An Equation for the Second Law of Thermodynamics

Thomas D. Schneider^∗

version = 1.08 of secondlaw.tex 1999 December 24 This paper is available from:

ftp://ftp.ncifcrf.gov/pub/delila/secondlaw.ps and http://www.lecb.ncifcrf.gov/∼toms/paper/secondlaw origin: 1993 July 26

The second law of thermodynamicsis is usually stated in the form “the entropy of a closed system tends to increase”, but as Jaynes has eloquently described there are many other equivalent forms [1]. This paper discusses a form that is particularly useful for molecular biology.

Tolman [2], says on page 546: “the well-known thermodynamic [relation] . . . ” ΔS ≥ ∫ dQ T “. . . give[s] a general formulation of the second law” and again on page 558: “For our purposes we may regard the content of the ordinary second law of thermodynamics as given by the expression ΔS ≥ ∫ δQ T (130.1)

which states that the increase in the entropy of a system, when it changes from one condition to another, cannot be less than the integral of the heat

∗National Cancer Institute, Frederick Cancer Research and Development Center, Laboratory of Mathematical Biology, P. O. Box B, Frederick, MD 21702-1201. (301) 846-5581 (-5532 for messages), (301) 846-5598 fax, email: toms@ncifcrf.gov.

absorbed divided for each increment of heat by the temperature of a heat reservoir appropriate for supplying the increment in question. The equality sign in this expression is to be taken as applying to the limiting case of reversible changes.” Further down Tolman does an integration of the statistical mechanical equivalent differential form to obtain the statistical mechanics equivalent of (130.1). The equation used in the second molecular machine paper [3, 4]: dS ≥ dQ T is also a differential form which when integrated gives equation (130.1) (ignoring the partial as Tolman did). This integration is the first step to obtaining the form useful for molecular machines. You may also find it useful also to read pages 48 through 55 of Fermi’s clear writing on the topic [5] and the enlightening discussion on the many alternative forms of the Second law by Jaynes [1].

In Tolman’s lucid explanation of the equation, given above, the equation refers to the change from one condition to another.

1. Note also that there is no problem at all integrating with a constant temperature since entropy is a state function.

2. Note further that it is the temperature of the heat supplied by the heat bath, not that of the system, which is appropriate in the above equations so apparently the temperature of the molecule actually doesn’t matter for this step.

3. Finally, note Waldram’s [6] use of a definition of entropy which does not require equilibrium (page 39, equation 4.3). Thus the application of this equation to a molecular system which loses energy at constant temperature is quite appropriate.

Using the equation to derive a familiar form of the Second Law

Consider two systems 1 and 2 that are adiabatically isolated from everything else. We allow some heat to flow from one system to the other. So we have dS_1 ≥ dq_1 T (1) and dS_2 ≥ dq_2 T . (2)

Then the total entropy change is:

dStotal = dS_1 + dS_2 (3)

so substituting from equation (1) and (2) into (3), we have dStotal ≥ dq_1 T + dq_2 T = dq_1 + dq_2 T = 0 (4)

since the heat flow out of one equals that into the other (dq1 = −dq2). Hence the formulation dS ≥ dq T (5) leads to the statement that the total entropy increase of an adiabatically isolated system is greater than or equal to zero. Note that this formulation in itself does NOT require isolation!

dS ≥ dq/T carries the content of the Second Law, as Tolman said. Here is a similar argument from Fermi, page 56 [5]:

“As the first example, we consider the exchange of heat by thermal conduction between two parts, A_1 and A_2, of a system. Let T_1 and T_2 be the temperatures of these two parts, respectively, and let T_1 < T_2. Since heat flows by conduction from the hotter body to the colder body, the body A_2 gives up a quantity of heat Q which is absorbed by the body A_1. Thus, the entropy A_1 changes by an amount Q/T_1, while that of A_2 changes by the amount −Q/T_2. The total variation in entropy of the complete system is, accordingly, Q T_1 − Q T_2

. (6)

Since T_1 < T_2, this variation is obviously positive, so that the entropy of the entire system has been increased.”

References

[1] E. T. Jaynes. The evolution of Carnot’s principle. In G. J. Erickson and C. R. Smith, editors, Maximum-Entropy and Bayesian Methods in Science and Engineering, volume 1, pages 267–281, Dordrecht, The Netherlands, 1988. Kluwer Academic Publishers. http://bayes.wustl.edu/etj/articles/ccarnot.ps.gz http://bayes.wustl.edu/etj/articles/ccarnot.pdf.

[2] R. C. Tolman. The Principles of Statistical Mechanics. Dover Publications, Inc., New York, 1938.

[3] T. D. Schneider. Theory of molecular machines. II. Energy dissipation from molecular machines. J. Theor. Biol., 148:125–137, 1991. http://www.lecb.ncifcrf.gov/~toms/paper/edmm/.

[4] T. D. Schneider. Sequence logos, machine/channel capacity, Maxwell’s demon, and molecular computers: a review of the theory of molecular machines. Nanotechnology, 5:1–18, 1994. http://www.lecb.ncifcrf.gov/~toms/paper/nano2/.

[5] E. Fermi. Thermodynamics. Dover Publications, Inc., New York, 1936.

[6] J. R. Waldram. The Theory of Thermodynamics. Cambridge University Press, Cambridge., 1985.