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Abstract The equation AX = A\H — A,Q represents a
calculated free-energy change when the exchange of absor-
bed thermal energy in a chemical system represented by
TA.S in the Gibbs free-energy equation is replaced by
A;Q. The symbol Q is used in place of H [enthalpy = H; —
Hy = Hry] to represent absorbed thermal energy. Acquiring
the experimental data for determining both S and Q requires
the use of a low-temperature calorimeter to measure Cj, as a
function of 7/K and these are not generally available. In a
previous study it was demonstrated that for one unit-carbon
formula dry weight of cells, AtSpiomass = — 0-813 > Sucoms
and Spiomass = 0187 > Satoms> Where > Sqioms represents the
sum of the entropies of the numbers and kinds of atoms in the
biomass. Using similar techniques, it is shown here that
Abeiomass = —0.648 ZQatoms and that Qbiomass = 0.352
> Quatomss Where >~ Q,oms represents the sum of the absorbed
thermal energies of the numbers and kinds of atoms in the
biomass. Because mathematically the value of TS for solid
substances is twice that of Q for the same 7/K (usually ref-
erenced at 298.15 K), one of these values must be physically
incorrect. There cannot be two different values for the
quantity of thermal energy which must be absorbed to raise
the temperature of the same quantity of the same substance
from O K to a given temperature. The argument is made that
the use of Q is preferable to the use of S in the calculation of
free-energy changes.
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Introduction

The natural environment of free-living microorganisms is
one in which a population in a small, localized space
increases exponentially until it exceeds its carrying
capacity or encounters a limiting factor. The population
then collapses, with most cells dying off, reverting to a
very low metabolic rate, or sporulating. The time period of
these cycles can be short, measured in hours. All cells live
in an aqueous environment, and the high heat capacity of
water resists a rapid temperature change. For purposes of
thermodynamic studies the generalization can then be
made that the temperature of growing microbial cells is
constant during a growth cycle, as is the pressure at which
this growth takes place.

Biological growth is a chemical event that is no different
from any other organic chemical reaction taking place in an
aqueous environment except in that it is extremely com-
plex, and would better be called a “process.” It is impos-
sible to express in any concise manner all the intermediate
reactions that go on within a cell during growth. It is far
less difficult to write a growth-process equation in terms of
its initial state comprised of the substances that enter into
the composition of the cells that are formed, and its final
state comprised of the cells and other products of a growth-
process. As an example, for the yeast Saccharomyces ce-
revisiae, the process of microbial growth aerobically on
glucose, excluding Ca*™*(aq) and Mg™*(aq), can be writ-
ten as follows [1].
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CeH1206(aq) + 0.302NH;(aq) + 4.050 O, (aq)

+0.023 HyPO; (aq) + 0.006 SO~ (aq) + 0.042 K* (aq)
— 1.914 CH 61300.557N0.158P0.01280.003Ko.022(cells)
+4.086 CO(aq) + 4.975 H,0(1) (1)

Here the cells are represented by a unit-carbon formula
(UCF) followed by the suffix “cells” and have a unit-
carbon formula weight (UCFW) in which the quantities of
all the other atoms in the formula are relative to that of
carbon, which is set at unity [2]. The quantities of inorganic
ions other than K" are usually not included because of
being insignificantly small. Similar equations can be writ-
ten representing growth of other microorganisms on other
substrates [3-6].

The energy exchanges accompanying biological reac-
tions or processes, including microbial growth, are usually
represented by the Gibbs free-energy equation or variations
thereof.

A.G = AH — TA,S (2)

In Eq. 2 A,G (free-energy) represents an exchange of some
or all of the available chemical potential energy of a system
into work, or into heat which becomes exchanged with the
environment; A.H (enthalpy) represents the total heat
exchange of the system with the environment; and
TA,S represents an exchange of heat with the environment
because the sum of the absorbed thermal energies of the
reactants in the system is different from that of the products,
all at a constant temperature and pressure. The units of all
terms in Eq. 2 are those of energy divided by mass. Ther-
modynamic exchanges with the environment involving
microbial growth such as those represented in Eq. 2 and
preceded by a A sign are not represented with the superscript
@ because there is no standard state for the cells that par-
ticipate as products in microbial growth-processes.

The enthalpy change, AH, accompanying microbial
growth

Enthalpy, H, is a function of state. The meaning of A H is
easy to understand in a non-mathematical sense as the total
quantity of heat exchanged with the environment as the
growth of a population of microorganisms proceeds from
its initial to its final state at constant temperature and
pressure, as represented by a growth-process equation. The
heat of growth can be measured directly by means of a
sensitive calorimeter which, after corrections, gives a
quantity of heat which is the result of a growth-process
such as represented in Eq. 1. Microbial growth is not a
reversible process. Cells cannot be “ungrown”, and their
state is that of an insoluble, slightly hydrated substance
represented by the suffix “(cells)”. The heat released to the

@ Springer

environment during microbial growth originates from two
sources, as shown by rearranging Eq. 2.

AH = AG + TA.S (3)

A.H can be measured directly, but A,G and TA.S cannot.
A.H can be determined also with the following equation:

ArH = Z Aprrod - Z Af[{react (4)

where AgH represents the enthalpies of formation at
298.15 K and 0.1 MPa of the reactants and products of a
growth-process.

The entropy exchange, A.S, accompanying microbial
growth

Entropy, S, is a function of state. Although it cannot be
measured directly, it can be determined indirectly by a
measurement of the heat capacities of a given mass of
substance with respect to a series of incremental rises in
temperature. Briefly, in this procedure, a sample of dried
cells is placed in a low-temperature calorimeter, after
which the temperature of the sample is lowered to 5-10 K.
The sample is heated with a known quantity of thermal
energy from a calibrated, electrical resistance wire, so as to
raise the temperature of the sample by an increment which
theoretically should be infinitely small, but since this is
impossible these increments are kept practically small. For
each increment, the temperature of the sample is allowed to
equilibrate; the heat capacity, C,, of the substance is
determined for that temperature increment, and another
small quantity of heat is provided to the sample. This is
done many times, each increment requiring a measurable
quantity of heat from which a heat capacity can be calcu-
lated. During this procedure, the temperature of the sample
slowly rises and the sample itself may pass through one or
more phase changes. The final result of a sequence of
experimental runs is a table of incremental heat capacity
values at constant pressure having the dimensions of J K™’
unit-mass~ ' listed as a function of T/K up to 298.15 K.
Heat capacities between 8 and 0 K are usually calculated
using the Debye T° equation. The absolute entropy, S, is the
integral of these incremental heat capacities plotted against
log T/K, as follows [7b]:

298.15

(S208.15 — So) = 8° = / Cpdlog T + Z AwsHr [ Tirs

(5)

where the second term on the right represents the heat
exchange accompanying transitions or phase changes, if any.
An example of the determination of the entropy of microbial
cells can be found in Battley et al. [8]. All entropy values are
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positive. Entropy has the units J K~ ' unit-mass ™', which are
not those of energy, the latter being J unit-mass™~'. A prob-
lem may exist as to what the word “entropy” means. Entropy
is claimed to be related to thermodynamic probability, ran-
domness, complexity, information, etc. Entropy is not rela-
ted to the sort of numerical probability commonly in use,
which has no units. Entropy has been said to be “produced”
or “consumed” as if it were a physical entity. Entropy is nota
physical entity in this sense. It is essentially a mathematical
function [9]. The value for this function cannot be trans-
ported across the limiting boundaries of a closed system
unless the mass associated with it can also be transported. On
a dry weight basis, at 298.15 K the entropy of S. cerevisiae
cells has a value of 1.304 T K' g_l, which falls about
midway between those of a number of small molecular
weight substances of biological importance such as sugars or
amino acids but of very little complexity [8]. From this it was
concluded that although cells have been thought to be
extremely improbable substances because of their com-
plexity compared with simple, organic molecules, the ther-
modynamic effect of cellular organization is negligible. This
experimental proof was predated by the opinion of Morrison
that, “Nearly all the manifest visual and mechanical intri-
cacy of organisms, like their apt behavior, turns out to be
without quantitative thermodynamic importance. Morphol-
ogy and ecology are ...... only small, secondary properties of
a fundamentally thermodynamic system” [10].

The units of a physical quantity can be obtained if
S becomes multiplied by the value of 7/K for which the
entropy value has been determined, which is the tempera-
ture of the reaction or process. The temperature unit can-
cels out, and the units of 7S then become those of energy.
But, is this thermal or non-thermal energy? Surely it must
be thermal energy. Entropy must be related to the
absorption of thermal energy because this is what appears
in the two terms on the right in Eq. 5 as C, measurements
or as » AusHp/Tys. Therefore, TS can only represent that
quantity of thermal energy required to be absorbed by a
given mass of substance for it to attain a temperature of
298.15 K at which most reference data of this kind are
arbitrarily established. For S. cerevisiae cells,

§=1.304] K" g7! x26.202 g UCFW !
=34.165 1 K~' UCFW ! (6)

from which [8]
TS =298.15 K x 34.17 J K 'UCFwW !
=10.19 kJ UCFW ! (7)

Because every substance has an entropy and a value for 71,
the value of TA.S accompanying microbial growth as
represented by Eq. 1 is then:

TAS = T[> Syt = > S (8)

This quantity can also be calculated using the following
equation:

TArS =T [Z AfSpmd - Z AfSreact:| (9)

where AgSpoq and AgSic.o: represent the entropies of
formation of the products and reactants, represented by
the following equation:

ArS=S = " Suoms (10)

and where > Suoms represents the sum of the kinds and
quantities of atoms in the substance being considered. As
emphasized above, entropy is not energy, but acquires the
units of energy when multiplied by 7. TA.S is a term in
Egs. 2 and 3 which has long been described as a quantity of
energy that is unavailable for work. This is understandable
with the realization that this is thermal energy being
exchanged with an environment having a constant tem-
perature and pressure.

The absorbed thermal energy exchange,
A(Hy — Hy) = A,Q, accompanying microbial growth

Absorbed heat, (Hy — Hy), or enthalpy, is a function of
state. For single substances it is also represented simply as
H7 in that Hj, has a value of zero. It represents a use of the
same C, data used to calculate S using Eq. 5 except that
rather than being integrated as a function of log 7, these
data are integrated as a function of 7. This integration is
represented by the following equation [7a]:

298.15
(Haos.15 — Ho) = Hr = Qr = / CpdT+ ZAtrsHT
0

(11)

It is theoretically possible to accomplish what is
represented in Eq. 11 by a single, practical physical
experiment from, say, 10-298.15 K, using the same
technique of raising the temperature in small increments
each followed by a temperature equilibration. The data can
be extended to 0 K with the Debye 7° equation. Then, the
final quantity of thermal energy delivered to the sample to
achieve a temperature of 298.15 K would be the same as
that obtained using Eq. 11, except that it would be obtained
by a direct measurement, rather than by points in a series of
experimental runs that are fitted to a smooth curve and
integrated against 7/K. Such a direct measurement also
provides incontrovertible evidence that this quantity of
absorbed heat is in fact that required to raise the
temperature of the sample to 298.15 K, as represented by
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(Ha98.15 — Hp). On the other hand, the symbol H is also
used to represent reaction enthalpy changes which, from
Eq. 3, include more than absorbed heat exchanges. For this
reason, the symbol H might better be replaced by the
traditional symbol for absorbed thermal energy, which is
O, so that (Hag.15 — Hp) becomes (Qz98.15 — Qo) = Or»
and this will be done in the present article. An experimental
determination of the enthalpy (supposedly this could also
be called “absolute enthalpy” by analogy with “absolute
entropy”) gave a value for Q,gg of 5.27 kJ UCFW !
beginning at 10 K for the cells in Eq. 1 [8]. If the value of
10.19 kJ UCFW " obtained for TS in Eq. 7 represents the
quantity of thermal energy required to raise the temperature
of one UCFW of cells from 10 to 298.25 K, and if the
value of 5.27 k] UCFW ' represents the same quantity as
Q, then TS ought not to be 10.19/5.27 = 1.93 times greater
than Q. There cannot be fwo quantities of thermal energy
representing the value required to raise the temperature of a
given mass of substance from 0 to 298.15 K.

The reason for this seems to be that the same C,, data can
be used to make two different calculations, one of 7S and
one of Q, but they provide different answers both with the
same units of thermal energy. An investigation confirmed
this to be true mathematically [11]. The relationship is
summarized by the equation

Q=S(T, —T1)/2 = S(Ta,) (12)

where T} = 0 K and where 75 is the 7/K temperature for
which § was determined. In addition, using data from the
literature, for 23 solid, crystalline, small MW substances of
biological importance the average 7S at 298.15 K and
0.1 MPa, was 1.993 times greater than Q. The fact that
S = 20 (for solid organic substances) is not new, but it
does not seem to have been much considered, given that
Q is theoretically a directly measurable quantity of thermal
energy required to bring a mass from 0 K to 7/K. Just as
with Eq. 8 for TA.S,

ArQ = Z Qprod - Z Oreact (13)
or
ArQ = Z Aprrod - Z Aereact (14)

where A¢Qproq and A¢Qicqcc represent the absorbed thermal
energies of formation of the products and reactants,
represented by the following equation:

AfQ:Q_ZQatoms (15)

and where Y Q.ioms represents the sum of the kinds and
quantities of atoms in the substance being considered. The
idea of the absorbed thermal energy of formation is com-
pletely analogous to the entropy of formation, but it has a
different value.
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The free-energy change accompanying microbial
growth

The free-energy change calculated using A,G

Free energy, however it is calculated, is a function of state.
Using the Gibbs free-energy equation, conventional free-
energy exchanges with the environment are calculated with
Eq. 2, using values for A;H from direct measurement or
Eq. 4, and values for TA,S using Eqs. 8 or 9. Free energy is
often described as the amount of energy in a system that is
available for doing work. If TA.S represents thermal energy
that is unavailable at constant temperature and pressure for
doing work, and if A;H represents the total heat of reaction,
then A,G must represent non-thermal energy that becomes
partly or completely converted into thermal energy during
the course of a reaction, and becomes lost to the environ-
ment as heat, any residual non-thermal energy becoming
conserved in the substance of the cells or other non-thermal
energy containing products of microbial growth [12]. If
gases are consumed or produced during growth, they are in
solution at the moment of consumption or production. It is
incorrect to consider energy conserved during growth as
“work.” No “force x distance” work is done during
growth except what very small amount is involved in
cyclosis, movement of chromosomes, or flagellar or ciliary
action. Very little or no pressure—volume work is done in
that all activities take place at low concentrations of
reactants and products in solution at a constant temperature
and pressure, at least under most natural conditions. The
exceptions can be those of the net catabolic or photosyn-
thetic exchange of gases with the gaseous external
environment.

The free-energy change calculated using A,Q

A different free-energy equation in the same form as the
Gibbs free-energy equation has been proposed by Battley
using Q rather than 7S [13]. This is

AX = AH — AQ (16)

where A X is a free-energy exchange involving A,Q rather
than TA.S, A.H is the total heat of reaction, and A,Q is the
absorbed heat exchange that takes place as reactants
become products. Equations 16 and 2 have the same form,
except that one uses X and Q, and the other G and S. They
are thus different equations. A.H is the same for both
equations. The total heat of reaction exchanged by any
microbial growth-process is what it is, quite apart from any
equational description. However, because TS for any given
substance participating in a growth-process can be nearly
twice or more than that of Q for the same substance, the
free-energy calculated using Eq. 2 can be expected to be
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different, although perhaps not greatly different, from that
calculated using Eq. 16.

Is there a practical difference in the free-energy change
calculated using Eq. 2 or 16?

This was specifically addressed in a comparison of the
A,G and A.X changes accompanying the bomb calorimetric
oxidations in their standard states of organic substances of
biological importance [13]. AX is represented initially in
the tables of this early paper by A.Gap, but the suggestion
is made at the end of this paper to change this designation
to A X. This showed that for 17 reactions the ratios of AX/
A.G averaged 1.03 £ 0.01 for 17 solid, crystalline sub-
stances and 1.04 & 0.01 for 5 pure, liquid substances.
AX is far easier to understand because of the identification
of A.Q as an easily visualized change in absorbed thermal
energy. However, when the same computations were made
for 6 common microbial fermentations, rather than oxida-
tions, the ratios of AX/A,G ranged from 0.20 to 1.14.
These differences are not trivial and are of great impor-
tance when considering the thermodynamics accompany-
ing the “origin of life” as it is thought to occur under
anaerobic conditions.

Calculating values of Q for high polymers and cells

Whereas values of Q for many small molecular weight
substances of biological importance can be found in the
literature, this is not true for pure proteins or for cells, for
which there are presently values only for two crystalline
proteins and a preparation of S. cerevisiae cells especially
grown so as not to contain any storage substances, these not
being a part of the fabric of the cells [14]. The purpose of
this present study is to develop a method of calculating
Q or A¢Q for complex biological substances based on the
absorbed thermal energies of their constituent atoms.

Methods

A method for estimating S within +2% of the values
obtained from experimental data has been published [15]
and the same technique can be used with respect to Q or
AsQ. Experimentally, Eq. 11 is used to determine
(H»98.15 — Hy) = Hy. However, it has been pointed out
that (Q»98.15 — Qp) = QOris probably a clearer terminology
because of its classical identification with absorbed heat,
and this practice will be used here [13]. Also, for a given
reaction at a set temperature, the symbol A H representing
the total enthalpy change for the reaction would be the
same as the symbol AH representing the change in
absorbed thermal energy. Just as there is an entropy of

formation, AgS, there is an “absorbed heat of formation”,
A;Q at constant temperature and pressure, calculated using
Eq. 15. A plot of AQ against > Qaoms for many sub-
stances of biological importance will give the slope of a
line which, if constant, will ideally enable a value of Q to
be calculated for complex biological substances for which
this value is not known and difficult to determine experi-
mentally. The appropriate equation for biomass is

At Oviomass = ¢ Z Qatoms (17)

where “c” is a constant equal to A{Q/> Qaoms- The
appropriate data for many small molecular weight sub-
stances of biological importance are shown in Table 1. A
value of Q has been determined for only two crystalline
proteins and one microorganism. These are also listed in
Table 1.

Values for Qpiomass OF Qcells are only needed for calcu-
lations using Eq. 15. On the other hand, a comparison of
these calculated values with those obtained experimentally
can serve as a check for either. Qpiomass €an be calculated
using Eq. 16 expressed in terms of biomass and substitu-
tion in Eq. 14, as follows:

Qbiomass =cC Z Qatoms + Z Qatoms

(18)
= Af Q biomass 1 Z Qatoms

Results

From Table 1, the average slope of a line in which A;Q for
various small molecular weight organic solids of biological
importance can be plotted on the y-axis against »_ Qqioms ON
the x-axis is —0.648. For all practical purposes, it is
apparent that the range of values listed for A{Q/> " Qaioms in
Table 1 is far too wide to provide any confidence in the
accuracy of calculation for a given substance. On the other
hand, the average may be significant in that it eliminates
these variations with respect to the mass of substances as a
whole. This is illustrated with two crystalline proteins and
one dried cell preparation at the bottom of Table 1. It is
unfortunate that there appear to be only three good exam-
ples of complex biomass for which the empirical formula is
accurately known from a direct analysis of the C, H, O, N,
P, S, and metals in biological samples. In addition, any
samples of cells used for analysis would have to be free of
storage substances, which are actually internal substrates
and not a part of the fabric of the cells [14]. The only
example of this stricture that has been used for low tem-
perature calorimetry is the one given. In high-polymeric
substances such as proteins and cells the thermal energy
absorbing effects of all of the monomers comprising the
polymers would tend to average out. Since the fabric of all
cells, exclusive of any storage products, is comprised for
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the most part of the same sorts of polymers, it is possible
that the constant “c” in Eq. 18 applies closely to many
high molecular weight biopolymers containing amino acids
and to cells in general. The values of A{Q/> Qaoms for
chymotrypsinogen and bovine zinc insulin are 0.648 and
0.642, respectively, and that for S. cerevisiae is 0.648 as
results of experimental determinations. The three values
are close, averaging 0.646 within a narrow range. As an
example, using Eq. 17, and the data from Table 1 for S.
cerevisiae cells

Qcetis = —0.648 >~ Quoms + Y _ Qutoms
= (—0.648 x 14.44) + 14.44
= —90.357 4 14.44
=5.08 kJ UCFW !

From Eq. 7, the experimentally determined value of 7S for
S. cerevisiae is 10.19 k] UCFW ™' [8]. The ratio of TS/Q is
therefore 10.19/5.08 = 2.01, as predicted mathematically.
Similar T'S/Q ratios for chymotrypsin A and zinc insulin are
9.27/4.68 = 1.98 and 8.90/4.49 = 1.99, respectively, using
experimental S values from Hutchens et al. [16]. For all
practical purposes, the value of Q could also be calculated
accurately using entropy data, and the reverse.

Discussion

Two free-energy equations are being considered here:
AG=AH—-TAS (Eq.2) and AX=AH-AQ
(Eq. 16). For any given reaction, the quantity AH is the
same for Egs.2 and 16, as are the quantities f0298
Cp and > AusHY in Egs. 5 and 11. The differences are
that in Eq. 5 C;, is integrated with respect to log T in Eq. 5
whereas it is not in Eq. 11, and that in Eq. 5 > Ay Hr is
divided by T whereas in Eq. 11 it is not. For the solid
substances considered in this study there are no phase
changes or transitions associated with the rise in tempera-
ture inside a low-temperature calorimeter, and the > A Hr
term can be ignored. Thus, the difference between TS and
Q is due to the mathematical operation of integration. S is a
mathematical function, not a physical quantity, but when
multiplied by T the resulting term, TS, acquires the units of
absorbed thermal energy per unit mass. These units also
apply to Q. Both symbols supposedly represent the quantity
of thermal energy required to raise a given mass from 0 K
to a working temperature, usually 298.15 K. However, the
quantity 7S = 20, and it is impossible to have two dif-
ferent quantities of absorbed thermal energy (7S and
Q) raising the temperature of the same solid mass to the
same degree. One of these values has to be incorrect; but
which one? Surely it must be TS, if only because Q is
obtained directly as a function of T.

@ Springer

The measurement of C, values in a low-temperature
calorimeter to determine values of both § (Eq.5) and
QO (Eq. 11) is done with dried cells, whereas the cells in
Eq. 2 are living and hydrated. Would this hydration have
an appreciable effect on the C, values obtained and how
would this affect the values of S and Q7 An actual exper-
iment has not been done, However, the enthalpy of
hydration has been measured by Von Stockar et al. [17] to
be within the range of about 1 — 2 kJ/UCFW. Their
opinion is that this value is sufficiently small compared to
the enthalpy of combustion that the latter can be used
without further correction to calculate enthalpy balances
for wet biomass.

The simplicity of O

The heat absorbed by a substance can be experimentally
measured and calculated from a series of incremental
measurements of C, as a function of 7/K or theoretically
measured directly provided that the heat application in the
low temperature calorimeter is carried out in small,
sequential increments with sufficient relaxation time
between increments (see Eq. 11). Heat capacity has the
units of J K~! unit-mass ™", and when it is integrated as a
function of 7/K, the temperature unit cancels out, the result
being Q which then acquires the units of energy (J unit-
mass ™~ '). It is easily seen that Q is nothing more than the
quantity of thermal energy required for a given mass of
substance to exist at a given temperature above 0 K.

The non-simplicity of S

On the other hand, S is not a quantity of thermal energy.
S has the units J K~' unit-mass™" which are not the units
of energy, these being J unit-mass™'. These units are
acquired when Cp, having the units J K~! unit-mass™", is
integrated with respect to log 7, rather than simply 7, as for
0. A logarithm has no units, and therefore T does not
cancel out, as it does when calculating Q, and the units of
C, become those of S. A question exists as to why C, was
integrated with respect to log T in the development of the
Gibbs free-energy equation. A possible reason is simply
that doing so shortens the abscissa, something often done in
graphic representations. But, with the multiplication by
T to provide the units of energy required for all of the terms
in the Gibbs free-energy equation, a value is acquired that,
for solid substances, is very close to twice that of the actual
thermal energy experimentally required to raise the tem-
perature of a substance from 0 K to any given temperature.

It is apparent that the concept of entropy has been dif-
ficult for many people. In an article on entropy and infor-
mation, Tribus and Mclrvine [18] related a conversation
with Shannon in which Tribus, “...... asked Shannon what
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he had thought about when he had finally confirmed his
famous measure. Shannon replied: ‘my greatest concern
was what to call it. I thought of calling it ‘information,” but
the word was overly used, so I decided to call it ‘uncer-
tainty.” When I discussed it with John von Neumann, he
had a better idea. Von Neumann told me, ‘You should call
it entropy for two reasons. In the first place your uncer-
tainty function has been used in statistical mechanics under
that name, so it already has a name. In the second place,
and more important, no one knows what entropy really is,
so in a debate you will always have the advantage.” Von
Neumann’s comment refers to Clausius’ entropy, not to
one of the several other defined entropies, and not all
physicists would agree with it. Actually, Clausius’s entropy
is a well-defined mathematical function (Eq.5). The
problem may be that no one knows what it really means.
Physically, it is not energy. It has been used for years in
physical chemistry as a term which, when multiplied by 7T,
becomes a different term that does have the units of energy
which could not be other than thermal energy if we
acknowledge the basic data from which S is derived as
being C, and ) Ay Hr. It should be emphasized that
although the term T still retains the symbol, S, the entropy
function has totally disappeared and what is left is energy.
On the other hand, TS is always nearly two times greater
than Q for solid organic substances, and can be more so in
the case of liquids and gases. TS does not appear to be the
correct function describing the quantity of heat required for
an organic substance of biological interest to exist at a
given 7/K. Tribus and Mclrvine [18] went on to state that,
“Simple physical arguments lead one to believe in the
correctness of most quantities in physics. Surrounding
Clausius’ entropy there has always been an extra mystery.”
And there still is!

The mathematical relationship between S and Q

A description of the mathematical relation between S and
Q can be found in [11].

A better idea

If what is stated above is correct, the energy changes
accompanying microbial growth would be better described
by Eq. 16. This is written in the same form as Eq. 2, but
incorporates a different function as the second term on the
right. For a given reaction, the value of A;H would be the
same for both representations, but because TA.S has a
different value from A,Q, A,G is going to have a different
value from A.X. The ratio between these last two is not
great for most aerobic, microbial reactions or processes
because the energy exchanges involving TA.S and A,Q are
usually quite small. The ratio can be much different for

anaerobic microbial reactions or processes. However, the
best reason for becoming interested in Eq. 16 is that,
lacking S, it is eminently comprehensible.

Just as with entropy studies requiring the use of a low-
temperature calorimeter [8] which led to a method whereby
the entropy of cellular substance could be calculated based
on the number and kind of atoms it contains [15], it is
useful to devise a similar method with respect to absorbed
thermal energy, Q. Equally as with the entropy studies, it is
unfortunate that only three critical, low-calorimetric stud-
ies have been made, two on crystalline proteins, and one on
a preparation of S. cerevisiae cells that were grown so as
not to contain storage substances, these last being internal
substrates rather than a part of the fabric of the cells [14].
However, the result is the same as with entropy studies
[15]. The methods do not work well with small molecular
weight substances because the range of agreement between
experimentally measured and calculated values is often too
large. This range disappears with complex substances like
proteins and cells, probably because the individual differ-
ences of the individual monomers average out when there
is a variety of these present in the substance. The values of
Q are satisfying close to what was obtained with a low-
temperature calorimeter. The methods described here can
therefore be used to some advantage in future studies.

Conclusions

A satisfactory method has been devised whereby the
absorbed heat, and the absorbed heat of formation of dried
microbial cells and crystalline proteins can be calculated,
based on the kinds and numbers of atoms these substances
contain. The data show that for high biopolymers and for

cells A¢Q = —0.648 > Qatoms and QO = 0.352 > Ouioms-
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