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   Introduction 

 According to Sackur-Lewis(1) the molecular 

entropy of the monoatomic gas molecule is 

given theoretically by the equation:

(1)

where R is universal gae cons ant, and M is

molecular weight. At the state of 298.2°K

and 1 atm. eq.(1)becomes

(2)

where S°15 molecular entropy at 298.2°K and

1 atm. Aa to diatomic molecule Eaetman,(2)

for example, has given the empirical rule:

(3)

Because of difficulty of expressing the mole-

cular entropy of polyatomic gas molecule by 

means of a simple equation, the empirical 

treatment of this entropy has been performed 

chiefly from the standpoint of atomic group 

regularity. Parks-Huffman (3) have, for example, 

systematized the entropy change assigned to 

the displacement of atomic groups, and Brem-

ner-Thomas(4) have constructed the atomic 

group equation. The empirical rules of simple 
form such as Wenner's(5)

(4)

and Kobozev's(6)

(5)

are not so accurate for practical use. 
 From the standpoint of chemical bond we 

have constructed a new empirical rule for the 
calculation of molecular entropy of general gas 
molecule, which has sufficient accuracy and 
wide range of application, and have discussed 
the relations of entropy to the molecular 
structure and the frequency factor of chemical 
reaction quantitatively. 

          Empirical Rule 

 The empirical rule is expressed by the equation:

(6)

where S°is molecular entropy of ideal gas at

298.2°K and 1 atm., R is universal gas constant,

i. e., 1.987 cal-degree-1, X is atomic weight, 91 
is number of atoms in the molecule, X+ Y is sum 
of atomic weights of atoms joined with the bond, 

m is total number of bonds in the molecule, and 
finally a is a parameter given by the equation:

  (1) O, Sackur, Ann. Phys., 36, 958 (1911); G. N. Lewis, 
Phys. Rev., 18, 121 (1921). 
  (2) E. D. Eastman, J. Ana. Chem Soc., 45, 80 (1923). 
  (3) G. S. Parks and H. M. Huffman, "The Free Energy 

of Some Organic Compounds", New York, 1932. 
  (4) d. G. M. Bremner and G. D. Thomas, Tranr, Faraday 

Soc., 43, 779 (1947).
(5) R. P. Wenner, Chem. Eng. Progress, 43, 194 (1949). 
(8) N. I. Kobozev, Zhur. Fix. Khim., 22, 1002 (1948).
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(7)

The third term of eq. (6), which has been derived 
from the standpoint of chemical bond, is the 

principal feature of the rule, where m is expressed 
generally with

(8)

but for the compound of ring structure with

(9)

 In eq. (7) N is bond order, and so N=1 for 
single bond and N=3 for triple bond, but must 
be taken N= 1 for double bond and for bond in 

diatomic molecule. B is the degree of branching 
of the bond, which is counted as follows :

In molecule (A) B= 2 for bond a, B=3 for bonds 
b and c, and B=0 for all other bonds d, e, f, etc. 
In molecules (B), (C), and (D), namely in the 
molecules, which are constructed with the central 
atom or central atomic pair joined with multiple 
bond, and surrounding atoms, B= -1 for all 
bonds concerned. In diatomic molecule, there-
fore, B=-1 always. 
 The fifth term of eq. (7) is the correction term 

for the bond involving the seventh group non-
metallic element, i. e., halogen, where nx is 
number of halogen atoms joined to the same 
atom, but must be taken as zero in diatomic 
molecule. The sixth term f of eq. (7) is the 
correction term for the bond involving the fifth 
and sixth group non-metallic element, and is 
counted as follows: 
 f=3 (for the single bond joining the central 
atom and the atomic group, when the molecule 
is constructed with the central 5th or 6th group 
atom and surrounding one atomic group and 
several atoms), 
 f=2 (for the single bond between 5th or 6th 

group atoms each other), 
 f=0 (for all other bonds). 

For example, 
 f=3 (for C-N of amine, C-O of alcohol, C-S

of mereaptane), 
 f=2 (for N-N, O-O,S-S, N-O), 
and for diatomic molecule f=0 inevitably.

      Simpler Method of Calculation 

 In special cases as below the rule becomes 
simpler. For rimonoatomic molecule, for example, 
the bond term of eq. (6) disappears, and so the 
rule is reduced to

(10)

which agrees with the equation of Sackur-Lewis. 
 For diatomic molecule n=2, m=1, N=1, B= 
-1, nx=0, and f=0, so that the rule becomes

(11)

which agress with the equation of Eastman.

  For non-branohed hydrocarbons involving more

than two carbon atoms, excluding ethplene and

acetylene, n≧5,B=0, nX=0, and f=0, and so tne

rule becomes

(12)

Finally fur non-branched saturated hydrocarbons

or non-branched olefines involving snore than

two carbon atoms, excluding ethylene, n≧5, B=

0,nx=0, f=0, and N=1, and so the rule becomes

from eq. (12)

(13)

 Aa a typical example S°of propane (C3H8) is

calculated

from eq. (13) as follows :

while the observed valve of S° is 64.5 e.u.

     Application of Empirical Rule 

In Table 1 the calculated values of molecular



304 Kiyoteru OTOZAI, Sanshiro KUME and Shouzow FUKUSHIMA [Vol. 25, No. 5

        Table 1 

Application of Empirical Rule
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entropies of various molecules by means of this 
rule were compared With the observed values (7) 
i. e., the thermal entropies calculated thermo-

dynamically from the calorimetric data, using

the third law, or the statistical entropies calculated 

statistically from the spectroscopic data, excluding 
the weight of nuclear spin. The error of the
observed value is sometimes±1 e.u., and in

special cases oftden ±2 e.u. absolutely.

  In 140 instances shown in Table 1 the present

rule is applicable for 136 instances within the

error of ±2 e. u., and for 112 instances within

the error of ±1 e.u. But in the present rule the

difference between the isomers, excluding bran-
ched isomers, i.e., D-L, cis-trans, o-m-p, etc., are 
not involved. These effects are, however, not so 
large that they are included within the error of 
the rule. For the compounds of ring structure 
and those having resonance effect the present 
rule is not applicable. The discrepancies in such 
cases are rather suitable quantities in discussing 
the relation between entropy and molecular 
structure as will be stated below. 

      Abnormal Depression of Entropy 

 Abnormal depression of entropy, which is defined 
as the positive difference between the calculated 
entropy by means of the present rule and the 
observed entropy, can be interpreted with the 
depression due to ring closure, Closure entropy, 
and the depression due to resonance effect, Reso-
nance entropy. 
 The values of closure entropies of some sub-
stances are tabulated in Table 2. For the ring 
of 3, 5 and 6 members the closure entropies are 
about 7, 13 and 18 e.u. respectively. The closure 
entropy 20.9 e. u. of cyclohexane agrees well with

       Table 2 

Closure Entropy (unit, e. u.)

  (7) -Selected Values of Properties of Hydrocarbons", 
-Natl . Bureau of Standards; E. B. Wilson. JR.. Chem. Rev.. 
27, 17 (1940); Landolt-Bornstein; Chem. Abst.; "Annual Re-
view of Physical Chemistry". 1, (1950), Annual Reviews, 
Inc., Stanford. California ; S. Kaneko, "Thermodynamics'. 
Tokyo, (1941).
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the conclusion of Bremner-Thomas(4) from the 
atomic group method that in cyclohexane the 
entropy depression due to ring closure is about 
20 e.u. 

 The values of resonance entropies of some 
substances are tabulated in Table 3. Many sub-

    Table 3 

Resonance Entropy (unit, e. u.)

stances in the table have been interpreted by 
Pauline(6) as having resonance effects between

various valence structures. The symbol S°calc.

is the calculated value for the same typical 

valence structure as in the case of the resonance 
energy. The small resonance entropy 1.4 e.u. 
of carbon monoxide indicates that in diatomic

molecule the entropy does not decrease appreci-
ably with the resonance effect. 

 As from thermodynamics

the degree of stabilization due to resonance effect 
must be originally discussed with the resonance 
free energy, but not only the resonance energy. 
In the extreme case as carbon dioxide the re-
sonance entropy is 10.7 e. u. and the resonance 
energy is 33 kcal., so that the resonance free 
energy becomes

at ordinary temperature. In general case, how-

ever, the resonance entropy is not so large that 
it may be negligible compared with the resonance 
energy. 

 The substances, which have abnormal depres-
sions due to ring closure and resonance effect, are 
aromatic compounds as shown in Table 4. As

        Table 4 

Closure plus Resonance Entropy

closure plus resonance entropy of benzene is 25.1 
e.u. and closure entropy of benzene must be 
20.9 e.u., taken as the same as cyclohexane, the 
resonance entropy of benzene becomes 4.2 e. u., 
which agrees well with the conclusion of Brem-
ner-Thomas(4) that the depression of entropy due 
to resonance effect is about 4 e.u. in benzene. 

  We have not seen any substance, which has 
the abnormal elevation of entropy, namely, for 
which the observed entropy is much larger than 
the entropy calculated by means of the present 
rule, excluding some exceptions in Table 1. From 
this fact it will be said that the present rule gives 
probably the upper limit of the observed entropy 
of gas molecule. 

            Bond Entropy 

 The quantity Entropy of formation from atoms
S° αf was defined as

S° αf=(Entropy of atomic state)-(Entropy of

    molecular state), (14)

with the analogy of enthalpy of formation from 
atoms. Entropy of atomic state becomes with 
the use of eq. (10)

 (8) L. Panling, "-The Nature of Chenflcal Bonds", Cor-
nell Univ. Press, New York, 1940.
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(Entropy of

atomic state)

(15)

and entropy of molecular state becomes with the 

use of eq. (6) 

  (Entropy of molecular state) =

(16)

From these equations it follows

As for the substances excluding those of ring 
structure

(8)

it follows

(17)

(18)

where

(19)

Although the quantity S°B has the additivity as

shown in eq.(18), it has not the independency

as shown in eqs.(19)and(7). Namely S°B has,

besides the quantities X, Y and N, which are 
proper to the bond, the quantities n, m, B, nx and 
f, which are controlled with the situations of the 
bond. Consequently it is impossible to build up 
true bond entropy, which has both the additivity 
and the independency as in the case of bond 
energy, although it is possible to build up formal
bond entropy S°B, which has only the additivity

as stated above. It is, therefore, also impossible 

to construct the bond free energy with the 
sufficient accuracy. 

 In the special case such as non-branched 
hydrocarbon involving more than two carbon

atoms, excluding ethylene and acethylene, nz 5,

B=0, nx=0 and f=0 as stated above, so that eq. 
(7) becomes

(20)

and eq. (17) becomes

(21)

where S°B' is defiued as

(22)

It follows therefore

(23)

As shown in eqs. (22)and(23)S°B'has both the

independency and the additivity. However the

quantity.S°B'is also not anitable Eor the name

bond entropy, because the range of application of 

this quantity is very small, and furthermore the 
meaning of the additivity of this quantity is not 

clear-cut in the physical sense as shown in eq. 

(23). 

    Derivation of Atomic Group Method 

 Many rules in the atomic group method must 
be included naturally in the present rule. The 

typical rules of the atomic group displacement 
method, for example, are derived as follows: 

 (1) Displacement of H of C-H with CH3
(excluding C1→C2)

 (a) Non-branched

From eq.(13)the increase of entropy by dis-

PlacementΔS°is calculated as

while the observed mean value of ΔS°is 9.2e.u.

  (b) Branched with two degree

From eqs. (6) and (7)

(calculated value in la)

while the observed mean value is 7.5 e. u. 

 (c) Branched with three degree

From eqs. (6) and (7)

ΔS°=9.2(calculated value in la)-0.7
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while the observed mean value is 3.8 e.u. 
 (2) Displacemens of C-C with C=C (excluding 

ethane to ethylene)

From eqs. (6) and (7)

while the observed mean value is-1.0 e.u.

 The calculated values of ΔS° as stated above

are very convenient for the calculation of S° of

hydrocarbons, and are applicable also for the 
substances involving the abnormal depressions, 
provided that the latter are not affected by the 
displacement. 

  Activation Entropy of Chemical Reaction 

 According to Eyring et al. (9) the specific reac-
tion rate of bimolecular gas reaction k is ex-
pressed by the equation:

(24)

where k is the transmission coefficient, k is

Boltzman constant(1.372×10-16 erg・degree-1),h

is Planck constant (6.554×10-27 erg.sec.), R is

universal gas constant(in the terms eΔSp*/R and

e-E/RT.R is 1.987 cal・degree-1, and in the term

RT,R is 82.06 cc.atm.degree-1), ΔSp* is activ-

ation entropy when the standard state is chosen 
as 1 atm., and E is the experimental activation 
energy. Compared with Arrhenius's equation

the frequency factor A is expressed as

(25)

Putting k=1, and introducing the numerical 

values, it follows

(26)

If ΔSp* is given, therefore, the frequency factor

of bimolecular gas reaction can be calculated

readily with the use of eq.(26)

  Activation entropy ΔSp*is given from thermo-

dynamics by

(27)

where ΔSp°*is entropy difference between acti-

vated complex and initial state at 298°K and

1atm., and ΔCp*is the difference of molecular

heat at constant pressure between activated com-

plex and initial state assuming independent with 
temperature. 
 When the initial state converts to activated 

complex, molecular heat will decrease on the one 
hand according to the presumed decrease of 

degrees of freedom of translation and rotation, 
and will increase on the other hand according to 
the presumed increase of degrees of freedom of 

vibration and depressions of vibrational frequen-
cies. As these problems are too complicated 
to discuss quantitatively, it was assumed that 
these opposite effects cancel each other, i. e.,

(28)

For bimolecular reaction ΔSp°*is expressed as

(29)

where S°*, S°A and SB° are S° of activated com-

plea, reactant A, and reactant B respectively.
S°A and S°B can readily be computed by mean:

of the present rule, if the reactants have not 
abnormal depressions. Compared with the en-
tropies of normal molecules, entropy of activated 

complex will increase on the one hand according 
to the presumed elongation of the bond distance 
and depression of vibrational frequency, and will 

decrease on the other hand according to the 

presumed restrictions by the activated bonds(10) 
and depressions by ring closure and resonance 

effect. As these effects are too complicated to 
discuss quantitatively, it was assumed that the 

entropies of the activated complexes of the 
triatomic reaction

and the double decomposition

could be computed with the models

and

respectively, as the result of cancellation of both 
effects. 

 The frequency factors of some simple reactions 
computed by means of the above-mentioned series 
of assumptions were compared with the observed 

values in Table 5. As seen in the table the calculated 

values agree with the observed within 3-1/6 
times, so that the rough assumptions above stated 

concerning the molecular heat and entropy of

 (9) S. Glasstone, B. J Laidler and H. Eyring. "The 
Theory of Rate Processes", McGraw-Hill, Inc.. New York, 
1941 .

 (10) B. Otozai, This Bulletin. 24.218 (1951); K.Otozai, 
Scient. Papers, Osaka Univ., No. 20, (1951).
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Table 5 

Calculation of Frequency Factor

activated complex are approximately correct. 
This discussion concerning entropy of activation 
is one of two works of the research on activation 
energy performed by one of the authors.(10) 

       Summary 

 (1) From the standpoint of chemical bond 
a new empirical rule for the calculation of 
entropy of polyatomic gas molecule has been 
proposed. It agrees with the observed value
within the error of ±2 e. u., and includes

monatomic and diatomic molecule as a special 
case, and finally gives the upper limit of the 
observed value. 

 (2) The abnormal depression of entropy 
from the standard of the present rule was 
interpreted as ring closure entropy and re-
sonance entropy, and respective values were 
given for some typical substances. Closure 
entropy 20.9 e. u. of cyclohexane and re-
sonance entropy 4.2 e. u. of benzene agreed 
well with the conclusion of Bremner-Thomas 
according to the atomic group method. 

 (3) It has been shown that resonance

entropy is so small that its contribution to. 
the resonance free energy is neglisible compared 
with resonance energy. In special case, how-
ever, the contribution of the resonance entropy 
is about 10% of the resonance free energy, as 
in the case of carbon dioxide. 

 (4) It has been shown that it is impossible 
to construct the true bond entropy, which is 
additive and independent. But it is possible 
to build up the formal bond entropy, which 
is additive and not independent. 

  (5) In order to show that the present rule 
includes naturally the atomic group method, 
some typical rules of the atomic group dis-
placement method have been derived. 
  (6) Under some assumptions the frequency 

factors of some simple chemical reactions have 
been computed by means of the present rule. 
The calculated values agreed with the observed.
within 3 1/6 dines.

 The authors wish to express their sincere 
thanks to Prof. T. Titani for his valuable 
discussions of these problems, and to Dr. S. 
Seki for his kind guidance concerning ther 
mochemical data. 
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(11) M. Bodenstein, Z. phys. Chem.. 29, 295 (1899). 
(12) W. Jost, Z. phys. Chem., B 14, 413 (1931). 
(13) R. N. Pease, J. Am. Chem. Soc., 54, 1876 (1932).


