + B      ∆H>0

As a more complicated molecule AB is decomposed into more simple ones A and B, chaos in the system is growing and therefore entropy is growing, as well, therefore ∆S >O in this case. Now ∆H > O (because the reaction is endothermic) and ∆S < O. Thus, the first component (∆H) in the equation

∆G = ∆H - T∆S

is positive, bu the second one (-T∆S) - positive (entropy change itself is a positive value, but the  minus sign in the equation turns the second component of equation negative. 

In such a way, the change of Gibs's energy ∆G can be negative (and the reaction can be spontaneous), if the negative component is greater, than the positive one:

│T∆S│ > │∆H│
  As temperature is the only parameter, that can be freely varied from outside, one can see, that 

an endothermic reaction of decomposition occurs spontaneously at high enough temperatures. 

4. endothermic reaction of synthesis. 


This kind of reactions can be generally expressed as:

A + B => AB      ∆H>0

 ∆S < 0 in this case, as a more complicated molecule is formed from more simple ones and therefore chaos of the system is decreasing. As the reaction is endothermic, enthalpy of the system is growing and ∆H > 0.
  Thus, both components of ∆G are positive and therefore ∆G is positive at any temperature. It means, that this type of reaction can never be spontaneous - in other words, 

an endothermic reaction of synthesis is thermodynamically forbidden.


 We can easily notice, that cases 1 and 4 and cases 2 and 3 are reverse reactions to each other. Two more conclusions can be done: 

  1) If the direct reaction is always spontaneous, the reverse one is forbidden.(cases 1 and 4 ). 

  2) If the direct reaction is spontaneous at high temperatures, the reverse one must be carried out at low temperatures. 

   II.3.FORBIDDEN PROCESSES IN LIVING CELLS   

   I the previous chapter we saw that any reaction, which has a positive ∆G is thermodynamically forbidden, i.e. it doesn't proceed. In some cases a thermodynamically forbidden reaction can be carried out, if it is possible to join it to another reaction, which has such a big negative ∆G, that it can compensate the positive ∆G of the first reaction. 

We can follow carrying out the thermodynamically forbidden reactions on an example, that takes place in the living organisms. It is often necessary to carry out thermodynamically forbidden processes in living cells. For example, formation of a bipeptide from two amino acids alanine and glycine (this reaction is a stage in synthesis of proteins):

ala + gly => ala-gly +H2O      ∆G=+17.2 kJ/mol

is thermodynamically forbidden - it belongs to the endothermic reactions of synthesis 

  Nevertheless, synthesis of peptides is carried out in living organisms. For these purposes a special mechanism is developed by the nature, in which the forbidden process is joint to the hydrolysis reaction of adenosine triphosphate ATP, which is a process with a great negative ∆G. 

 The structure of ATP is 
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where A is the adenosine remainder and ~ is the symbol of the two macroergic bonds. A great negative ∆G is observed when one of these two bonds is cracked at hydrolysis. The steps of ATP hydrolysis in living organisms looks as follows.

In hydrolysis of ATP molecules of phosphoric acid and adenosine diphosphate ADP are formed: 
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             ATP                  +    +H2O  =>         P    +    ADP ∆G=-30.5 kJ/mol
This reaction is usually written shorter as

ATP + H2O => ADP + P      ∆G=-30.5 kJ/mol

(P here is used as a symbol for a molecule of phosphoric acid) 

Adenosine diphosphate can be hydrolysed further forming adenosine monophosphate (AMP) and another molecule of phosphoric acid:
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             ADP                  +    +H2O  =>         P    +    AMP ∆G=-30.0 kJ/mol

or shorter:

ADP + H2O => AMP + P      ∆G=-30.0 kJ/mol

Finally, AMP can be hydrolysed forming adenosine remainder A and third molecule of phosphoric acid:
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             AMP                  +    +H2O  =>         P    +    A ∆G=-8.4 kJ/mol

or shorter:

 AMP + H2O => A + P         ∆G= -8.4 kJ/mol

 As ∆G in the 3rd stage of the hydrolysis of ATP is rather small, only the first two stages are practically used by the organisms. In the biochemical mechanisms the forbidden processes are combined together with hydrolysis of ATP. In this case one can imagine, that the water, liberated in the synthesis of dipeptide, is used for hydrolysis of ATP. If we join the two processes together, the summary process looks like: 


ala + gly => ala-gly +H2O      ∆G=+17.2 kJ/mol


ATP + H2O => ADP + P      ∆G=-30.5 kJ/mol
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 (water is not present in the ribosomes driven equation, as it  appears at both sides of the equation)

  As we can see, the summary process is characterized by a negative value of ∆G and therefore is thermodynamically allowed as a spontaneous one. 

  This example is far not the only one. All the processes, having positive ∆G values, are carried out in living cells by combining them with hydrolysis of ATP. 

III.THERMODYNAMICS OF THE LIVING ORGANISMS

III.1.LAWS OF THERMODYNAMICS IN LIVING ORGANISMS

  The second law of thermodynamics states, that in all the spontaneous processes entropy of the system must grow. Considering living organisms, one can see, that in some periods of their life S doesn’t grow and in some periods it even is decreasing. 

  For instance, when a child grows, his entropy is decreasing, because the mass of the highly organized matter is growing (which is an increase of order or a decrease of chaos). At the same time, growing of a child is a completely spontaneous process: the child is himself eating, breathing etc. 

  Thus, it could seem, that the second law of thermodynamics is not working in living systems. Let us now answer the question:

 Is the 2nd law of thermodynamics valid in living matter or not? 

  The paradox, that entropy seems to be decreasing arises from a wrong choice of the system: not only the child has to be included into the the system, which we choose for our study, but all his sources of nutrition have to be included in it, as well. 

  If we consider the sources of nutrition of the living systems, we can see, that the animal kingdom is using the vegetable kingdom as its source of nutrition. The vegetable kingdom exists, using solar energy for synthesis of carbohydrates, the reaction of which is endoergic (Gr = +2970,441 kJ/mol: 
Plant Enzymes Photo synthetic ←⁄    Reaction Center
6HCO3-+6H3O+ + Q + hν=> C6H12O6+ 6O2aqua + 6H2O     endothermic 
                                                  Glucose                     (Hr = +2805,27 kJ/mol
Thus, a small part of the Sun, in which the photons of light are formed for this reaction has to be included in the system, too. 

  The light photons are formed in nuclear reactions, and the entropy growth in these processes is so great, that it covers both the entropy decrease in the reaction of carbohydrate synthesis and in the organism of the child. 

 In large systems the entropy growth is compulsory only in the system as a whole. In some part of the system entropy can even grow smaller, if this decreasing of entropy is compensated by a huge entropy growth in other parts of the system. 

  Thus, the conclusion is, that 2nd law is valid also in living systems, but all the sources of nutrition of the living organism have to be included into the system, too. 

III.2.ENTROPY CHANGE IN LIVING ORGANISMS
AT DIFFERENT PERIODS OF THEIR LIFE

  The total entropy change of the living organism can be considered as consisting of 2 parts, see fig.1.6.: 

∆S = ∆Si + ∆Se
where:   ∆Si is the entropy change due to the spontaneous processes inside the organism. This value is always  positive, as entropy grows in spontaneous processes; 

∆Se is the entropy change due to metabolism (the exchange of substances between the 
organism and its surroundings). This value is always negative, as the organism absorbs very complicated compounds (carbohydrates, proteins, etc.) from its surroundings and complicated compounds have low entropy. At the same time, the  compounds, that are returned to surroundings from the living organism, are very simple compounds (as urea, carbon dioxide, water etc.),which have a very high entropy. 
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Fig.1.5.The total entropy change of a living organism as a sum of the internal and external entropy changes.

  As we can understand from the equation: 

H = G + TS  

(enthalpy H is constant for a living system at a given temperature),

when the entropy of an organism reaches its maximum, its free energy G reaches its minimum and the organism has no more free energy for spontaneous processes (it cannot move, breathe, no reactions can occur), that means death of the organism. 

  Thus, any living organism must try to prevent the entropy growth ∆Si. 

  The total entropy change ∆S of the organism is different in 3 main periods of its life: 


1) while the organism is young and growing (childhood), its total entropy is decreasing and ∆S< 0. This can become true, if the negative component of the total entropy change ∆Se is greater then the positive one ∆Si . This is the reason, why children must get better food, then the adults - entropy is lower in such products as meat. 


2) the longest period of life is that one, in which the entropy remains practically constant (∆S = 0).  For humans it lasts about 30 years, beginning from the age of approximately 20 years. In this period ∆Si ≈ ∆Se , thus, the entropy decrease due to metabolism completely compensates the entropy growth in the spontaneous processes inside the organism. 


3) at the final death period entropy growth ∆Si inside as no organic regulated nutrition open system compensate, therefore the ∆Si growth high, is positive and that means the organism is dead. 
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