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From the evaluation , of the force constant derived from the modified Lennard-Jones 12,6 

potential, the substituent entropy constant aƒÐs•K. has been deduced and revealed to be an effective 

descriptor representing both attractive (in other words, dispersion) and repulsive forces. Further-

more, for polar molecules, an additional descriptor ƒÊ2/ƒ¿ was proved to be a reasonable one 

representing both induction and orientation forces. These two kinds of quantitative structure -

activity relationships (QSAR) descriptors are applied to many substituted methane and benzene 

derivatives and shown to be useful. 
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Studies on intermolecular forces by means of the modified Lennard-Jones 12,6 potential 

have long been accepted as a promising approach to the evaluation of the interaction between 

pairs of apolar or polar molecules, and numerous force constants determined from this 

approach have been compiled by Hirschfelder et al.1) 

These force constants, namely, effective diameter and potential minimum ƒÃ/k, are given 

for associated molecules in the gas phase originally, and are determined from the 2nd virial 

coefficient, gas viscosity, or their combination. This background shows that these force 

constants reflect the weak molecular interactions. In recent years, chemical reactions in vitro, 

involving large enthalpy changes, have been evaluated in terms of thermodynamics and 

quantum chemistry, but, on the other hand, drug-receptor interaction or biological responces 

can be classified in the category of weak molecular interactions. This situation has prompted 

us to extend these force constants determined by the modified Lennard-Jones 12,6 potential 

equation for the evaluation of the relative contributions of their components, and, further-

more, to examine the chemical significance of two novel quantitative structure-activity 

relationships (QSAR) descriptors, substituent entropy constant ƒÐs•K and descriptor ,ƒÊ2/ƒ¿.
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TABLE I. Relative Weights of  Ed,, Eind . and Eon (erg cm6) •~ 10-60, Based on CH4, 

MeC1 and Me2C =O as References

General Consideration 

Attractive parts of weak intermolecular interactions, in a broad sense, can be classified 

into three kinds of groups, namely, dispersion, induction, and orientation interactions, and, of 

the three, the dispersion term is defined as van der Waals force.2) 

The three kinds of energies are given by Eqs. 1-3;

(I) 

(2) 

(3)

where 

a

= polarizability •~ 10-24 (cm3) 

1= ionization potential (eV) 

p = dipole moment •~ 10-18 (erg1/2cm3/2) 

k = Boltzmann constant 1.380 •~ 10-16 (erg/K) 

r = intermolecular separation •~ 10-8 (cm)

Practically, rAB could not be readily estimated, whereas the relative weights of these three 

kinds of energies could be easily obtained, even if the common denominator rAB is unknown. 

The results are summarized in Table I. 

Furthermore, a weak association is inevitably accompanied with a repulsive force 

operating between the molecules in question. In this work, the authors tried to utilize the 

modified Lennard-Jones 12,6 potential3) to examine this problem. 

Apolar Like and Unlike Pairs 

The Lennard-Jones 12,6 potential between an apolar like pair AA is given by Eq. 4 as 

below;

(4)

where

The first term of the right-hand side of Eq. 4 is a repulsive term and the second is an



No.10 3745

attractive term, due to the contribution from the dispersion force in the apolar pair AA. In the 

case of an. apolar unlike pair AB, the two kinds of force constants could be obtained by an 

empirical mixture rule,4) as given by Eq. 5;

(5)

Polar Unlike and Like Pair by Free-Energy-Average  Potential3) 

For a polar unlike pair AB, the angle-averaged potential can be given by the free-energy-

average polar potential according to Eq. 6;

(6)

Furthermore, for a polar like pair AA, Eq. 6 can be transformed to Eq. 7;

(7)

In Eqs. 6 and 7, ƒÐ•‹ and ƒÃ•‹ denote apolar fractions of the force constants in the polar 

pairs, and can be obtained according to Eqs. 8 and 9; 

For the AB pair

(8)

For the AA pair

(9)

Experimental

Absolute Entropy  S•‹298(g) (e.u.) and Substituent Entropy Constant ƒÐs•‹-All the values of absolute entropy 

S•‹298(g) are cited from the literature,5.6) and the substituent entropy constant ƒÐs•‹7) is defined by Eq. 15. 

Ionization Potential-Data are cited from reference 8. 

Dipole Moment-Data are cited from reference 9. 

Polarizability-The values of polarizability are cited from reference 10, and some of them are calculated from 

the Lorentz-Lorenz equation n2-1/n2+2¥M/d=4/3ƒÎNƒ¿, using the refractive index n20D.11) 

Regression Analyses-Regression analyses were carried out on an NEC PC-9801 personal computer using the 

program MVA12) developed in our laboratory.

Results and Discussion

Linear Relations between Apolar Potential Minima ƒÃ•‹AA/k (K) and S•‹298(g) 

   Apolar potential minima ƒÃ•‹AA/k (K) determined from the Lennard-Jones 12,6 potential 

among apolar like pairs have been estimated on the bases of 2nd virial coefficient, gas 

viscosity, or their combinations. Tee et al.13) applied the last method, together with the Kihara 

rigid-spherical-core model,14) and obtained force constants of aliphatic apolar hydrocarbon 

pairs (see Table II). 

Some additional data on apolar ƒÃ•‹AA/k (K)3) estimated from Eq. 9 are also presented in 

Table II. They were derived from the gas viscosity data of aliphatic polar like pairs.
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TABLE II. Empirical Force Constants of Apolar and Polar Like Pairs, Cube Root 

of Polarizability and S•‹298(g)

a) Reference 13. b) Reference 14. c) Reference 3.

Fig. 1. Correlations between ƒÃ•‹AA/k(K) and 

S•‹298(g) (e.u.) •œ

, ref. 6; •›, ref. 5; ••, ref. 3.

Fig. 2. Correlations between Effective Diame-

 ter ƒÐ•‹AA, ƒÐAA (A) and Cube Root of Polar-

 izability (A) •œ

, ref. 6; •›, ref. 5; ••, ref. 3.

In this work, for the first time, the authors have found that the values of ƒÃ•‹AA/k (K) are 

linearly related to the absolute entropy S•‹298(g) of the substrates as shown in Fig. 1. 

In any event, the three different approaches confirm that ƒÃ•‹AA/k (K) increases pro-

portionally to S•‹298(g), and the result of regression analysis of the combined data3,13) can be 

expressed by Eq. 10.

EƒÃ•‹AA/k=7.570(•}1.048)S•‹298(g)-175.227(•}0.428) (10)

n=14 r=0.997 F=247.60 S.D.=20.09
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TABLE III. Estimation of Unknown  Force Constants ƒÃ•‹AA/k (K) 

and ƒÐ•‹AA(A), ƒÐAA(A)

Consequently, by use of Eq. 10, unknown values of ƒÃ•‹AA/k(K) could be estimated (Table 

III). 

Estimation of Intermolecular Separation at Potential Minimum 

As stated in the previous section, the conversion of ƒÐ to ƒÐ•‹, as well as ƒÃ to ƒÃ•‹ can be 

achieved by determining the factor F in Eqs. 8 and 9, and the transformed values of ƒÃ•‹ and ƒÐ•‹ 

become essential in Eqs. 6 and 7 for the determination of the Edis . and Erep. terms. The original 

ƒÐAA should be determined empirically. The three kinds of data3,13,14) are linearly related to the 

cube root of the polarizability ƒ¿1/3•~10-8 (cm) as shown in Fig. 2, because the polarizability 

represents the actual volume of the substrate molecule. 

Regression analyses of the data in columns (a) and (c) of Table II afforded Eqs. 11 and 12 

for the apolar and polar groups, respectively.

ƒÐAA=2.134(•}0.512)a1/3+0.739(•}1.380) (11)

n=6 r=0.985 F=133.69 S.D.=0.155

ƒÐAA=2.615(•}0.532)ƒ¿1/3+0.019(•}53.746) (12)

n=8 r=0.980 F=144.80 S.D.=0.090

Of the above two equations, Eq. 12 is better than Eq. 11, because the former passes 

through the origin, and when the unknown ƒÐAA of polar pair is estimated by Eq. 12, the 

corresponding ƒÐ•‹AA could be obtained from Eq. 9. 

For a polar unlike pair AB, the intermolecular separation rAB could be given by the Eq. 

13.

r•‹AA=ƒÐ•‹AA¥21/6 

r•‹BB=ƒÐ•‹BB¥21/6 

rAB=r•‹AB=(r•‹AA+r•‹BB)/2

(13)

Estimations of Edis ., Eind, and Eori. between Apolar-Apolar, Apolar-Polar and Polar-Polar 
Pairs 

The energies due to the dispersion, induction and orientation interactions between
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TABLE IV. Edis., Eind and Eori (calmol-1) of Apolar—Apolar, Apolar—Polar 
and Polar—Polar Pairs: Substrate=CH4, MeC=O and MeCl

Fig. 3. Correlation between S•‹298(g)1/2 and ƒÐs•‹ Fig. 4. Correlations between Edis. (calmol-1) 

and ƒÐ5 

a, Me2C=O; b, MeCl; c, CH4.

apolar—apolar, apolar—polar, and polar—polar pairs, referring to methane, acetone, and 

methyl chloride as substrates, have been estimated and the results are shown in Table IV, 

where the estimations of Edis . were carried out using the mixture rule, e.g. ƒÃ•‹AB=(ƒÃ•‹AAƒÃ•‹BB)1/2. 

The values of Eind . and Eori. could not be estimated until the intermolecular separation r•‹cAB 

(namely, effective apolar diameter ƒÐ•‹AA and ƒÐ•‹BB of the polar like pair) is determined. The data 

summarized in Table IV suggest that Edis . plays a dominant role among the three kinds of 

contributions, and Eori . shows a pronounced increase when either partner has a large dipole 

moment, whereas Eind . always plays a minor role.
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TABLE V. S•‹298(g) (e.u.) and Substituent Entropy Constant ƒÐs•‹ of Monosubstituted 

Methane and Benzene Derivatives

Definition of Substituent Entropy Constant ƒÐs•‹ as an Effective Descriptor Representing Both 

Edis . and Erep. 

As stated in the foregoing section, the values of ƒÃ•‹/k(K) determined from apolar like 

pairs and those calculated for polar like pairs are linearly related to S•‹298(g), so both Edis. and 

Erep . of these two series at potential minima could be related to Eq. 14, using the mixture 

rule.4)

(14)

When B is specified as a reference and A denotes a partner, Eq. 14 becomes as follows;

Consequently, when the substituent entropy constant ƒÐs•‹ is defined by Eq. 15, this descriptor is 

linearly related to S•‹298(g)1/2A as shown in Fig. 3, and the values of Edis . (Table IV) are linearly 

related to ƒÐs•‹ of the partners (Fig. 4).
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TABLE VI. Products of Polarizability ƒ¿Aƒ¿B(•~10-48 cm6) and 6th Power of Intermolecular 

Separation r6AB (•~10-48 cm6) of Apolar and Polar Pairs: Substrate B=CH4

Fig. 5. Correlation between r6AB•~10-3 (A6) 

 and ƒ¿Aƒ¿B(A6)

Fig. 6. Correlations of Eind . and Eori. against 

p2/ƒ¿•~10-12 (erg) 

Substrate=MeCl. •›, Eri .; •œ, Eind.•

σs°=logS°298(g)A/S°298(g)B (15)

Furthermore, as Eq. 4 suggests an empirical relation between the hard sphere diameter ƒÐ•‹ 

and the separation at potential minimum r•‹, the relative ratio of the two exponential terms 

(namely, attractive vs. repulsive) becomes constant. Thus, the descriptor ƒÐs•‹ seems reasonable, 

embracing both attractive (i.e., dispersion) and repulsive terms. 

Substituent Entropy Constants ƒÐs•‹ of Typical Monosubstituted Methane and BenzeneDe-

rivatives 

As shown in the previous section, the substituent entropy constant ƒÐs•‹ can be obtained 

from the absolute entropy S•‹298(g) determined by measurement of the temperature de-

pendency of the specific heat of the pure material or by statistical mechanical analysis of 

vibrational spectra; the data are compiled mainly in references 5 and 6. The values of S•‹298(g)
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TABLE VIIa. Values of ƒÊ2/ƒ¿(•~10-12erg) of Monosubstituted 

Benzenes and Methanes

TABLE VIIb. Values of ƒÊ2/ƒ¿(•~10-12erg)of Typical Aliphatic Compounds

and ƒÐs•‹ of typical monosubstituted methane and benzene derivatives are summarized in Table 

V. 

The majority of available data5,6) cover typical aliphatic compounds, but from the 

practical QSAR view point, ƒÐs•‹ must apply to various kinds of substitution, especially 

polysubstituted benzene derivatives. Further work is necessary in this respect. 

Descriptor ƒÊ2/ƒ¿ Representing Both Eind . and Eori. 

As given by Eqs. 2 and 3, Eind . and Eori. are determined when the dipole moment, 

polarizability, and intermolecular separation of the two partners are known, but, unfor- 

tunately, in the QSAR approach, physicochemical information on the receptor side is usually 

wanted. Thus, we transformed Eqs. 2 and 3 to Eqs. 16 and 17, respectively.
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Eind.=-(αAμ2B+αBμ2A)/r6AB∞(μ2A/αA+μ2BαB) (16)

Eori .=-μ2Aμ2B/r6AB･1/3kT∞ μ2A/αA･μ2B/αB･1/3kT (17)

   These transformations imply a linear relationship of  aAaB to r6AB, and this is confirmed to 

be valid in Fig. 5, based on the data summarized in Table VI. 

   From this evidence, we conclude that the descriptor ƒÊ2/ƒ¿ effectively represents the 

contributions of both Eind . and Eori. The values of Eind. and Eori. (Table IV) are linearly related 

to ƒÊ2/ƒ¿ as shown in Fig. 6, and values of this descriptor are available for typical aromatics and 

aliphatics (see Tables, VIIa, b).
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