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Parametrization of equation (3) has been 
carried out using a set of 332 values of 
atomic spectral terms for the first three 
electron shells as the basic experimental 
data. This equation describes the eigen
values of hamiltonian for a single-electron 
hydrogen-like system considered as a model 
for multi-electron system (neutral atoms and 
positively charged ions). Qhe above-mentioned 
system can be characterized by value z* of 
the effective nucleus charge and by the addi
tional nonehielding potential U. The latter 
takes into consideration this portion of the 
total energy of interaction between electrons 
which is not determined by z*, as well as 
the components formally corresponding to the 
relativistic correction and Lamb shift for 
the corresponding hydrogen-like single-elec*. 
tron systems.

Both the z* value and nonehielding po
tential U are expressed by orbital-orbital 
shielding constant 6 j(i) (.1 and ,) are the 
indexes of shielding and shielded orbitals 
respectively). Certain regularities dis- 
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tinguishing the dependence of the 
valuee on the quantum numbers were estab
lished:

S1s2 • 62s2 - V  • V  ■ V  •
6 2p(2p) “ 63p(3p)> 6 3d(le2)‘ 6 3<i(2e2)'

2 = 1 .365d(2p2) " 2» 63d:
The obtained parameters can be applied 

to fora a hydrogen-like base for quantum- 
-chemical calculations.

In our previous contribution1 the results of the statis
tical treatment of spectral term values for the first three 
electronic shells are given according to the following 
equations:

x * "  7  ( z  “  6 J < i ) ) 2  “  n 2 t r i  ° j ( f ) ( N i  ~ 6 i U ) )  ( 1 )

^(i) )2 - ?2fc °J(f)(Ni “6 J(i):
l > 2  "  n 2 f e  C J < f ) ( N i  +

+ 5 l 6 ^ ( i ) ) 3 ,  ( 2 )

where 1  ̂denotes the spectral terns (ionization potentials) 
of atoms and positively charged ions in ground as well as in 
various excited states; IH is the ionization potential for 
the hydrogen atom; n is the principal quantum number of 
the j th electron removed in the course of ionization ; 
z denotes the nuclear charge; is the shielding con
stant of the jth electron by the electrons (electron) 
on the ith orbital; cj(f) is the proportionality 
coefficient, being to a certain extent independent of shield
ing orbital ; 6 denotes the parameter to be determined.

Equation (1) enables one to achieve relatively good ac
curacy in describing the 1̂  values. Still better accuracy is 
reached if the term proportional to the z* (eq.(2)) is
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added to the right-hand side of the equation.
In our previous paper we suggested some possibilities of 

perfecting the paraaetrlzed scheue. This can be achieved by 
a considerable reduction of the total nuaber of eapirioal 
parameters, proceeding froa certain dependencee of ^j(i) 
and Cjff) values an quantua nuabers. It is also reasonable 
to use instead of the entirely foraal last tera of eq. (2) 
another way of expression which would be aore consistent 
with the theory of hydrogen-like atoa (the relativistio cor
rection and the Laab shift are taken into consideration). 
Instead of Ig the fydberg constant for the given nucleus 
should be introduced .

Moreover, the aaxiaua values of the relative and even 
the abeolute deviations were observed for the first aeabers 
of the corresponding isoelectronic series(for neutral atoaa). 
The latter are actually of the greatest interest*

Due to this it would not be reasonable to alniaise the 
sua of squares of absolute deviations but that of relative 
ones.

ühe present study was undertaken in order to check the 
possible ways of perfecting the type of the paraaetrlsed 
equation.

lhe Technique of Data Processing
The initial way of writing down the paraaetrized function 

was aodified to avoid an overparaaetrlzation. The elimination 
of the statistically nonsignificant paraaeters is granted by 
the algoritha of nonlinear least squares (NLLS) used .

Nevertheless, the situation of overparaaetrlzation aay 
arise when two or aore paraaeters to be estimated have in
distinguishable values. In that case it is reasonable to 
substitute new paraaeters l', Xg, Xj, etc. for I1 .X^I^etc. 
according to the following scheme:



übe statistical indistinguishability of X̂ , Ẑ , etc. 
causes the statistical insignificance of the X̂J, Xy etc. 
values, ühe latter are eliminated in the course of para- 
metrization, resulting in X̂  = Xg * Xj. As to the data pro
cessing technique, it is of no importance whether this 
equalization reflects some "real" intrinsic regularities or 
is purely incidental.

In order to minimize the sums of the squares of relative 
deviations the In 1  ̂values were used as those described by 
the parametrized equation, öiough the substitution of 1л Ij 
for Ij may lead to the increase of the standard deviation 
(within the range of Ij) the absolute values of individual 
deviations for atoms and low-charged ions will be reduced.

More strict application of the hydrogen-like atom theory
for multi-electron atoms and ions assumes such a form of
expression which might adequately describe the energy of
hydrogen-like atoms. The value of nucleus z is changed for
its effective value z*. The correction to the energy z2n
of a hydrogen-like atom which takes into consideration both 
the relativistic effect and the magnetic properties of an 
electron is in the first approximation proportional to 
z^2a. The expression for the Lamb shift2*5 contains
also a member proportional to ẑ . For S-states a contribu
tion proportional to ẑ lnz is added. Taking into account 
these contributions guarantees practically an adequate de
scription of experimental values for hydrogen atom and single- 
electron ions. Therefore no further attempt to complicate 
the equation by inclusion of the additional terms was avoid
ed о

Dius, proceeding from the aforesaid, the parametrized 
equation is as follows:

m  v : u [ S 2 ,-a - ♦ V 4 +

+ <5n In г”] , (3)

where z* ■ z - ®j(i); R is the Rydberg constant calcu
lated from value R^ «13.6058 eV and from the given atomic
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aase; and on denote the parameters to Ъе determined 
depending on the principal quantum number of the external 
electron.

In the terms of this equation the statistical treatment 
of the spectral term values for the first three electronic 
shells was carried out. Die total number of processed 1  ̂
values for atoms and positively charged ions amounted to 
332. The corresponding electronic configurations are present
ed in Table 1. Numerical values used for spectral terms were 
extracted from references5»*.

The Ij values for the lowest energy levels of the cor
responding multiplete (the calculation of mean values turned 
out to be impossible as there was no necessary data concern
ing multiple-charged ions) were applied for the configurê , 
tione of the ground states of atomic particles. Arithmetical 
mean values were used for the configurations that correspond
ed to the excited states of atoms and ions. The differences 
of the latter from the averaged values as well as from those 
corresponding to the lowest multiplet levels do not exceed 
the standard deviation for the relationship under discussion.

Due to this it is quite evident that the use of the 
strict equation for the hydrogen-like single-electron system 
for description of the 1  ̂values for multi-electron atoms 
(as in eq. (3)) cannot be considered an entirely correct 
procedure. The Dirac equation as well as the correction 
for the Lamb shift2*5 depend on the total moment of the Jth 
electron. As a result, the coefficients for higher powers of 
z have different values for separate sublevels of the term. 
This fact is ignored in 5q.(3) and only the general charac
ter of the dependence on z has been retained.

Bxe parametrization of Sq. (3 ) was performed applying 
the algorithms and the programs of NLLS represented in 
contribution1. However, the calculation technique of the 
standard deviations for the estimated paraaeters was modi
fied. For this purpose were used standard deviations SX(J) 
of corrections DX(J) (for the explanation of the denota
tions see Ref. 1) obtained by the multiple linear regres
sive analysis (MLRA), provided that th-э whole set of cor-
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The Set of Spectral Terns
Table 1

Subееt Seq
of M _configure-tions

Electronic
configuration

Tern Nun- Range of values (Synbol) ber I. (eV) of J points
1 2 3 4 5 b

Is 1 is2 1S 19 24.587-5129.045
2 1s22s 2S 14 5.392-707.14

2s 3 1s22s2 1s 14 9.322-749.74
4 ls22p V 8 3.542-223.10
5 ls22s22p V 13 8.298-656.69
6 ls22s22p2 h 13 11.260-686.09

*P 7 1s22e22p3 V 13 U. 534-714.02
8 1в22в22р4 13 13.618-726.03
9 ls22s22p5 У 13 17.422-755.47

10 ls22s22p6 Js 13 21.564-787.33
...11 Is 3s l s 8 2.022-1C2.73

12 ls22e23s 2S 6 3.338-68.34
3s 13 I,II,3ea 2S 14 5.139-384.30

14 1,11,3s2 1s 12 7.646-308.25
15 ,3р*

2pO 8 1.562-98.44
16 Is 2s 3p 2p° 6 2.268-62.29
17 I.II.3P 2P° 6 3.039-74.846
18 I,II,3s23p 2pO 10 5.986-215.91

3p 19 I,II,3s*3pг 3p 10 8.151-230.5
20 I,II,3s23p-У 4go 10 10.486-244.4
21 I,II,3s23p\ 3p 10 10.360-248.3
22 I,II,3s23p5 2po 10 12.967-262.1
23 I.II.3s23pS 1S 10b 15.759-321.2
24
25

Is 3d 
le22s23d

2D
2d

7
6

1.512-74.137
1.508-56.71
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Table 1 continued

1 2 3 4 5 6

26 I,II,3d 2D 6 1.519-57.371
27 I,II,3s23d 2d 6 1.966-63.902
28 I,II,3s23p63d 0 2d 8 24.760-224.5
29 I,II,3s23p63d2 3F 6 27.491-157

3d 30 I,II,3s23p63d3 4F 6 29.310-162
31 I,II,3s23p63d4 5d 6 14.65 -133
32 I,II,3s23p63d5 6S 6 16.50 -139
33 I,II,3s23p63d6 5d 5 30.651-134
34 I,II,3s23p63d7 4f 4 33.50 -108
35 Г% Г Q1,11,3s 3p 3d 3F 4 17.06 -82.6
36 I,II,3s23p63d9 2D 3 18.168-59.4
37 I,II,3s23p63d10 1s 6b 20.292-192.8

a) I,II denote the completely filled first and second 
electronic shells

b) Cfte of the intermediate 1  ̂values has been omitted
c) From this configuration onward single- or double-charged 

positive ions are the first members of isoelectronic 
sets.

2
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rections DX(J) (the statistically insignificant DX(J) val
ues included) are established simultaneously, lhe resulting 
conventional values of standard deviation tend to exceed 
the corresponding values obtained by some other methods as 
a result of the statistical "overpumping" effect (of non- 
orthogonality).

Simultaneously into the treatment were involved the sub
sets of data related to the given combination of quantum 
numbers n and 1 for the external electron (for the configu
ration sets see Table 1).

In order to establish possible dependences ( of numeri
cal equality) between different parameters, a set of values 
to be determined was used in the form of additive correc
tions to some parameters considered as the basic ones , ac
cording to the scheme given above. Die preliminary results 
of Ref. 1 and those obtained by the use of eq. (3). were 
taken into consideration. It is known that the final results 
got by the use of the NLLS technique, depend to a certain 
extent on the initial approximation. Nevertheless, it was 
possible accurately enough to detect some dependences be
tween the values of the parameters to be estimated. Intro
duction of those did not increase remarkably either the stan
dard deviation of the description or the individual devia
tions for neutral atoms (we considered the latter to be the 
most significant criterion). Such solutions were accepted 
for the final results.

At first coefficients f and S were calculated separate
ly for each nl subshell, employing for the representation of 
parameters the relationships as follows: = 'б2b + x-j*
iSip » *3. + ij. iза “ b p  * V  etov The »fiidity fequalities = 6ds, (Jp = 6Ja, 0 ^  = b2s and dJp =
= 0^s was established reliably enough, while the differencies 
between values - tf̂d mii *̂ 3p “ ^3d aPPeared- 't'0 Ъе
statistically significant. As the experimental data for the 
subset 3d are relatively unreliable, and having the general 
logical integrity of the model in mind, relationships =
= *3P = *3d(= *3} and 3s = *3P = ^3dc= ^3) ware fixed a 
priori.
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The preliminary results denonetrated that during the 
treatment of the logarithns of the I. values, it were nostly 
the data concerning neutral atoms and single-charged ions 
that belonged to the significantly deviating points. At the 
same tine the corresponding absolute deviations were rather 
negligible. Therefore, when carrying out the final version 
of data treatnent , the significantly deviating points were 
not excluded.

DjSQ̂ gglQB.
Die results of the parametrization of eq.(3 ) are pres* 

ented in Table 2. They show that a sinple single-electron 
approximation as e.g. in eq. (3 )* leads to an unexpectedly 
accurate description of the values for multi-electron 
atons with different charges and electronic configurations. 
Diis is confirmed by the values of statistics S and a Q 
representing the accuracy of description. It should also be 
emphasized that it is the deviations for multiple-charged 
ions that mostly influence the value of 3. Considerably 
lower values specifying the results of the treatment within 
the natural scale of Ij values are always accompanied by 
significant deviations for atoms and low-charged ions.

Die obtained results confirm the existence of the fol
lowing relationships which enable to reduce the total num
ber of the parameters to be estimated:

б1з2 * 6гв2 ' V  U)
6 2p(2s2)* 2'6 2s2 (5)

6 2p(ls2) * 6 3p(ls2) (6)

6 2p(2p) * 6 3p(3p> (7)

V  ■ V  <8)
63d(la2)s ̂ а(2з2)' 6 3d(2p2)= 2 . (9)

Cls(ls)“ C2s(ls)* °3s(ls) (1°)
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3s(2s)“ °3s(2p) (C3s(2e,p)) (1 1)

< 2s" * 2p <<*> (12)

*38 = ^3p “ ^3d < ̂ 3) (13)

^28 “ ^ p  <S 2> (14)

^3s “ ^3p ■ 5 3d (<53> (15)

The total number of independent parameters de
creases from 24 (Ref. 1) to 16*, and that of the independent 
®J(f) values from 13 to 11. Ihe total number of the coeffi
cients at higher than second powers of z* remained the 
same ( 6 and 3 + 3  respectively).

Some of the given relationships ( e.g. (5) and (6)) have, 
most probably, incidental character ( according to the inner 
logics of the model) and, thus, they can hardly be used for 
extrapolations. The relationships which could be reasoned 
somehow are of special interest. The conclusion1 that con
stants & related to the interaction of the two electrons lo
cated on a single orbital do not depend on the principal 
quantum number, has been confirmed (relationships (4) and 
(8)). In order to prove the validity of the similar statement 
concerning ^ values related to the interaction between the 
two electrons located on the different orbitals of the 
same subshell (eq. (7)) an additional confirmation based on 
the data for subsequent electronic shells is required. At 
any rate, these relationships could serve as a certain point 
of departure when specifying the equation for higher electron- 
shells.
x Parameters ^2р(2вЯ' 811(1 ^ЗрОвЯ' "tha't occurred in 
Ref. 1 were not taken into account here. In the present 
study the corresponding electronic configurations were ex
cluded from the treated set of data.
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The Results of Parametrization of Eq.(3). The dimensions of ^n» <5n 011(1 s
are in eV; is given in elementary charge units.

Table 2

J(i)ü 6 j(i) Gj(f) ^n so,sk n°
1 2 1 4 ' 5 »

Is2 0.55122-0.00023 C1s(1a)-4.4196±0.0084 V o
5^5.311*10“ -̂
i2.8*10“*7

So-5.35'10~5 
S -0.085

19

2s(ls2)
2s2

1.58589-0.00380 
62e2 - 61B2

C2s(le)“Cle(ls)
G2s(2s)e l - 3034f°*1178

lL-2.913*10~3± 
-4.63*10“ 4

<J2— 1.039 *10~3t 
-1.81* 10”*4

Sq-0.0047 
s »1.069

28

2p(1s2) 1.94474-0.00362 C2P(s)-3*5152t0.0417 ^2 So«0.0076 86

2p(2s2) 1.10244-0.00046 C2p(p)e3- 4036t0*1074 <̂ 2 s -1.70 3

2p(2p) 0.60229̂ 0.00355
2p2 0.92351-0.ООбОО



Table 2 continued
1 2 3 4 5 6

3S(182 ) 1.73867-0.00444 c3e(1e)“cle(le) ^-1.038*10~3± So-0.0070 40

3s(2s2 ) 1.41771*0.00745 C3e(2e,p)“3» 5795^0.0577 ia.66«io“4 S -0.721

3e(2p2 ) 1.58275-0.00673 ^вСЗв)“1*91681 0Л481 <$3— 2.904-Ю“4!

3s2
V  ■ 6 ls2

t9.68.10-“5

3p(182 ) ®3p(lo2)- ^iptLe2) с3р(в)"3-а026' 0-0687 %
So-0.0154 80

3p(2s2 ) 1.58715^0.00978
°3pCp)-2-1032t0a172 к

S -1.189

3p(2p2 ) 1.77161-0.00426

3p (3s2 ) 0.78601-0.01445 ,

3p (3p ) 6 3p(3p)e 6 2p(2p)

3p2
V -  V



Table 2 continued
1 2 3 4 5 6

3d(1s2) 2.0 C3d(8)-1.3026*0.2892
*3

sq«o.0269 79

3d(2s2) 2.0 C3d(p)“4-2110±0-1454 £3 s -1.352

3d(2p2 ) 2.0 G3d(d )я1* 9°00* ° • 5423

3d(3s2) 1.72323*0.04224 'Д. Г

3d(3p2) 1.14880*0.03454

3d(3d) 0.78360*0.02161

3d2 1.0

a) In the indices of constant 6  parenthesis are omitted if two interacting electrons are 
situated on the same orbital

b) 3-standard deviation in the scale of L  values; SQ denotes the corresponding standard devi
ation in the normalized scale(So- S/ig’ , where 6 is the dispersion of 1̂  values) 
Standard deviations in lnlj units are not given.

c) n is the number of points.



Coefficients Xn and 6n differ from their analogues 
in the single-electron atom theory both by their absolute 
value as well ae by the eign of the term proportional to
A 2
z Inz . Thus» e.g. it ie known that at n»2 for an hydrogen 
like atom the total coefficient before z4 for 2g level
equals 5.229 • Ю “5 eV, f or ̂Р1/2 5.6С5-Ю” 5 eV «md for 
2P̂ yg it is equal to 1.128 • 10-5 eV. For the same 
term the coefficient before z4 In z equals 1.121 . 10"̂  eV«, 
In the equations for P-st tee this member is not present. 
These values are but loosely connected with values *
» 2.913 • 10“3 eV and Og. -1.039 * Ю ”3 eV, presented in 
Table 2. Ctae should also keep in mind that the numerical val 
uee of l$n and сГд have to be considered as vague ones due 
to the "overpumping" effect caused by the high correlation 
between arguments z*4 and z*4 In z*. Die aforesaid confirms 
that the two last items of eq. (3) should be taken only as 
the formal additional members permitting to achieve a better 
accuracy in the data descriotion. Dierefore the substitution 
of S ( e q .  (2)) by members proportional to z*4 ana 
z*4 In z* in eq. (3) should not be commented upon proceeding 
from any conceptual aspects of these items.

Data processing within the logarithmic scale of the 1̂  
value guarantees considerably small absolute deviations for 
atoms and low-charged ione. Die latter will grow with the 
increase of the 1̂  values. Still, such a good absolute ac- 
.curacy in the description of atoms and single-charged posi
tive ione is not always achieved. Die following numerical
deviation values* (in eV) for the ground states of atoms 
vere obtained t

He 0.000 (-0.031) Na О. 024 (0.426)
Li -0.046 (0.034) Mg -0.008 (0.564)
Be -0.093 (0.041) A1 0.077 (0.003)
В -0.041 (0.010) Si 0.083 (0.233)
С 0.032 (0.195) P -0.046 (0.295)
N 0.004 (0.315) s 0.186 (0.255)
0 -0.242 (-0.346) Cl 0.037 (0.259)
V
Ne

0.035 (0.001) 0.230 (0.336)
Ar -0.236 (0.106)

я Differences between the experimental and calculated val-
ues. 140



Ohe values corresponding to eq. (2) are given in paren
thesis. It can be seen that the maximum absolute deviation 
for the atoms of the second period decreases from 0.346 to
0.242 eV and that of the third period from 0.564 to 0.236 eV. 
Die corresponding mean square value decreases from 0.269 to
0.121. Die highest deviations were observed for the atoms of
0, Ne, S and Ar. However, there is no statistical ground for 
any reasonable interpretation of these deviations. None of 
them exceeds the critical value (0.256) according to Stu
dent's criterion, corresponding to risk level 0.05. 
Moreover, the general distribution of deviations corresponds 
to the driteria rf the normal statistical distribution.*

It should be pointed out that a substantial reduction 
of the processed data set ( highly-ionized atoms are ex
cluded) did not have any remarkable effect on the descrip
tion accuracy of neutral atoms. The variations of values 
ĵ(i) ^  Ĵ(f) conditioned by the restriction of the data 

set are insignificant. Values ̂  and S a undergo a much great
er change ( at the same time for n ■ 2 and n » 3 ^  * 0).
Die latter does not especially influence the description 
adequacy of neutral atoms.

A sufficient description adequacy of ionization potenv 
tials Ij of atoms and positively charged ions does not guar
antee that the application of eq. (3) could give a satis
factory account of the corresponding experimental values for 
negative ions i.e. the values of the electron affinities(EA)of 
atoms. Diis can be seen from the comparison of values EA 
(in eV) for stable negative ions, calculated according to 
this equation and experimental values** (the latter are given 
in parenthesis):
* Using the symbols of Hef .5 (pp.28-29), index)(шеап absolute 
deviation)/ 5 - 0.7979|-0.4 1/T =0.0106 ; the unbiased 
estimations of assymetry indices -0.084 (the mean
square deviation equals 0.55) and of excess Gg-0.233 (the 
mean square deviation is 1.06). S ■ 0.121 denotes the mean 
square deviation value; n ■ 17, is the total number of 
deviations. Ckily the former formally indicates an in
significant deviation from the normal distribution.
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H"!c1s) 0.755 (0.754) Na"(1S) -0.670 (0.548)
Li'-(1S) 0.723 (0.609) A1“(3P) -0.928 (0.5)
B” (3P) -0.143 (0.3) Si“(4S) 0.398 (1.394)
C“ (4S) 0.761 (1.27) P~(3P) -0.180 (0.77)
0" (2P) 0.747 (1.465) S~(2P) 1.431 (2.077)
p~ (1S) 2.279 (3.400) C1“(1S) 3.348 (3.62)
Por H" and Li“ the calculated and experimental values

SA coincide* Ae to the rest of the ione, the valuee calcu
lated by eq. (3 ) are constantly lower than the experimental 
ones. As the inclusion of experimental values EA into the 
set of processed data did not eliminate this shortcoming we 
tested some additional modifications of eq. (3)*. Unfortu
nately, we must admit that we have not reached any positive 
results as yet.

The values of the parameters in eq.(3), presented in 
Table 2, could be applied to create a hydrogen-like bas» for 
quantum-chemical calculations within the methods of ab ini
tio, CND0/2 and others8. We suppose that this base has sev
eral advantages, e.g. the correlation energy of interactions 
between electrons at one and the same nucleus is taken into 
account, as well as the electron density of AO while calcu
lating the effective nuclear charges and the potential of 
nonshielding electronic interaction.

We have started to study the results of employing such 
a base in the quantum-chemical calculations for molecules.

* Additional terms of different types inversely propor
tional to the first and greater powers of z*̂ were introduced.
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OP SOME NQNAQUEOUS SOLVENTS

I.A. Koppel, J.В. Koppel, and f.О. Pihl•
Laboratory of Cheaical Kinetics and Catalysis of Tartu 

State University, Tartu, 202400, U.S.S.R.

Received March 29, 1984.

lbe investigation of the nature and concentration 
of воде salts (Bû NBr, Mê NCl, Me^ClO^, Et^NClO^ 
Bû NClÔ , KBr, NaClÔ , NaCl, CsCl) on the Ê, values 
of polar nonaqueous solvents - DMSO and methanol. In 
the apolar aprotic solvent benzene the influence of 
two quaternary ammonium salts - Bû NBr and Bû NClÔ
- on the long-wavelength absorption maximum of the 
pyridinium-N-phenoxide betaine dye was also studied. 
ET-parameters of electrolyte solutions of the binary 
mixtures MeOH-HgO, t-BuOH-DMSO, and t-BuOH-MeCN were 
determined.

It was found that most of the salts considered 
independently of the chemical nature enhance the ener
gy of ̂ — ►ЗГ* transition of the betaine dye in the 
dimethyl sulfoxide medium.

The samf conclusion can evidently be drawn also 
from the study of the salt effects on the Ê -values 
of the salt solutions in methanol.

In its turn,in the apolar aprotic solvent - ben
zene - dominate the effects of the complex-formation 
between the pyridinium-N-phenoxide betaine and quater
nary ammonium salts - Bû NBr and Bû NClÔ .

Earlier1 the influence of the nature and concentration 
of some strong electrolytes on the ET-values of their solu
tions in water and aqueous methanol was studied. It was
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shown that the behavior of the solutions of inorganic salts 
in these media differs qualitatively from such in the aque
ous solutions of some quaternary ammonium salts (Bû NBr, 
Mê NCl). It was suggested that the specific trends of s&lt 
effects displayed by these two classes of electrolytes is 
closely related to differences of their influence (structure- 
-breaking or structure-making effects),on the structure of 
aqueous medium.

The goal of the present study was to extend the study of 
the effects of different inorganic and organic electrolytes 
on the Ê -parameters of some nonaqueous solvents (DMSO, 
methanol, benzene).

Experimental.
The technique of determining of Em-values was described 

1 2in our earlier papers '. The same sample of pyridinium-N- 
-phenoxlde dye as in these studies was used.

Tetramethyl- and tetrabutylammonium perchlorates were 
synthesized from 10 per cent perchloric acid and the aqueous 
solution of the corresponding quaternary ammonium hydro
xide and purified by repeated recristallization from the 
hot aqueous solutions. Bû NBr was repeatedly recristallized 
from the mixture of the anhydrous ethyl acetate and ethyl 
ether as described in Refs. 1, 3 and 4. In accordance with 
Ref. 4 it was found that some properties of cardfully puri
fied Bu^NBr differ very drastically* from those characteris
tic to the solutions of nonpurified salt.

The results of the study of the effects of the nature 
and concentration of different electrolytes on the Ê -val- 
ues of the <jf_yj]'* transition of the long-wavelength band of 
pyridinium-N-phenoxide dye in dimethyl sulfoxide and methanol 
are given in Tables 1 and 2 and displayed in Pigs. 1 and 2.

* E.g., the value of ^ щах of the long-wavelength band of 
the Зр1-»ТГ* transition of betaine dye in DMSO changes 
up to 100-150 nm depending on the concentration and purity 
of that salt.
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Pig. 1. The dependence of halochromic shifts of■Ê -value of DMSO on the nature and concentration 
of different electrolytes. A  - NaClO.,
О  - Me4NC104, О  - NaCl, ф  — KBr, ф  -Et4NC104,
Q  -Me4NGl, 0  -Bu4NBr, x-Bu^NC 10̂ .

1 2Por the sake of comparison with the previous * as well 
as with the present work the Ê -pararaeters of a few aqueous 
and aqueous-organic mixtures (Me4NC104 and Bu4NC104 in aque
ous methanol, Bu4NBr in aqueous DMSO, etc.) were also deter
mined. Die corresponding data are given in the footnotes to 
Tables 1 and 2.*
* Die B/p-value for the 20 per cent aqueous Bu4N0H was also 
determined - it equals 56»7 kcal/mol.
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Pig. 2. Die dependence of the halochromic shifts of
Ê -values of MeQH on the nature and concentration 
of the different electrolytes (for notation of 
points see Pig. 1 , A - CsCl).

Also the preliminary semiquantitative experiments for 
the study of the effects of two quaternary ammonium salts -
- Bû NBr and Bû NClÔ  - on the long-wavelength absorption 
maximum of the transition of pyridinium-N-phenoxide
dye in aprotic and apolar solvent benzene were performed.

Die typical dependences of the absorption spectrum-of* 
the dye on the concentration of the corresponding ammonium 
salts is given in Pigs. 3 and 4*
* More detailed analysis of this data will be given in une of the forthcoming publications in this series.
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Table 1
ühe Dependence of Ej Values on Nature and Concentration of Some Salts in

DMSO at 25°C a

NaClO^ Me4NC104 Bt4NC104 Me4NCl
M ^ max BT M 3max BT M max bt M ^ max BT

1. 0 634 45.1 1. 0 634 45.1 1. 0 634 45.1 1. 0 634 45.1
2. 0.19 615 46.5 2. 0.289 626 45.7 2. 0.142 630 45.4 2. 0.30 634 45.1
3. 0.22 614 46.6 3. 0.428 621 46.0 3. 0.275 626 45.7
4. 0.31 606 47.2 4. 0.575 618 46.3 4. 0.402 624 45.8
5. 0.65 594 48.1 5. 0.553 6?2.5 45.9
6. 0.94 586 48.8 6. 1.79 614 46.6
7. 1.05 582 49.1
8. 1.12 582 49.1
9. 1.24 580 49.3 ■
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Table 1 continued

M
Bu.NCl0„- 4 4
•Л max ET M

Bu,NBr 
J max ET

NaCl 
M max ET M

KBr 
^ max ET

1. 0 634 45.1 1. 0 634 45.1 1. 0 634 45.1 1. 0 634 45.1
2. 0.27 632 45.2 2. 0.85 632 45.2 2. Saturated 627 45.6 2. 0.093 630 45.4
3. 0.40 630 45.4 3. 1.35 634 45.1 solution 3. 0.182 628.5 45.5
4. 0.53 630 45.4 4. 1.58 635 45.0 4. 0.27 627 45.6

5. 1.98 637 44.9 5. 0.36 628 45.5
6. Satur. 619 46.2 soln.

L In mixture of DMSO with t-BuOH (NRQH=0.49) E,r=49.5 kcal/mol, and in its 0.73 M solution 
of Bu N̂Br Ê «46.9 kcal/mol. In binary mixture t-Bu0H-WeCN(NRQ^*0.40) E,p=*47.4 kcal/mol, 
whereas in 0.7 M solution of Bu^NBr ET«»47.5 koal/mol.
In aqueous DMSO (N̂ gpjB0.504» Еф=50.0 kcal/mol) in the presence of Bu^KBr the significant 
red shift of А  щах was ob8erved (compare with Refs. 1,2): in its 0.315 M solution 
Е„,*46.1 kcal/mol.



The Dependence of ET-Parameters on Nature and Concentration of Some Salts in
MeOH at 25°C.

Table 2

NaClO. Bu.NCIO* Me.NCl NaClb
“ Зтпах 4 ET M Ä x  4  M vAtnax ET M JUax ET

1. 0 516 55.4 1. 0 516 55.4 1. 0 516 55.4 1 . 0 516 55.4
2. 0.34 503 56.8 2. 0.03 512 55.8 2.0.26 511 55.9 2. 0.029 514.5 55.6
3. 0.65 496 57.6 3. 0.06 511 55.9 3.0.49 510 56.1 3. 0.056 513 55.7
4. 0.97 494 57.9 ^4. 0.17 510 56.1 4.0.99 509 56.2
5. 1.30 490 58.3 5.

6.
0.32
0.66

509
508

56.2
56.3 /



Table 2 continued

N
Bu.NBr
•''max ET

I
M

tvle4NC104

^lax
с

ET M
Et.NClO.
./'max ET

1. 0 516 55.4 1. 0 516 55.4 1. 0 515 55.5
2. 0.25 516 55.4 2. saturated 516 55.4 2. 0.027 513 55.7
3. 0.47 516 55.4 solution 3. 0.058 512 55.8
4. 0.69 517 55.3 4. 0.087 510 56.1
5. 0.94 519 55.1 5. *0.118 511 55.9

e - In saturated solution of this salt in aqueous methanol (nroh!=0.238) ET= 58.9 whereas
in the absence of that salt ET= 59.1 kcal/mol.
k- In saturated OsCl solution (M 4Г0.1) \  max“ 0̂7 nra and Ê = 56.4 kcal/mol;

et M = 0.05 ET* 55.9 kcal/mol. 
c- In aqueous methanolic (%еонв°* 238) solution of this salt at M=0.0366 ET= 59.3 kcal/mol 

end at M= 0.0556 ET= 59.3 kcal/mol (at M*0 ET* 59.1 kcal/mol)о



Fig. 3.
The influence of BuJÜBr on the long-wavelength 
maximum of the ЗГ-* JT transition of the pyrid- inium-N-phenoxide betaine 
dye in benzene at 25°C.
The reference cell with the blank solution was not used in this experiment and, therefore, the additional absorption max
imum at L Qv=^ 0  nm be-msuw
longs to the solvent - benzene. The following concentrations (in mol/1  units) of the salt were used: 1 -0.0; 5 - 0.00081; 
2 - 0.00161; 3 - 0.0024;
6 - 0.0054; 4 - 0.0061;
7 - 0.0095.

.600 800 Л(пт)

800 A(nm)

Fig. 4.
The influence of Bu.NClO. 
on the long-wavelength maximum of the ТГ —*•57' transition of the pyri - 
dinium-N-phenoxide betaine dye in benzene at 25°C.The additional maximum at 
\max=860 nm belongs to
the solvent (see Fig. 3.). 
The following concentrations (in mol/1) of the salt were used: 1 - 0.0;
5 - 0.00064; 3 - 0.00073;
2 - 0.0014; 4 - 0.0035»6 - 0.0092.
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Discussion
1. Dimethylsulfoxid and Methanol.

Ihe comparison of the data from Tables 1 and 2 with the 
results of our previous work̂  (see also Pigs. 1 and 2) shows 
that the qualitative as well as quantitative picture of the 
influence of the concentration and nature of various electro
lytes on the BT-values of nonaqueous (DMSO and methanol) 8ol- 
vente differ very significantly. As a matter of fact, one can 
see from Pig. 1 and 2 that unlike the media of the latter 
type, practically all salts increase the energy (i.e. the 
solvent gross polarity) of the long-wavelength <3/1_>ЗГ* tran
sition band of pyridinium-N-phenoxide dye in DMSO as well 
as in methanol.

Prom the viewpoint of the rather probable guess about 
the nonsignificant and monotonous relative changes of the 
electrolyte induced shifts of the solvent polarity"* and 
polarizabilitŷ  the above-mentioned facts are essentially 
supporting the suggestion that this increase of ET-param- 
eters is at l'east formally connected to the increase of the 
specific solvating power (electrophilicity?) of the medium 
(see also Ref. 1,2).

As in the case of aqueous and aqueous methanolic (nr0h* 
■0.218) solutionŝ  the largest specific (in unimolar solu
tion of the salt) effect of increase of ET values belongs 
to NaClÔ  where the ДЕТ-ЕТ(М»1)-ЕТ(М«0) equals 3.8 kcal/mol 
for DMSO and 2.6 kcal/mol for methanol. Both of these two 
values are significantly higher than the corresponding value 
(+1.8 kcal/mol) for the aqueous methanolic solution of 
NaClÔ . As compared with the latter salt, the increase of 
the gross polarity of the solvent by various tetraalkyl- 
ammonium salts is much less significant. So, in DMSO the 
monotonous decrease of the capacity of the salt to increase 
the ET-parameter is connected with the gradual increase of 
the dimensions of.the quaternary ammonium cation (in 0.5 M 
the increase of ET-value is 1.2 kcal/mol for Mê NClÔ , 0.8 
kcal/mol for Et̂ NClÔ , and only 0.3 kcal/mol for Bu^ClO^).
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In aethanol the addition of Bû NClÔ  (0.5 M) increases the 
Ŝ -value by 0.8 kcal/mol*, whereas the comparable effect 
is displayed by Et̂ NClÔ  in the ваше medium. Die solubility 
of HaCl and CsCl in both solvents is rather low and, there
fore, the measured Bj values for the solutions of these 
salts suffer from some increased uncertainty**.Nevertheless, 
it is evident that in both cases the definite hypsochromic 
shift of long-wavelength maximum of the betaine day is ob
served.

Moderate blue shift is displayed also by KBr in J3MS0 
(0.5 kcal*** in 0.5 M solution of KBr).

2In water and aqueous methanol the additions of Bû NBr 
induced very significant decrease of the gross-pole ity of 
the medium (in unimolar aqueous solution Д В ^  -8.1 kcal/mol 
and in aqueous methanol Л -4.0 kcal/mol) mainly because 
of its structure-making effect on the threedimensional struc
ture of water. Die structure of DMS0 solutions is mainly 
determined by the dipolar association of highly polar mole
cules of this aprotic solvent into the long chain-like ag
gregateŝ . Die association of dipoles into cyclic complexes 
a+-b~ is also possible. In both of these cases one should 
b"-a+
expect the structure-making effect of Bu^NBr which was char
acteristic to aqueous solutions. Die latter conclusion might 
not be necessarily true for the pure methanol. However, as 
one can see from Pig. 1 and 2 in DfclSO and Me OH in the sim
ilar conditions (unimolar solution) the bathochromic shift 
of the maximum of the transition or ehe Detalne
dye la either absent ( A BT « 0 ) or exceeds only

* In the saturated solution of this salt in aqueous metha
nol (нц[вонв0.238) a very weak bathochromic shift of the 
absorption maximum ̂ max of the betaine dye was observed. 

ШЯ Die concentrations of these salts given in Tables 1 and
2 are theoretical and refer to the weighed initial 
amount of the salt: no attempt has been made to determine their exact real concentrations by argentometric titration or by some other technique. 

яве In aqueous methanol (NRQH»0.218) this value does not exceed 0.1 - 0.2 kcal/mol.
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slightly the errors of the determination of Ê -parameters 
(in MeOH 1 M Bu N̂Br solution -0.3 kcal/mol).

Unfortunately, the present results give only very lim
ited information about the nature of the aolvent-solute 
interactions which are responsible for the halochromic blue 
shifts of the maximum of the transition of the pyri-
dinium-N-phenoxide dye. The relative stabilization of the 
highly polar and rather basic initial (non-excited) state of 
that transfer might, in principle, take place both fie 
the mechanism of specific solvation, as well as by the mech
anism of nonspecific solvation. In the first case, besides 
the interactions between the betaine dye and molecules -of 
HUSO or MeOH the interaction between the phenoxide dye and 
moieties of the electrolyte. Die latter can be either in the 
form of ion-paire E+N” or more complicated associates of the 
latter or in the form of free ions E+and H" (where E* - cat
ion, N“ - anion). Naturally the linear complexes a^-b-... 
...E+N” (where a^-b” denotes the dipolar dye) as well as 
cyclic associates of the type a*-b“ might be present. H^u- 
rally, such associates can N form between the dye 
and dipolar molecules of EMSO (in MeOH, probably the com
plexes of the type a^-b"...(HCMe)n are rather common). In 
other words, the addition of the salts to the polar non- 
aqueoue solvent.the oversolvation of the solvates of the be
taine dye by even more polar (or electrophilic) moieties of 
the electrolyte takes place. In the case of quaternary am
monium salts one also can hardly deny the possibility of 
formation of complexes between the latter and betaine dye 
via the hydrophobic interactions (vide infra).

We are not aware of the date on the dependence of the 
dielectric constants of EMSO and MeOH on the nature and 
concentration of electrolytes. Dierefore, it is hard to make 
any suggestions about the possible trend of operation of the 
nonspecific solute - solvent interactions (especially, the 
polarity of the medium) on Ej-values while going over to the 
electrolytic solutions in these media. Concluding the anâ re 
lysis of the halochromic effects on ET-parameters of polar 
nonaqueous solvents one has to notify that (see Footnote a
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to Table 1) that in the mixture of DMSO with t-BuOH
(Nrqp-0.49) the addition of Bu^NBr indeed leads to the sig
nificant red shift of the long-wavelength maximum of the 
0Г— band. At the same time, the same effect is absent 
in the binary mixture of acetonitrile with t-BuOH(NRQK*- 
= 0.40). Keeping in mind that the influence of both these 
pure (no electrolyte added) binary solvents on the Ê -val- 
ues is qualitatively similar (their gross polarity is higher 
than the additive value of the pure components)̂ , the differ
ence in their halochromic effects (Bu^NBr) on Ê -values seems 
hard to explain. In its turn, analogously to the aqueous 
methanol and binary mixture of t-BuOH-DMSO in the aqueous 
dimethyl-sulfoxide the addition of Bu N̂Br again results in 
the significant (almost 4 kcal/mol) decrease of the gross 
polarity of that mixed solvent (compare with Ref. 2).

2. Bu^NBr and Bû NClÔ  in Benzene
In the case of all the above-mentioned highly polar non-

aqueous, aqueous and aqueous organic solvents (see also 
Ref. 2) the variation of the concentration and nature of 
the additions of electrolytes results only in the "ordinary" 
solvatoäbhromic (halochromic) shift of the long-wavelength 
maximum of the transition of pyridinium-N-phenoxide
dye. It does not change qualitatively (the presence, number 
and character of maxima, etc. ) the absorption spectrum of 
this dye.

However, one can see from Pigs. 3 and 4 that the influ
ence of the addition of two quaternary ammonium salts
Bu.NCIO, and Bu.NBr on the behavior of the pyridinium-N- 4 4 - 4-phenoxide dye in the apolar aprotie solvent benzene ( £ =
** 2.2) has rather different character and evidences about 
the strong complex formation between betaine-like dye and 
tetraalkylammonium salts.*

ТЪове figures show that the gradual increase of the 
concentration of these quaternary ammonium salts converts 
the free (i.e., solvated by the molecules of benzene pre
dominantly by the mechanism of the nonspecific solvent-so-
* The solubility of inorganic salts in benzene is too low 
for the study of this proolea.
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lute interactions) betaine dye into its oomplex (associate) 
with the salt. Formally, this process is evidenced by the
gradual decrease of the intensity of the absorption band at

<\ 2 7•Атах*820 11111 (Pure benzene) *' up to its total absence. On 
the other hand, simultaneously the new, more short-wave- 
length absorption band ( 650-660 nm) corresponding
to the dye-salt complex appears.

Pigs 3 and 4 show that the dependence of the optical 
density ( ) - wavelength plots on the concentration of the 
salt (the concentration of the dye is constant) is charac
terized by the presence of the clearly pronounced isobestic 
point at Д тат.*700 nm.

One can see that the transfer of the indicator dye into 
the complex is accompanied with the rather significant in
crease of its excitation energy (Ê *44 kcal/mol for 
the complex and 34.5 kcal/mol for the free dye in benzene1)* 
At the same time the looation of the absorption maximum of 
the complex depends only moderately* on the nature of the an
ionic part (Br~ or C10]p of the salt as well as on the 
concentration of the electrolyte.

On the other hand, the estimation of the constants of 
the association equilibria between quaternary salt and be
taine dye shows that the latter forms somewhat more stable 
complexes with the BuJJClÔ  (log Kasa- 3.3̂ 0.2) than with 
Bu^HBr (log Kass= 2.8-0.1). The mechanism of the interaction 
of quaternary ammonium salts in benzene is, probably, even 
more complicated than that of the haloohromic effects in 
polar aqueous or nonaqueous solvents.

Pirst of all it is probably heavily dependent on the in
teractions of the highly polar dipolar (with ̂ ц,«14.6 D) dye 
with the similarly polar moieties (ion pairs) of the electro
lyte the dioole moments of Bu.NBr and Bu.NCIO, in benzene8 , 4 4 4media were reported as 11.6 and 14.1 D, respectively) via
ehe association of dipoles and formation of linear or cyclic
* A max for ttle 8aturated solution of Bu^UClQ^ is about
650 nm whereas Д,тах for Bû ffBr is somewhat higher ( ca 658-
-660 nm).
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complexes (vide supra), Here, alongside with the purely 
electrostatic interactions, significant role should also be 
played by the hydrophobic interactions between betaine dye 
and quaternary ammonium salt*

These specific interactions between betaine dye and 
electrolyte are probably accompanied by the effects connec
ted .with the influence of the concentration of the added
salt on the nonspecific solvating power (polarity) of theOTAbenzene itself* Indeed, it was shown that the addition 
of the moderate amounts of different tertiary and quaternary 
ammonium salts to the benzene results in a rather signifi
cant increase of its dielectric permittivity (e.g., in c&
0.1.M solution of (i-C5H1:L)4NSCN in CgHg has8»9 £ = 3.60, 
etc*)* The enhanced polarity of the solvent leads to some 
extra-stabilization of the highly polar ground state of the 
ЗГ— ►JT* transition of the pyridinium-U-phenoxide dye. It 
should, in its turn, result in some increase of ET-values.

On the other hand, the increase of the macroscopic 
dielectric constant of the solvent should also decrease the 
electrostatic interaction between betaine dye and salts ion 
pair which to some extent must compensate the former effect 
of the increased (solvent) polarity. According to the net 
halochromic effect (the significant blue shift of the ab
sorption maxima) the latter effect is evidently overrun by 
the consequences of the complex formation and influence of 
the increased polarity of the solvent on the stabilization 
of the ground state of the betaine dye. This conclusion is 
also supported by the fact that the energy of the spectral 
Sfl— transition of the complex between betaine dye and 
quaternary ammonium salt is practically identical to* that of 
dipolar aprotic solvents (DMSO, MeCN, MeN0?)2»7or pure molt
ed electrolytes (CgĤ C00N(n*sHex)4, Bû NBr) »7.
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A theory of electrolyte solutions based on the 

separate examination of physically independent 
interionic and ion-solvent interactions, is pro
posed. Preliminary experimental verification of 
the theory is made on the basis of the activity 
coefficients concentration-dependence. Also the 
limits of the theory are discussed.

1. Introduction.
The theoretical description of the strong electrolyte 

solutions has been a major goal for many physical chemists 
for a long time}1“ 7 During a number of decades a big va
riety of theoretical approaches proposed by various authors 
have had the well-known Debye-Hückel electrostatic theory®’̂  
as their cornerstone. The mathematical structure of the 
latter restricts its use only for the extremely diluted so
lutions. As a result of detailed criticism of the Debye- 
Hückel theory the validity of* it is moved down to the more 
diluted then 10“3 molar10*11 or even 10“ 7 molar12 solutions. 
For that reason almost all the experimental work in electro
lyte chemistry was restricted by the dilute solutions with 
minor concentration variations.

However, a search for the models valid for the wider 
range of electrolyte concentration was initiated by the 
needs of a number of chemical problems. In the first place 
it was done by the addition of semiempirical terms to the
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Debye-Hückel limiting law. Those had to take into account
various possible physical effects besides the interionic13-15electrostatic interaction, e.g., the finite size of
ions and other hard-core effects, ionic dehydration in solu*- 
tions,1̂  dielectric saturation of the solvent in the vicin
ity of ion̂ * 1^"*8 etc. These extended theoretical equations 
are often unjustified because of the incorrect use of the 
basic Debye-Hückel electrostatic model for the more concen
trated solutions. It can be simply shown.that even at a 
moderate electrolyte concentration this model leads to ab
surd results. For instance, the number of counterions having 
intimate contact with the given central ion in 0.5 molar so
lution of the 2:2 electrolyte, calculated from the charge 
distribution around an ion according to the Maxwell-Boltz- 
mann statistics used in Debye-Hückel theory, is approximately 
50. At the same time the geometrically possible maximum num
ber of ions in contact with the given central ion is only 12 
in case of close packing. Therefore it is obvious that such 
nonsenses make meaningless every discussion about the "real" 
ion size parameters, calculated on the basis of the extended 
Debye-Hückel theories.

In this work a different, simple model of electrolyte 
solutions is proposed, which proceeds from their structural 
features. The preliminary experimental verification of this 
model is provided on the basis of the activity coefficient 
data in aqueous solutions.

The existence of a regular structure of the nearest
neighbours around a given particle in liquids and solutions19 20 21-21is well-known from X-ray ’ and neutron scattering
experiments and also from the Monte Carlo or molecular dynam
ics simulations of dense fluids?^“2  ̂ In principle two dif
ferent types of organization between particles may be dis
tinguished in electrolyte solutions. First of all, there is 
a regularity in statistically average distribution of ions 
due to the long-range electrostatic interaction between them. 
Secondly, the solvent is characterized by its internal struc
ture which could be perturbed by solute particles, e.g.ions.
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According to this picture we define two formally independent 
interaction types in electrolyte solutions:

1 ) ion-ion interaction, which is essential
ly of electrostatic nature at all real 
concentrations,

2) ion-solvent interaction, characterized 
by the influence of an ion on the sol
vent structure.

Both interactions correspond to the independent contri- 
ons ii 

solution:
butions in the excess free energy AG of electrolyte inex

AGex - RT ln̂ tel 
where ̂  el is the activity coefficient of electrolyte, i.e.

ДОе* - Л011 + *Gis (1>
Hie derivation of the quantitative mathematical form of 

the interionic excess free energy AGii and ion-solvent 
excess free energy A G^ is the subject of our following dis
cussion.

2. The Ion-ion Interaction in Electrolyte Solutions.
An assumption about the spatial distribution of ions 

in solution is requisite for the calculation of the first 
term in Bq. (1). Bie Poisson-Boltzmann distribution is not 
valid for the wide range of concentration.,̂ "*̂ , and there
fore it is not recommended as the basis for the calculation 
of interionic electrostatic interaction. Alternatively we 
assume the so-called "disordered lattice" structure model, 
which have had a constant popularity among the investiga
tors28^ 2 and which does not have serious internal restric
tions on its use at different electrolyte concentration 
regions. The attractive feature of this model is also its 
utmost simplicity at simultaneous good consistency with ex
perimental data. The following necessary and sufficient con
ditions must be satisfied for the calculation of the inter
ionic electrostatic interaction energy according to this 
model:
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l)a statistically uniform distribution of 
ions in solution is assumed, where the 
average reciprocal value of the distance 
between any of the two ions is equal to 
the similar quantity in perfectly order
ed ionic lattice at the number deneity 
which corresponds to the ion concentra
tion in solution,

2) the average number of ions in every 
coordination sphere around any ion in 
solution is equal to that in the above- 
mentioned perfect ionic lattice.

Provided that these conditions are satisfied, the electro
static energy of lattice is to be found by the direct Madelung 
summation of ion-ion interactions. Correspondingly the electror 
static excess free energy of a binary electrolyte is equal
to:

331 A.,z*z0eZ
AG. . = ----——-—-—  (kcal/mole), (2)

£T
where A^ denotes the theoretical Madelung constant for a given 
lattice type,, and Zg are the ionic charges, e is the elec
tronic charge and £ - the macroscopic dielectric constant of 
the pure solvent. The quantity T is the mean distance between 
the nearest neighbouring counterions, i.e. the lattice conr 
stant. Die latter is essentially concentration - dependent as 
the distance between ions is enhancing if the concentration 
of ions is lowering in solution. In the case of binary electro
lytes the distance T is a reciprocal function on the cube-root 
of electrolyte molar concentration c:

T ,  _ V 29g_, « )  (3,

v®~As a result the electrostatic excess free energy of a binary 
electrolyte in solution is expressed by the following formula:

A G ±i = 35.21 ( kcal j ( + )
f mol
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Due to the absence of freedom inside the model a macros
copic dielectric constant £ of the pure solvent must be 
assumedо
3. Die Structural Model of the Solute-Solvent Interactions .

To describe the ion-solvent interactions in solutions we 
proceed from the simplest structural model ofcidenee fluids,
i.e. from the two-state theory.̂ 4-38 -this con
cept every particle (ion or molecule) can exist in one of 
two different states in the solution. A fast dynamic equi-J] — 1?librium, characterized by the relaxation time 1 0 - 1 0  
sec is established between them. The particles at the given 
state have uniform properties and the energy level of them 
in ebate II is assumed to be equal to £(£ < 0), taking the 
level of those in state I as zero. The properties of particles 
in state II correspond to those in a hypothetic perfect crys
tal, where the solute particle is surrounded by solvent mole
cules in ordered solid lattiee. State I is the state of 
ideal or real gas. Die number density of particles in both 
states is equal to the mean number density of the solute in 
solution. Therefore the relative population in these states 
is uniquely determined by the volumes of solution occupied 
by the molecules in these.

The formulation of the partition function Zĵ for a sys
tem of N particles of which fraction x is in state I, is 
made as followŝ ** :

N. - е т ы г - х ) .  (5)
■ Ч Ы 1  {»(l-xj) Г fI lfIX * '

where fj and fjj are internal partition functions of every 
species in state I and II, respectively. Die mole fraction 
x of the particles in the equilibrium mixture is determined 
by the maximization of ZN concerning x as variable, i.e.:

■ •
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Using Stirling’s approximation, equilibrium value is
formulated as follows:

f j
V . *  */»»" (7>

and the partition function

ZN - ( fj + fI3.e " e/RT) N (8)

In the system of variable number of particles the grand canon-•jqical partition function is defined as*̂ :
Q - N! ZN (9)

and the chemical potential of this system is :

/*• *« - RT ‘W - ’l.Y.Hj (10>
A simple derivation of Д( as a function of the number of 
particles N can be proceeded from the Eq. (7-10).

Obviously, for a system of a given N, using again Stir
ling’s approximation, we get:

lnq = NlnN - N + lnZN - NlnN-N+Nlnfj - Nln^q (U)
Die equilibrium mole fraction of particles in state I at the 
given solute molar concentration e is determined by the 
Õeleda law40:

Vp
xeq " xo - 1----xoexp( - VSc)» (12)n о

Here xQ denotes the mole fraction of state I at standard 
conditions (infinite dilution), and is the part of the to
tal volume VQ of the solution whose structure is not influ
enced by the solute particles. These are characterized by the 
molar structure-changing volume Vg(cm^/mole), which is the 
volume in the vicinity of the solute particle where the so
lution is transformed from state I to state II (for the posi
tive values of Vg, and otherwise round in the case of its 
negative values). Naturally, volume Vg dobs n.ot correspond 
to an "iceberg" around the solute molecule, but it ±e only
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the statistically average measure of the solute influence 
on the solvent structure. Correspondingly the volumes Vg 
for different solute particles can overlap without restric
tion. By transforming the molar concentration с to the func
tion of the number of particles N in a constant volume V

* -  (13)A о
(Na is the Avogadro'e number), Eq. (12) can be rewritten as

xeq" xo0Jcp( - WV&.... N> ■ xoexp( (14)
A о

where oig is now a constant uniquely connected with the Vg. 
After substituting the last equation into Eq. (11) we get:

InQ - NlnN - N + Nlnfj - NlnxQ + dCgN2 (15)
and consequently
p  • RTlnN + RTln (fj + fjje“ ^ /RT) + 2 06/RT (16)
or
y4- RTlnNAVo + RTln( fj + fn e" ^ /RT) + RTlnc + (17) 

+ 2o6 aRTNAVQC « p o + RTlnc + 2RTVac ,
where p  o • RT £lhH^Vo + lntfj +fn e" ^ /RT) j is the
standard chemical potential of the solute.

The thermodynamic definition of the chemical potential41of the real solution f is however :
p = + RTlnc + RTln^B , (18)

where ^  g is the solute activity coefficient.
Consequently, the partial excess free energy of the 

dissolved substance caused by the solvent structure trans
formation is as a result of the comparison of two last equa
tions as follows:

AG.,S = RTln^B ■ 2RTVgc (19)
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Ncteworthily the formulation of the solute-solvent inter
action excess free energy Gia is independent of the elec
trical nature of the solute particle, i.e. it can be equally 
ionic on neutral molecule.

4. Preliminary Comparison of the Theory with the Experi
mental Activity Coefficients.

Por the electrolyte solutions both interionic and ion- 
-solvent interactions are to be taken into account and there
fore the final formula of its partial molar excess free 
energy is as follows

д q. , 35,21 * Z1Z2 AiM 4сГ + 2RTVac (20)ex £
or shortly

AGex a at tyc + bic • <21)

In the last fomula at is a constant for the electrolytes 
of the same charge type in the given solvent and bA is a 
characteristic parameter of the electrolyte. The sign of the 
latter defines essentially the nature of the solute effect 
on the solvent structure. Thus, the positive b.̂ values (the 
positive volumes V ) correspond to the structuremaking so- □lutes, whereas the negative bj-s are characteristic to struc-
ture-breakers. The absolute value of b.(and respectively, V )1 sis the quantitative measure of the solute-solvent interaction
intensity.

According to the final equation of the structural theory 
of electrolyte solutions given here, Eq. (21), the partial 
molar excess free energy of electrolyte in solution consists 
of two physically and formally independent terms.

The former, the electrostatic interionic interaction en
ergy is always negative. Consequently, depending upon the 
sign of parameter b*, function A Gex may have an ex
tremum (minimum) point. This is in the case of b.. > 0, in
deed.

The solution concentration cQ at the minimum excess free
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energy is determined from the oondition

( --- **- ) - 0 (22)dc c*c

1 at oo"z/;? + b± - 0 (23)

and thuet
ла« (co> - V o 1/3 - 5 v <>1/3 ■ - j4 4s: <24)

2 2Ae to the second derivative d ZiOex/dc > 0, we have a 
minimum.

The minima on experimental curves of activity coefficients 
and therefore on the partial excess molar free energies of 
many electrolytes in aqueoas solutions are well-known. Ac
cording to the Eq. (24) these are uniquely determined by the 
molar concentration of eleotrolyte at minimum and the theo
retical ion-ion interaotion constant at for a given electro
lyte type (cf.Eq. 20 and 21).

Following the numerous compilations of experimental ac
tivity coefficients of many electrolytes4?” 46 the location 
of minima on their concentration curves could be well evalu
ated. Thus the experimental minimal partial excess free ener
gies at 25°C in water were compared with the cube root of the 
oonoentrations at the minima. The validity of the linear re
lationships (24) is illustrated by graphs in Fig. 1, (1 i 1 
electrolytes) and Fig. 2. (other electrolyte types). Respec
tive statistical parameters of the linear regression treat
ment are given in Table 1. The fit with the theory may be es
timated good, keeping in mind that the activity coefficients 
of different electrolytes at quite different concentrations 
were used for data analysis. For instance, the minimum con
centration for the hydroohloric acid is estimated as 0.38M 
whereas for potassium chloride it is 2.78M. We have also to 
mention a remarkable coincidence of the experimental Uade- 
lung' constants Ay with the similar theoretical quantities 
of the corresponding perfect crystals for a given electrolyte 
charge type.
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Table 1,

The Results of the Partial Molar Sxoesa Free Energy 
Minima Bata Treatment Por the Aqueous Electrolyte Solutions

at 25 °C.

Electro
lyte at 
type Дво

(2r (3S So(4
▲m Ag
(calc.)(theor̂ 47]

1 s 1 0.656* 
0.021

0.058*
0.015 0.992 0.024 0.026

1.750*
0.033

1.74Ö
(laCl)

2 * 1 1.517- 
0.030

+iinn
i-i CM
oo 
. 
•

001 0.993 0.014 0.020 2.634*0.052
2.520
(CaP2)

3 t 1 2.347- 
0.033

0.041*
0.025

0.990 0.026 0.033 3.297*0.046 3.322
(AU3)

1) The treatment was actually carried out by the modified
Eq* 24s 2 a. ,

ziGex(co) " Л0о+ ~ T ^ V v  
where AGq describes a small correction to the experimental 
values of AQex(c0). This is due to the different standardi
zation of canonized activity coefficients, as the standard 
state for them is usually determined by the extrapolation of 
experimental data as the linear function from the square-root 
of the concentration instead of the cube-root of the concen
trations
2) The correlation coefficient
3) The standard deviation (kcal/mol)
4) The weighted standard deviation s0= s where S i®
the dispersion of the function A  0eX(°o)
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Pig, 1« The relationship between the minimal partial molar 
excess free energy and the cube-root of the 
electrolyte molar concentration in minimum for 
the lsl electrolytes

170



1.5

Pig. 2. The relationship between the minimal partial 
molar free energy and the cube-root of the 
electrolyte molar concentration for the 
different electrolytes.

171



5« The Limitations of the Model«
At this point we discuss the limitatiocs of the struc

tural theory of electrolyte solutions given in this paper*
First, the theory is not valid in this simple form in 

the case of the deviations from the uniform average distri
bution of ions in solution assumed in Part 2. The most dra
matic form of these deviations is ionio association® The 
introduction of the ion-pairing concept is necessary for all 
electrolytes, characterised by the strong chemical or physi
cal short-range attractive forces between ions«This is the 
ease of the weak oleotrolytes as carboxylic acids, transition 
metal complexes etc«, for which the spectrosoopic or other 
independent experimental evidence of the complexation between 
ions is available. Correspondingly their activity coefficient 
pinima (if existing) does not follow the relationship (24), 
and the theory has to be corrected by the introduction of 
ian-complexation (ion-pairing) constants aocording to the 
mass-action law« The actual quantitative form of this cor
rection will be discussed in our further publications. An 
interesting example of the influence of ionic association on 
the activity coefficient behavior is the set of the alkaliAQmonooarboxylates • Assuming the theoretical Madelung cons
tant for the ltl electrolyte (Â >1«748), the electrostatic 
term in the partial molar excess free energy AG0X (Eq«20.) 
сan be calculated independently. By substraction of this term 
from both sides of Eq. 21, a simple linearity between the 
quantities ** *t and aola1, conoentration of
electrolyte solution is obtained«

A » n - * t V  * V  {25>
As illustrated on Fig. 3, such linear relationship holds 

in the case of lower members of the monocarboxylate homologous 
aeries H(CH2)nC001Ia« The statistical parameters of the cor
responding linear regression treatment are given in Table 2.
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The Results of the Activity Coefficient Data Treatment 
for the Sodium Monooarboxylates in Aqueous Solutions 

at 25°C (1

Table 2.

Electrolyte AGq bi
■ .ra 0

HCOONa -0.028*
0.003

0.176*
0.002

0.999 0.0040 0.010

CH3COONa -0.028*0.008 0.317*0.005
0.992 0.0202 0.016

CgHj-COONa -0.013*0.004
0.380*
0.003 0.999 0.0072 0.008

C^COONa -0.008*
0.019 0.433*0.014

0.998 0.0301 0.028

Ĉ HgCOONa 1
oo

 
.. 
. oo Of
O

_
f+ 0.493*

0.012
0.999 0.0078 0.024

(1 The data were treated according to the modified Eq. (25):
AOex ~ at * + b̂ c,

where is a small correction due to the differencesоin experimental activity coefficient standardization 
( See footnote (1) in Table 1.)

(2 The correlation coefficient 
(3 The standard deviation (kcal/mol)
(4 The weighted standard deviation (See footnote (4) in 

Table 1.)
However, the successively larger deviations from the linear- 
Ities (25) are observable for the higher members of mono- 
carboxylate series (of Pig. 3). In our opinion, this is due 
to the association between the carboxylate anions induced by 
the hydrophobic interaction between alkyl chains. This ion- 
like association causes the lowering of the activity coeffi
cients as the real concentration of particles is decreasing 
in solution whereas their size is enlarging. In limit of large 
alkyl substituents this association leads to the formation of 
soap micelles.
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2
c(M)

Pig# 3* The concentration dependence of the ion-solvent 
partial molar excess free energy A 
of the sodium monocarboxylate HCCHg^COONa 
aqueoue solutions.
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ER d(RCOO-)

Pig. 4. The relationship between the structure-fonnation 
volumes V0 in aqueous solutions and intrinsic 
volumes of sodium monocarboxylates.

Finally, the existence of an interesting regularity be
tween the structure-formation volumes V0, calculated from 
the b^parameters, and intrinsic volumes of lighter mono
carboxylate anions is observed. The latter are estimated 
from the additive bond molar refractions of the respective 
anions as £  Rp. Then this regularity is described by the 
following linear relationship (see Pig. 4*) for n»1...4:

Vs » (167.93*3.16) + (12.53*0.16)
r = 0.999 
s a 1.68 
sQ= 0.Ö13
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The intercept of this linearity could be interpreted as 
the Vs for the sodium salt with anion having zero intrinsic 
volume* (This is not necessarily the VQ value for sodium ion 
itself). The sensitivity of V -parameters to the intrinsic 
volumes of carboxylate anions is surprisingly close to the 
similar quantity for the V0 dependence on the intrinsic 
volumes of various neutral organic molecules, evaluated from 
the experimentally independent differential-conductometric 
data* This latter sensitivity is 11.8io*4 in aqueous and 
12,2̂ 0.4 in ethanolio solutions. Thus it could be esti
mated as an additional confirmation of the structural theory 
of electrolyte solutions on the basis of the different ex
perimental data*

Returning to the limitations of this theory, another re
striction which concerns the two-state model of the solution 
should be mentioned* This model has to be valid as far as 
state II("crystal state") remains identical on the change of 
the solute concentration* However, at very large concentra
tions the mole fractions of solute and solvent become compa
rable and consequently the distribution of the partioleb 
around a given solute molecule becomes more similar to that 
in molten solute. This is naturally different from the as-** 
sumingly constant distribution in diluted solutions where 
mainly solvent molecules are in the proximity of solute mo
lecule* Thus there is a difference in partition function fll 
in concentrated solutions which leads to the deviations 
from the simple relationship (19) due to the change in 
parameters XQ and £ (See Eq, (7) and (16), respectively). 
Such deviations of experimental data from the theory could 
be foreseen for highly concentrated electrolyte solutionsf 
e.g. for the molten crystal hydrates.

The results of the detailed experimental verification 
of the structural theory of electrolyte solutions given 
here on the basis of the whole variety of the activity co
efficients and other experimental data will be given in 
separate publications.
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IIXRARB) SPECTRA AND ELECTRONIC EFFECTSu
I. TRANSMISSION OF SUBSTITUENT EFFECT TO THE ELECTRON - 
WITHDRAWING REACTION CENTER IN DIPHEUYL SYSTEMS WITH 

HETEROBRIDGES„
V.F. Andrianov, A.Ya. Kaminski j, A.V. Ivanov, and 

A.V. Golikova 
Institute of Monomere, 300600, Tula
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The substituent effect on the nitro group stretch
ing frequencies in diphenyl systems with hetero - 
bridges (M) in between the rings hae been studied.
The established mechanism of conduction of elec
tronic effects in such systems (biphenylene 
>0 >S >SOg>CO>NHCO) does not depend either on the 
electron-releasing or electron-withdrawing nature 
of the reaction center. In diphenyl systems exists 
a direct polar conjugation between the nitro group 
and the electron - releasing substituents of the 
other ring. The same mechanism also accounts for 
the faot that heterobridges (H) interact both with 
the electron - releasing and electron withdrawing 
reaction centers. With the increase of conjugation 
the corresponding diphenyl systems are more inclined 
to transmit the effects of substituent (X) from one 
ring to the reaction center in another ring.

The transmission mechanism of electronic substituent ef
fects in diphenyl systems with heterobridges connecting the 
rings, amino group forming the electron-releasing reaction 
center, has been studied previously1»2. It has been shown
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that the attenuation of the electronic effects depends on 
the nature of a heterobridge as well as on the state of the 
reaction series. Thus, with diphenyl, a direct polar con
jugation between amino group in one ring and electron -
- withdrawing substituent in ah:ather can be observed; while 
in case of some other heterobridges already examined (e.g.
0, S, S02,C0) the conjugation does not exist.

It was interesting to study the attenuation of electron
ic effects in the same systems where a nitro group formed 
the electron-withdrawing reaction center with the opposite 
electronic nature.

As Bocek, Mangini and Zahradnic (3) have already shown, 
stretching frequencies of nitro groups can only slightly be 
affected by the substituent change in diphenyl systems which 
have oxygen and sulphur atoms in between the rings. Litvinen
ko et al.4 have connected these results with the unsatisfac
tory sensitivity of the 0 Ж>2 frequencies, caused by the 
equality of the atomic masses of nitrogen and oxygen, partic
ipating in the band stretching.However, according to the 
data on nitrobenzenes and aniliines the sensitivity constants 
for asymmetric stretching bands of nitro- ( ̂  aN0„) and 
amino groups (-v eNH2) have similar values,i.e. '-'30.5 cm 
which contradicts to the above mentioned statement.

In the current work we have studied the effect of sub
stituents (X) on the frequencies of symmetric (\Je) and 
asymmetric ( 0aa) stretching bands of nitro group for the 
compounds with general structure I - VI,

. - © ‘"“г х' О > ‘ВНС0^ О >-ТОг
I-V VI

where bridge M is a simple bond (I),-0-(II); -S-(III), 
-S02-(IV), -CO-(Y); X denotes a variable substituent: NH2, OCEy CH3, HO, H, Cl, I, C00CH3, Br, NHC0CH3, C0CH3, and 
NO;,. The band frequencies were determined on an infrared 
spectrophotometer Perkin-Elmer 180, to within 0.2 cm“1.
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182

übe Values of VasN02 and OsNOg (in cm-1) in Compounds I - VI in DMSO

X M ---- -0- -S- -S02- -CO- -NHC0b
-̂ NOg ^as ^s Oas  ̂s Oas ^s 3as >)s Зав Os Oas \?s

NĤ  1509.0 1334.0 1510.5 1341.0 1512.0 1335.5 1530.5 1350.0 1522.5 1350.0 1525° 1348°
OCH3 - - 1510.0a1342.0 - 1526.0 1351.0 1526d 1347d
CH3 - - 1516.0 1342.5 1513.0 1337.0 1532.5 1352.0 1526.0 1352.5 1527 1348
H 1518.0 1344.0 1516.5 1342.5 1515.5 1337.5 1533.0 1353.0 1525.5 1353.5 1527 1349 
NHCOCH3 - 1515.0 1336.5 1532.5 1351.0 -
Cl 1518.0e1341.0®1519.5 1343.0 1514.5 1338.0 1533.0 1351.0 1527.0 1350.5 1529f 1349f
COOH 1520.5 1344.0 1517.0 1341.5 - 1527.5 1350.0 1529 1350
COOCH3 1520.5 1342.0 1520.0 1343.5 1518,0 1338.0 - - - - -
COCHj 1522.0 1345.5 1520.5 1343.5 - - - - - - -
N02 1524.0 1343.0 1521.5 1343.5 1520.0 1341.5 1536.5 1351.5 1527.5 1352.0 1529g 1349g

Table 1

a was not taken into consideration in correlation calculations; 
b a spectrophotometer UR-20 was used; 
c X = N(CH3)2; d OH; ®I; fBr; S3*-N02.



Dimethylsulfoxide (DMSO), permitting to examine the whole 
set of series (diphenylsulfone derivatives with a lower 
solubility included) under similar conditions, served as a 
solvent, »

The experimental data from Table 1 show that the fre
quencies of both t) as®0j and -OgNOg within separate series 
grow proportionally to the increasing of the electron - 
withdrawing character of the solvents (Pig. !.)•

Pig. 1. Relationship between the ~0._NO_ frequencies 
and Hammett 0 -constants.

This relationship is due to the attraction of the electronic 
density from the oxygen atoms of nitro group. As a result of 
it, the polarity of the N»0 bonds decreases and the state of 
their bonds order increases.

Table 2 presents the values of sensitivity constants 
( P ) for equation calculated by means of cor
relation treatment, using the least squares method̂ . The 
comparison of this data with the previously calculated val
ues of the -0 KH2 frequencies for the analogous diphenyl sys
tems2 shows that the sensitivity of the reaction oenter to 
the substituent effect remains the same in the diphenyl 
systems despite the nature of the reaction oenter. The seea-

1 О X

2 Д -0-
3# -S-

M
4® -so2-
5A-C0- 
60 -NHCO-
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ing absence of the shift of 'О Ж>2 bonds in Ref. (3) can, 
probably be explained by the fact that only the substituents 
with an insignificant variation range of 6 -constants (i.e. 
electron-releasing substituents only) were studied. Also the 
application of IR spectrometers with a relatively weak reso
lution accounts for the phenomenon.

According to the results of correlation treatment (Table
2) the correlation coefficient for diphenyl series is higher 
when using electrophilic 6+ constants than it is either with 
the Hammett 6 -constants or with aromatic induction con
stants 6 •

Table 2
The Results of Correlation Analysis of S) N02 Frequencies 
for Diphenyl System with Heterobridge (M).

Corre P r ж ' Corre- (0 r
lation J lation J
4-NO.-■4*-■Х-di phenyl 4-N02-4,-X-diphenyleulfone
S> as 1 6 8.7 0.950 1  ̂as; 6*4.0 0.968 0.46

6+ 6.1 0.990 4-Ж>2-4*-X-benzophenone

}si
6* 9.8 0.914 ^aej6+ 3.2 0.902 0.37
6 6.5 0.783 1 4-N02-4*-X-benzanilide
6+ 4.2 0.889 si^ 2.9 0.937 0.33
G* 6.7 0.709 4- ( A rM) -ni t rob en zene

4-NO -■4*-X-diphenyloxide 9as;6 16.9 0.912 1.95
^aej €>+ 7.3 0.964 0.84 6+ 13.4 0.972
4-NO -■4».■X-diphenylsulfide 4-(ArM)-aniline
Vaa, 6+ 5.7 0.946 0.65 6 38.7 0.959 

6+ 31.3 0.985

Consequently, there is a direct polar conjugation between 
the reaction center and the substituent of another ring 

with an opposite electronic nature in both 4-nitro-4-X-di- 
phenyl and the earlier examined 4-amino-4-X-diphenyl systems. 
Table 2 does not contain the correlation results for symmet
ric frequencies \) N0_. The corresponding correlation со- 
efficients are unsatisfactory (0.7-0.8) because of the narrow 
variation range of band frequencies (for a number of systems 
it did not exceed 3—4 cm ) .The values of transmission fac—
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tors Ж '* р/р reference obtained by frequencies 
(diphenyl was used as a standard series) show that the 
attenuation of substituent electronic effect to the
band in the systems studied can be expressed as follows:

diphenyl > 0 > S > SO^ >  CO >  NHCO
Thus, the existence of the electron-withdrawing reaction 

center in diphenyl bridge systems of nitro group refers to 
the regular conductivity, observed already with the electron- 
-releasing reaction center of amino group. Since the data 
has been obtained using IR-spectroscopy, it reflects the 
equal attenuation of the systems in their ground states.

80 £

Jig. 2. Correlation between frequencies and
l 8.0 dL

6 _ (!)* between ^aeNHo and (j"-constants (2) 
for p - ArM in para-substituted nitrobenzenes 
and anilines.

As can be seen in figure 1 the change of M bridges* 
character has a considerably greater effect on the ^ NO^ 
frequencies than that of substituent X within each separate 
series. This is quite natural, as the heterobridge itself, 
if taken as a substituent, stands much closer to the re
action center. The obtained data (see Table 1) enables one 
to quantitatively estimate the interaction between bridge 
groups and the reaction center. With this end in view has 
been carried out the correlation treatment of the relation-
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Fig. 3. Correlation between fre4uencies Cl) and
VbN02(2) and -states of bonds P(K-O) for 4-N02«

-c6h4-m- Ot-4^-NH2.

ship between the ̂ eeK°2 frequencies and 6 -constants of 
complex substituents (ArM) with a bridge-group and aromatic 
ring (Table 3)* The calculations prove that the effect of 
bridge X on frequency ^^N0^ approximately twice exceeds 
that of X in diphenyl system; and in benzophenone and benz- 
anilide systems even 6 times«'

Table 3.
The Values of Frequencies "O N0_ andев С. •0авш г for
p - ArM - CrH.,-T(Y«N0_ and BH„) and Constants 6, 6+ and b 4 2 86” for Substituents р-ArM (from Ref. t if there is no
special reference) and of the “JC-State bond H«0.

ArM ^ 2cm
^asHH_
cm“1?1*

2 6AiM "̂агМ W

Ar" 1518.0 3474.0 -0.01 -0.207* -0.01 0.6631
AlO 1516.5 3461.0 -0.320 -0.370° -0.320 0.6628
ArS 1515.5 3485.5 0.075® -0.247е - 0.6638
ArCO 1525.5 3497.0 0.459 0.459 0.586 0.6666
ArSOp 1533.0 3499.0 0.66 0.66 0.95d -

ues6? б+апсГб"respectively; a is taken for compounds 4-NH2-Ph-M-Pb-NC>2-4*.
for a,b,^,d are taken from
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As has already been mentioned, the direct polar conju
gation can be observed between the nitro group and eleotron
- releasing substituents in the 4-nitro-4*-X- diphenyl 
system. This effect will, probably, still stronger be ex
pressed in case of substituted nitrobenzenes. If the es
tablished constants (Table 3) are used for electron - re
leasing bridge groups a relatively good linear correlation 
can be achieved (Table 2, fig. 2.). One can also notice a 
direct polar conjugation between electron-withdrawing sub
stituents and the electron releasing (ЯН.),reaction cen- 12ter * (correlation coefficient r is greater if the scale »• 
of nucleophilic substituent constants 6~ (Table 2) is uaed). 
The expression of a complex mechanism of the direct polar 
conjugation of bridge systems with nitro group fowning the 
electron - withdrawing reaction oenter^is also proved by 
the fact that in the dependency graph of and ^ ae^°2 
states on the N-0 bond Jt- state, the data for the whole 
set of heterobridges is situated on the same sxngle 
line (fig.3). The strengthening of electron - withdrawing 
qualities of the U bridge results in the growth of the H-0 
bond ‘Jt -state which corresponds to the increase of the 
bonds strength constant and that of the -0 and N0o0 »B ьfrequencies. On the other hand, the ability of diphenyl 
systems to transmit the effect of substituent X on the re
action center of the other ring decreases.

Thus, the direct polar conjugation of bridge group with 
the reaction center is of particular importance in the 
transmission mechanism of substituent (X) effect on the 
electron - withdrawing reaotion center HOg, which la situ
ated in the other ring of the diphenyl system with a hetero- 
bridge. The greater the interaction between the bridge and 
the reaction center,the more is the system inclined to trans
mit substituent effect X from one ring to the reaction cen
ter in another ring,

Experimental
IR- spectra were recorded at least 5 times under the 

following conditions: the concentration of compounds in
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DMSO was 15-20 g/l, the thickness of the absorbing layer of 
cell from CaP? equalled 0.064mm, the scanning rate was 
8-10 cm /min; the spectral width of the layers was 1.5 cm , 
the calibration of spectrometer Perkin-Elmer 180 was regular
ly checked by polystyrene and the vapor of atmospheric mois
ture. Under these conditions the deviation of the ^NO-

-1frequency measurements did not exceed 0.2 - 0.3 cm . To be 
on the safe side, the values in Table 1 are rounded to
0.5.cm~̂ . Quantum - chemical calculations of Ж -states of 
the bonüs were performed according to the SCP method in the 
approximation of Parisei>-Parr-Pople (PPP) at a 6omputer 
BESM-4 applying program1

The authors express their gratitude to V.I. Minkin and 
hia colleagues for their kindly assistance in conducting 
quant um-ohemical cal evil at ions.
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The values of basicities,i.e. the changes in 
phenol IR spectrum were determined for 20 solvents.
The obtained data were interpreted in connection with 
the known values for other solvents and with the 
peculiarities of their chemical structure.

The basicity of substances is one of the important char
acteristics which determines their behavior in various phys- 
ico-chemical processes at present. Die most wide-spread ba
sicity scales are the spectroscopic one by Koppel-Pelin-Paju1 2and by Kamlet-Taft and the calorimetric donor number DN 
scale by Gutraann3. The first scale is preferable both owing 
to the great exactness of obtaining the suitable IR spectros
copic data and on account of the availability of a great 
number of basicity values: in the paper1 only the basicity 
values for more than 200 solvents are cited.

Basicities "B" are used as one of the fundamental fac
tors in the Koppel-Palm four-parameter equation which is 
widely speed for accounting the medium influence on the ki
netic parameters and spectral processes4. Lately the possibil
ity of using this equation for generalization of solvent in 
influence data on such thermodynamical processes as the 
gases solubility5 or the distribution of substances between 
two liquid phases6 has been indicated. Therefore, it is im
portant to expand the above-mentioned basicity scale "B" to 
the new substances possessing no known basicity values and to 
precise the present data as well.

We have determined the changes of phenol OH band phOH
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i.e. basicity values "B" in the 001^ solution in the pres
ence of 20 substances. These measurements were carried out7according to method1 on a spectrophotometer IKS 14 A. In the 
case of the OH bond illegibly the concentration of the inves
tigated donor was increased up to the measurements in ex
tremal cases in the medium of the pure donor without CCl̂ .
The concentration of phenol was always invariable and equal 
to 0.01. Die obtained data are given in the Table.

It is expedient to consider some data in detail in order 
to establish the connection between the substances' structure 
and their basicities "Bw. Thus, the basicities of the chioro- 
ethanes diminishing in the series dichloroethane (40)>tetra- 
chloroethane (29)> pentachloroethane (12) agree with the 
growth of the electrophilicity of substances with the in
crease of halogen atone number and with a noticeable aciditvQof pentachloroethane. In the paper for the tetrachloroethane
the authors give the change of frequency a J -for pyrrole ••1 N—Hae equal to 55 cm . However, this value seems to be doubt
ful as according to Ref.l the calculated "В" value is ca.120.,
i.e. similar with that of moderate strength donors: ethyl- 
benzoate, ethylchioroacetate, furane.

The "B" value for tetrachloroethylene of 2 cm-1 is close 
to Bs7 calculated in̂  on the basis of the change of TOfrequency of acetic acid in CClĝ CClj, medium. According to 
for tetrachloroethylene B-0. The authors11 give for o-nit- 
rophenol the ДО change 4 cm"1 but for this substance no 
satisfactory linearity exists between and "B" values
probably as a result of the orto-effect. For trichloro- 
ethylene Ph0H“B 10 cm“1, and the calculated value is 
equal to B«17 .

The basicities for CgH^Br (79)» oC-methylnapthalene (37)t 
ra-broraotoluene (53)» and p-chlorotoluene (41) are close to 
the similar values for n-BuBr (68), bromobenzene (40), end 
chlorobenzene (40)1.

lhe obtained basicity value for bromoform B«53 is sig
nificantly greater than that for GHCl^ (B-14), which coincides 
with the known fact fcf the halogenderivatives basicity in-
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creasing in the rank I>Br?Cl. Nevertheless, the obtained 
value is smaller than B-67 given in 10.

These data confirm that the "B" scale is more differen
tiated than that of the Kamlet-Taft one in which 12 the В 
values for all the above-mentioned compounds are equal to 
zero.

The obtained value for oO -methylnaphtalene
B-64 is insignificantly greater than the values B-52, 53
of13»l+t

Butylacetate and tri-n-butylphosphate are widely used 
as extragents and therefore their В-values obtained could 
be used for the extraction processes equilibria calculations. 
The low basicity value for CCl^COQMe agrees with the above- 
mentioned regularity - namely the decrease of В values with 
introduction of electronegative substituents into the mole
cule: thus for CHgClCOOEt B-125, for CHClgCOOEt B-1191; for 
СН,СОНМв2 В-345, for CCl3CONMe2 B-17215.

The basicity value for N-methylpyrrolidone is precised 
by us to B-357 in comparison with B*341 in . In the same 
paper one may observe a number of considerable deviations 
from the average values calculated in1, e.g. for tetrahydro- 
furane B-3651-* and in1 B-287, for acetone correspondingly 
19315 and 2241, for MeCN 17815 and 1601, etc.

The basicity values for N,N-dialkyleulfamides B»150-l60 
are close to the determined in the paper16 value for allied 
compound MeSOgNMe^ B«139. For the corresponding phenylderi- 
vatives the basicity values are slightly lower . It may be 
pointed out that the experimentally established b-value for 
EtSOgNMeg 158 coincides with the corresponding value calcu
lated for this compound on the basis of dissolving CHC1F- 

17B*157 in this solvent This once more confirms the univer
sality of LFER-principles. Though, for the three other sulf- 
amides such a high agreement between the spectrometrically 
determined basicities and the values calculated on the baeie 
of solubility data does not exist , which probably may be 
caused by the use of simplified equation for calculations 
which does not take into account the influence of the medium 
electrophilicity on the dissolving CHClPg solvation.
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SOLVENT BASICITIES
Table I

№  Solvent В 1° Solvent В

Halogenoalkanes
1 Trichloroethylene 10
2 Tetrachloroethane 29
3 1'etrachloroethylene 2
4 Pentachloroethane 12
5 p-Chlorotoluene 41
6 Ethylbromide 79
7 Bromoform 32
8 m-Bromotoluene 53
9 Л -Bromonaphtalene 37

_H^drocarbona 
Ю  o(-methylnaphtalene 64

_Estera
11 Butylaoetate 158
12 CCljCOOMe 87
13 Tri-n-butylfosfate 336 
14- ß -Propiolactone 160
15 ^-Propansulfone 135 
_Amides and sulfoamidee

16 N-Methylpyrrolidone357
17 CH3S02N(C2H5)2 152
18 C2H5S02N(CH3)2 158
19 C2^ S 02N(02H5)2 159
20 (02H5)2NS02H(C2H5)2152
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The decomposition kinetics of sodiun 1.1-di- 
methoxy-2,4,6-trinitrocyclohexadienate in alco
hols has been measured spectrophotometri- 
cally. A satisfactory correlation between log к 
and pK of alcohol .as well as 6 * was observed. 
As the process is controlled mainly by activa
tion entropy, it was assumed that eteric factors 

' might have an essential importance in it. Thus,
an excellent correlation between log к and B°в
of alcohol's radical R has been established.

Conductometrie studies demonstrated that at 
the concentrations used in kinetic experiments 
(10~4-10”5 M) the apparent dissociation level 
is close to unity and consequently, the anions 
in the 6 -complex act as certain reactants.
At concentrations 1*10“  ̂M and more the ion 
pairs whose significance is growing with the 
decrease of the alcohol’s polarity tend to appear 
in the solution.

It is known that the rate of the activated nucleophilic 
substitution is determined by the stability of intermediate

6 -complexes which in its turn depends to a great extent 
on the composition and nature of the medium. Particularly, 
in low-polar aprotic solvents the ionic aggregates play a 
significant role.2 In aqueous solutions pH of the medium
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beсошвв an important factor.^ However, up to now there is
no data about the influence of the nature of protic sol
vents on the decomposition rate of the anionic Jackson- 
-IMeisenheimer * 6 -c omplexes.

Therefore« the aim of this work was the investigation 
of the decomposition kinetics of sodium 2,4.6-trinitro- 
cyclohexadienate-2,5 in aliphatic alcohols. The reaction 
rate was measured spectrophotometrically, monitoring the 
change of the optical density of the solution, watching 
the short-wave length absorption maximum which is charac
terized by the greater intensity ( Л nax“414-420 nm). Ihe 
linear character of the optical density logarithm dependence 
on time is indicative of the reaction's first order on the 
decomposing complex. Besides, the value of the calculated 
rate constant remains dependent on the initial concentration 
of the product, übe pseudofirst order 6  -complex decompo
sition reaction was observed for the alcohols studied.

übe results of the measurements are given in Table 1. 
Oiey show that the rate of the decomposition reaction of 
2»4»6-trinitroanisole 6 -complexes with sodium rethylate 
decreases in series GH^QH > ^ C-jĤ OH > C^H^QH iso-
-C3H7CH > iso - C4HgCH.

For the analogous reaction in low-alkaline solution 
Murto suggested a bimolecular decomposition mechanism, con
firmed also by the negative values of activation volume

H- ° >
t

H3CO OCH3

( 1)

H3CO OCH3 OCH3

I II III
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Table 1.
Rat* Constants of 6 -complex Decomposition (1)

No ROH pK 3 ^*4 B° 5 kUO^.c“1

1 CHjQH 15.09 0.000 0.000 18.06
2 CjjHjOH 15.93 -0.100 -0.38 10.5
3 C3H70H 16.10 -0.115 -0.67 8.20
4 c4h9qh - -0.130 -0.70 6.30
5 i- C3H?0H 17.10 -0.190 -1.08 4.37
6 i- C4Hg0H - -0.210 -1.24 3.60
7 H20 15.74 -0.490 0.32 5.756

If such a mechanism is supposed to work also in alco
holic solutions one should expect that the reaction is in
fluenced by the alcohol acidity, which in its turn is con
nected with the electron donor, properties of the alkyl 
groups. 7As a result of least equares treatment has been estab
lished a correlation dependence of the logarithm of decom
position rate constant (log k) of 6 - complex (1) on alco
hol radicals ( <5*) 6 -constant values, the correlation co
efficient being 0.985(s-0.048).

The obtained positive values of reaction constant f  in 
equation log к- -2.75+3.39 6  я demonstrate that the process 
studied is relative to the electrophilic substrate. There
fore, £ -complex acts in the reaction as a nucleophile and 
forms in the solution ion pairs which should be less reac*L 
tive that the free anions.

Thus, the decrease in the reaction rate may be causea 
by the increase of the concentration of ion pairs in trane 
ition while changing methanol for its less polar homologuet 
However, the analysis showed that there is no satisfactory 
correlation between the values of the decomposition rate 
constant logarithm (log k) and the value of the alcohol’s 
reciprocal dielectric permittivity (1/D) ( r«0.924,s-0.152).
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A direct conductonetrie determination of the dissociation 
of the complex studied in the alcoholic solutions indicates 
that at concentrations 1 * 10"* - 1*10”  ̂M used for kinetic 
measurements the sodium l,l-dimethoxy-2,4,6-trinitrocyclo- 
hexadienate -2,5 was completely dissociated. At the same 
time when its concentration exceeds 2*10"* M, the apparent 
dissociation degree ( ot ) becomes less than a unity even 
in methanol and sharply falls with the decrease of dielec
tric permittivity of alcohol (Table II).

Table II.
Conductometric and Spectral Study of £ -Complex (I) 

in Alcohols

No Alcohol1 D10 Кд’Ю 4)!
“ ■ 

C-l*10 -ts
-ел--
C-1*10"5M Лmax

1 CH-jOH 32.6 40.0 0.82 1.00 419
2 C2H50H 24.3 27.2 0.78 1.00 418
3 C ^ O H 20.1 2.80 0.41 0.85 417
4 C3H?0H 18.3 2.06 0.38 0.84 416
5 C4H90H 17.9 1.41 0.31 0.84 415
6 C4H90H 174.2 0.84 0.26 0.75 4.4

Hence, at high concentrations the decompoeition rate 
will be greatly dependent also on this medium factor.

The investigation into the temperature dependence of 
the decomposition of the 6-complex (1) allowed to determine 
the activation parameters of the reaction. As it is seen 
from Table III, the nature of alcohol changes the activation 
energy of the,process only insignificantly depending on the 
nature of the alcohol. It shows that the decomposition is 
controlled by the entropy factor. The latter allows to ex
pect a sufficient contribution of the steric effects to the 
reaction rate. Really, the statistical analysis leads to an 
excellent correlation between log к and E° values of alco - 
hoi's alkyl radicals (r=0.992; s=0.036). The data obtained 
argue with the supposed reaction mechanism: the branching of
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the alcohol alkyl radical should decrease the intensity of 
the specific solvation of oxygen atoms of methoxy groups.

Table III.
Energetic Parameters of the Decomposition Reaction 

of 6 -Complex (1) by Alcohols

No
к . 10% s'-1 E

kJ/mol
log A

S*
.kJ/mol*15 °C 25*C 55 *C

1 C ^ O H 4.60 10.5 25.4 61.09 41.88 -96.57
2 CjttpOH 5.16 8.20 15.8 59.04 40.27 -105.59
5 C^HgOH - 6.50 15.5 58.12 59.48 -110.85
4 CjHr̂ OH - 4.57 9.50 57.57 58.91 -115.69
5 C^HgOH - 5.16 6.50 54.98 56.87 -128.49

Prom the correlation dependences of log к on all factors 
studied deviate only the corresponding values for water.
Prom our viewpoint it is connected with the structure of the 
latter in the liquid state. It is known that water forms 
three-dimensional tetrahedral ice-like clusters in which 
every molecule is strongly enough connected with four adja
cent ones by the hydrogen bonds.11 Bierefore, their activity 
in the hydration of the reaction center is lowered as com
pared to the solvation by the alcohol molecules which have 

12only linear chains due to the hydrogen bonds formation. 
Thus, in reaction of 6 -complex with proton- donor solvent 
which is simultaneously an attacking agent and the medium, 
the structure of the latter also plays a rather important 
role. Hence, this factor should be taken into consideration 
in the reaction mechanism. Particularly, the decomposition 
process in alcohols may be represented by the following 
scheme (2):
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^.{o-но..о-н н-о.^н-^..^

HjOO ОСН5
R

Н з
2 °2N 
2n-(R0H)
slow

OCH OCH,
O j N ^ y  N02 (2)

-(n-l)HQR N02

Naturally, the solvation of all oxygen atone of nitro 
groups takes place simultaneously. However, it has a consid
erably smaller effect on the deconpositian rate. Moreover, 
the solvation must act also in the opposite direction to 
stabilize the complex. Therefore, for the sake of simplici
ty, it is not shown in scheme (2). Prom our viewpoint, the 
solvent structure must also be taken into consideration 
while studying the mechanism of decomposition of 6 -complex 
by water.

Огив, the decomposition rate of sodium 1,1-dimethoxy- 
•2,4*-6-trinitrocyclohexadienate-2,5 depends mainly on the 
acidity and the structure of the solvent, ühe role of the 
medium polarity may become significant at high concentra
tions of 6  -complexes or at low values of solvent dielec
tric permittivity.

Experimental
ftie б'-complex (I) was obtained according to the methods 

described earlier^, lhe solvents used were purified in 
accordance with the known methods'-*. ühe technique of kinetic 
aeasurements was previously described6, ühe obtained experi
mental data were processed according to the first order ki
netic equation:

kt - 2.303(log Л0 -log A ).
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Th« activation parameters wer« calculated according to
equation:

3 . 4.57 * V * 2 * (log k1 " l0g k*}

log A - log к ♦ E/4.57 * T
к ■ 2.0845 * 1010 * T * e S^ Ä * e ’®/RT *5

Equilibrium constants for dissociation of 6  -complex (I) 
in alcohols were determined by the Kraus - Bray graphical 
method16. Conductance measurements were carried out accord
ing to the known method in a Jones-Bollinger pyrex cell 
ühe calculations of correlation parameters were conducted 
by means of the least-squares technique.
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Pron the analysis of the acid-base equilibrium 

constants of carbinol bases with ortho substitu
ents of 10 reaction series a conclusion has been 
drawn about the electron nature of the ortho ef
fect. Measure of alteration in the ortho substitr 
uents (CHj, GĤ O, 01, Br) effects during transi
tion fron one reaction series to another has been 
estimated quantitatively.

A nunber of studies1”* on the effect of different struc
tural fragmente on the stability of dyes of triphenyl meth* 
ane series .(derivatives of Malachite Green, Antipyrine Or
ange, 3,3*-dimethoxybenzaurin) have shown that the ortho 
position of sulfo-, nitro groups, halogen atoms and other 
substituents which aze directly bound to the carbonium cen
ter of aryl decrease the hydrolysis of the dyes. It has 
been postulated^ on the basis of these data that both elec
tron -releasing and electron-withdrawing substituents, local
ized in the ortho position of aryl, raise the stability of 
the dyee to the hydrolysis as compared to the compounds con
taining no substituents in the benzene ring, or to para-ieoL 
mere. Bie increase in the stability to the hydrolysis of the 
dyes with such electron-withdrawing ortho groups as halogen 
atoms, N02, SO^H can be explained by a stronger, opposite i* 
sign and proportional to the volume of the group screening 
effect on the central carbon atom.

Analogous effect of the ortho substituents was also ob-
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served in the series of isoindolyniun ions6 which are similar 
In their conjugation and molarization mechanism to the ions 
_pf triphenyl methane type. However, the studies on the sta
bility of oxygen^“11 and sulphuric12 analogs of isoindolyniun 
ions have shwon that the above regularity is not always ob
served with these compounds. For example, although З.З-СИ^** 
.-1-arylphthalylium- (R-CĤ , С̂ Н̂ , iso-Ĉ Ĥ , CgĤ ) and 3»3-di
methyl -1 -aryl thiophthalylium cations containing CĤ  and CH^O 
groups in the ortho position of 1-aryl are more stable than 
ihe corresponding l-phenyl(thio)phthalylium cations,, o-tolyl 
does stabilize the ions more efficiently than p-tolyl, where
as for o- and p-methoqrphenyle takes place the opposite 
dependence. But chlorine and bromine atoms in the ortno po
sition of aryl in 3.3-dimethyl-1-arylphthalylium ions induce 
destabilization of the latter as compared to both their para- 
-isomers and cations with non-substituted phenyl. It should 
be mentioned that for the series of 3»3-(R)j>-l-arylphthalyl- 
ium ions the differences in pKR+ values for the ortho- and 
para isomers of tolyls increase and for anisidines- decrease 
with the decrease of the effective electronegativity of the 
ft group in order CgĤ , CĤ , which its turn leads to
the delocalization of the positive charge on the central 
öarbon atom.

Finally, the studies on th£ effect of ortho substituents 
on the acid-base equilibrium involving such pseudobases as 
triarylcarbinols showed12 that none of the ortho substituents 
investigated (CĤ , CĤ O, Cl, Br) increases the stability of 
the ions in this reaction series as opposed to the para-iso- 
mers. Only o-tolyl has a slight stabilizing effect with re
spect to the non-substituted cations.

Unis, the effect of ortho substituents on the stability 
6f the ionized forms in the series of bases of triarylcarbi- 
dol type is not unequivocal, and in this context it should 
not only be considered as the steric interaction of the ad
jacent groups. In terms of the data presented and the results 
O f the work14 which have shown that the logarithms of the 
equilibrium constants for the ortho substituted derivatives
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of the Antipyrine Orange are in linear relationship with the 
corresponding induction constants, we can draw the following 
conclusion. In the series of carbinol bases the "ortho ef
fect" is mostly the electron effect involving a "normal" 
component (the induction effect) and a component related to 
the approximation of the ortho groups (the resonance ef
fect)^. When considering acid-base transformations of weak 
carbinol bases, one cannot but take into account the for
mation of tight intramolecular hydrogen bonds in pseudobases 
between the ortho substituents and hydroxyl group attached 
to C1 that shifts the equilibrium in the direction of cova
lent forms11“1-*’16.

Since for the bases of triarylcarbinol type the effect
of ortho substituents had been shown to depend on the type
of a reaction series and to be determined by the electrdh
factors, so in order to quantitatively estimate the ortho
effect in this work, we used the same approach based on the
functional dependence of the substituent effect on the state

17of the reaction center as was applied earlier while 
interpreting the effects of para- and meta-substitifted aryls.

To this end we analysed the lgKR+ values for ortho sub
stituted and non-substituted cations in 10 reaction series 
of triarylcarbinol type bases as follows:



VALUES FOR ACID-BASE EQUILIBRIUM CONSTANTS FOR DERIVATIVES OF SERIES 1-2
Table 1

Se- R1.
nai
No H o-CH^ p-ch3 o-CR jQ p-CH^O o-CI p-CI o-Br p-Br

I -6.9418 -9.0319 -7.27 3 - . - -7.5 5 -6.7 20 -8.3 21 -6.6522
II -10.98 4 - - - - -12.21 4 -10.88 4 -12.54 4 -
III +6.6323 +5.9713 +5.4123 +6.7513 +3.4023 +8.3713 +7.0813 +8.2413 +7.2513
IV -6.6024 -7.92 25 -7.0025 “7.50 1 -7.4825 -6.85 1 -6.1324 -7.1725 -6.0025
V +1.7726 +0.31 7 +0.8326 +0.98 7 -0.5626 +2.91 7 +2.1827 +2.73 7 +2.3728
VI +0.94 8 -0.72 8 -0.05 8 -0.03 9 -1.38 9 - +1.59 9 - +1.76 9
VII -0.7110 -2.0610 -1.6410 - - - - - -
VIII +3.7429 +2.2711 +2.7411 +2.8011 +1.об11 - +4.1211 - -
12 +0.7230 -0.3412 -0.2231 -0.76 9 -1.2231 - +1.2431 - +1.3431
2 -7.3032 -9.80 6 -7.6632 -9.66 6 -8.2032 - - - -



Both electron-releasing and electron-withdrawing substit
uents were chosen for the analysis: R^* o-OĤ , o-CHjO, o-CI, 
o-Br (lfeble 1). For comparison, Table 1 also lists the та- 
lues for lgKR+ of their para-isoaers. As In the paper1 ,̂ the 
values of lgKR+ for the derivatives with яоп-eubstituted 
phenyl reflecting to some extent the + 6 -charge on the cen
tral carbon atom were taken as a criterion of the state of 
the reaction center.

lhe analysis of the data in Table 1 shows that, as in 
the case of their para-isomers 1eKR+ for the compounds
with ortho substituents are in linear relationship with 
the lgKR+ values for the derivatives with non-subetituted 
phenyl:

lgKR+(R1) = d lgKR+(H) + lgKj+(R1). (1)

which substantiates the electron nature of the ortho effect.
Parameters of Eq.(1) are listed in Table 2. As the table 

shows, the total effects of all of the ortho substituents 
studied are very sensitive (d) to the value of +£T-charge 
localised on C1 and exceed the para-isoaers in sensitivity

Table 2
PARAMETERS OF EQUATION (1)

R1 d ± s d lgK°+(R1) * S r n
Range of lgKR+ 
(H) alteration, 
log unite

o-CH, 1.08*0.03 -1.44*0.39 0.998 9 13.9
o-CH^O 1.17*0.03 -1.25*0.29 0.999 6 13.9
o-CI 1.17+0.01 +0.71*0.15 1.000 5 17.6
o-Br 1.19*0.02 +0.43*0.34 0.999 5 17.6

The lgKR+ value for the compound with o-CH^O in series IV 
shows a considerable deviation from the regression line, 
therefore it was not used in determining parameters of Eq.(1) 
and further calculations.
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(Ref.1̂ ). It ie the different tendency of varying the total 
effect according to the state of the reaction center for 
ortho- and para- substituted phenyl that results in the ortho 
substituents of one reaction series or another being capable 
of stabilizing or destabilizing cations as compared to the 
non-substituted compounds or para-isomers. This is evident 
from Pig.l which shows lgK^+ (R1- o-CI, p-CI, H)« f [lgKR+(H^ 
relationship as an illustration. Thus, the introduction of 
chlorine into the ortho position of aryl will result in

Fig. 1. lgKR+(R1) = f[lgKR+(H)] dependence 
for R^o-ClO), R1 =p-CI(2) and R1=H(3) 

the stabilization of cations as compared to the compounds 
with non-substituted phenyl for reaction series having 
lgKR+(H) <  -4.2, while in comparison with para-isomers for 
series with lgKR+(H) <  -1.3

The linear correlation between the values of lgKK+(R )
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and lgKR+(H) for the substituents of triarylcarbinol type 
bases enables us to calculate their constants by Eq.2 
in terms of the changes of the effects of these substituents 
with the state of the reaction center. They will make a com
mon scale with the respective constants for meta- and para- 
substituted aryls:

C5J = 0.227-[(d-1)lgKR+(H) + lgK°+(R1)] (2)

We have demonstrated for reaction series I-X that the va
lues of lgKH+ for the ortho-, meta- and para-substituted 
compounds show a common correlation with the Ö  ̂  values
(Pig. 2).

Pig.2. lgKR+(R) = f( Cf p  dependence 
for reaction series III

Table 3 represents the obtained values of correlation r 
and standard deviation S coefficients. As shown in Table 3 
and Pig.2, the + values found for o-CĤ , o-CĤ O, o-CI and
o-Br sufficiently reflect the overall effect of these
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PARAMETERS OP CORRELATION EQUATION
Table 3

Serial No n r S Serial No n r S

I 13 0.984 0.20 VI 12 0.997 0.17
II 6 0.992 0.12 VII 4 0.972 0.18
III 11 0.998 0.25 VIII 8 0.996 0.23
IV 14 0.983 0.26 IX 12 0.996 0.18
V 14 0.999 0.10 X 7 0.985 0.22

Note. In addition to the lgKR+ values listed in Table 1 the17lgK^+ values given in the work (for series I, III-X) 
and in the paper 4 (for series II) were used.

subetitttsnts on the position of acid-base equilibria of the 
casb&kol bases investigated.
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The correlation of the proton affinities of 
the compounds of various classes has been done 
using the internal (intrinsic) operational sub
stituent parameters. On the bases of that ap
proach it was shown that the substituent effects 
on the proton affinities are in several oases 
better described by the non-additive model. How
ever, by the analogy with the ionization poten
tials the isoparametric value of the substituent 
parameter cannot be realized in any of the stud
ied reaction series on the basis of the existing 
experimental data.

1 2In the two other communications • -the so called 
internal substituent parameters X^ and Ŷ  were used for 
the quantitative correlation of the simultaneous non-addi- 
tive substituent effects on the ionization potentials 
IP(X̂ , Ŷ ) of the compounds X^ZY^, where Z is the ionization 
center using the equation of the following types

IP(Xi,Y;J) = aQ + a ^  + a2Y* + oCX̂ fj (1)
where aQ, a^ a2, and oC - are the constants
and

= IP(XifY0) - IP(X0, Y0) (2)
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and ,
Yj -  IP(X0. V  -  V  C3)

By the definition aQ = I?(X0» YQ) and a^a^l.O
The latter conditiona make this simple method very con

venient for the study of the relatively weak non-additive 
homogeneous or quasi-homogeneous influence of some factors 
(in the given case - substituents X.̂ and Ŷ ) on the response 
function.

Earlier the correlation of the substituent effects on 
the proton affinity of neutral and anionic bases was perform
ed  ̂using the external (conventional) substituent character
istics (their inductive and resonance constants, substituent 
polarizability and the number of hydrogen atoms attached im
mediately or to the 06 -position relative to the reaction 
center). It was demonstrated that in some rather satisfac
tory approximation the experimental data could be described 
in terms of equation which assumes the additivity of the 
substituent effects. For the comparison, in the present 
work the analysis of the structural effects on the PH val
ues will be based on the approach which stems from Eq. (1) 
and uses the internal substituent constants as calculated 
from the proton affinity data by the analogy with Eqns.(2) 
and (3) substituting there the corresponding PA values for 
the ionization potentials IP.

The proton affinity data used throughout the present 
analysis are mostly taken from our earlier work.

Both alkyl and electronegative substxtuents were in
volved.

The statistical data processing was performed according 
to the method of least squares using the program written by 
Prof. V.A. Palm. The major features of the program are de
scribed in Ref. 9«

The inclusion of the substituent scales and that of the 
cross term was performed according to the Fisher's test (at 
the 95 per cent level). Die inclusion of the data points in 
its turn was done using the Student's t-test (95 per cent 
level).
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Correlation of Subetituent Effects on Proton Affinities of Various Claeses of Neutral 
and Anionic Bases in Terms of Eqn.(l).a

Table 1

Series ao a1 a2 oC n R s
1 2 3 4 5 6 i 8 9
1.1. 187.1

(1.1)
0.886
(0.029)

0.905
(0.033) 29(8) 0.987 1.1

1.2. I» 187.1 
(1.1) . 0.929(0.038) 0.924

(0.034)
-0.0589
(0.0299)

29
(7)

0.988 1.1
1.3?

A

ft 186.8
(0.32)

0.996
(0.012)

0.968
(0.011) -0.0155

(0.0017) 25
(4) 0.999 0.3

2.1.
A  4P

ZiC0Yj 8 189.9
(3.3) 0.755(0.050) 0.798

(0.055)
- 51(26)

0.910 3.3
2.2. * 

A

ft 189.5
(0.44)

1 . 0 0 0
(0.011) 0.995(0.011)

28
(5)

0.998 0.4
2.3.

A  ~

ft 189.1
(2.4)

0.928
(0.044) 0.963

(0.049)
-0.026
(0.004) 51

(25)
0.954 2.4

и
189.2
(1.0) 1.024

(0.022)
0.972
(0.023)

-0.028
(0.002) 39

(14)
0.991 1.0

2.5.
V% j

190.0
(3.1)

0.832
(0.075) 0.755(0.111) - 18

(2)
0.932 3.0

2.6. * 189.6
(0.59)

0.995
(0.017)

1.004
(0.024)

-0.0426
(0.0021) 17 . 0.997 0.6



Table 1 continued
1________  2 3 4 5 6 7_______ 8________ I

2.7. X^OOYj*5 !77o7v(1.1)
1.041
(0,034)

1,084(0o048) 22
(9)

0,982 1,0

2.8. n 177 о 8 1.023 1,060 0.003 22 0.981 1,0
(1.3) (0.060) (0.082) (0,008) (8)

3.1. V j CH' k 376,3(4.8) 1.033(0,118)
1.158
(0.202) -

(2)
0,872 4.7

3.2.1 374.3
(1.3)

1.010
(0.034)

0.931(0.062) -0.063(0.016)
12
(0)

0,988 1.3

4.1. 224.4
(2.4) 1.139(0.161)

0.972
(0.096) 0.817°

(0.217)
22
(6) 0.919 2,4

4.2. 1» 224.3
(2.5)

1.033(0.228)
0.956
(0.100)

0.826n»°
(0.221)

22
(1)

0.916 2.4

4.3. »» 224.6
(0.8)

0.980
(0.073)

0.982
(0.032)

1.018°»P
(0.072)

21
(0)

0.992 0.8

Footnotes:
a - a0»ai» a2 and are the regression coefficients; under their values in the paren*

thesis are given the corresponding error limits;n - is the number of the points in
the regression whereas in the same (7th) column under its value in the parenthesis
is shown the number of the degrees of the freedom f-n minus the number of the
regression coefficients minus the number of data points used for the calculation of• finternal substituent constants Xi and ; R - is the multiple correlation coef
ficient; s - the standard deviation (in kcal/mol). The dash in the 6th column means



that the cross-term was not included into Eqn.(l) from the very beginning*
Reference compound - methanol (PA(XQ,Yq)=186 .9 kcal/mol).
As compared with series 1.1 and 1.2 the points for t-BUgO, CHgaCHOEt and i-Pr20 were 
excluded.
Formal simultaneous correlation of aldehydes, ketones, carboxylic acids, esters, and 
amides.
Reference compound - acetaldehyde (PA(X0,YQ)=189.7 kcal/moD.
As compared with series 2.1 the points for (Me2N)2CO, PhCOOMe, PhgCO, Me2NCOOEt, 
t-BuCOOMe, Me2NCOOMe, t-BuCOMe, cy-PrCOMe, CF-jCOOPr, CF3COOBu, CF3COOEt, CFjCOOH, 
MeCONH2, EtGOOH,CF3COCF3, MeCOOPr, i-PrCOOMe, MeCOOEt, EtCOOMe.FCHgCOOH, EtOCOOMe,
FCH2COOEt were excluded.
As compared with series 2.1 and 2.3 the points for PhCOOMe, MeCO:HH2,CF3COCF3, 
CF3COOBu, CF3C00Pr, CF^OOEt, PhgCO, EtCOOH, PrCOOMe,t-BuCOOMe, t-BuCOMe, cy-PrCOMe 
were excluded.
Only the PA data for the aldehydes and ketones were included.
As compared with series 2.5 the point for CF^OCF^ was excluded.
Reference compound - CF^OOH (PA(XQ,Yo)=178.0 kcal/mol ),
Reference compound - Me(CN)CH~ (PA(X0,Y0)=373.7 kcal/mol).
As compared with series 3.2 the point for FCH2 was excluded.
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m - Reference compound - Me EtNH (PA(X0,Y0,ZQ) « 224.7 koal/mol)•
n - For this reaotion series in the 6th oolumn of the Table the regression coefficient 

a-j le given.
о - Only one pair-wise cross term of substituent constants X^ and Ŷ  was taken into 

account I oC «= -0.022-0.033 (see also the text) 
p - As oompared with series 4.2 the point for CF^CHJKMeg was excluded. Only one 

pair-wise cross term of substituent oonstants X£ and Yj was taken into 
aooount» oC a -0.026 - 0.010. (see aleo the text).



The results of the statistical least squares treatment 
of the data in terms of Eqn.(l) are give* in Table 1«

Discussion
Due to the more limited and less representative experi

mental material on the gas phase proton affinities of ooe- 
pounds of various classes the statistical verification of 
Eqn.(l) is much more difficult than in the case of the 
analogous analysis of non-additive substituent effects on 
the ionization potentials in terms of Eqn.(l). The situation 
is even more so complicated in the case when more than two 
substituents are involved. So, by the analogy of Ref.2 the 
study of the influence of three substituents and on
the IP-s of tertiary amines Î Y. i V  it turned out that be
cause of the statistically insufficiently representative 
set of substituents all three pair-wise product oross termsI « » , t tof internal substituent parameters X., Y. and Z. (i.e.X.Y.,t V  f t  X J K  2.JXj^ and YjẐ ) are mutually dependent^on each other as well 
as on the triple product cross-term ̂ jYjZfc • Therefore, as 
earlier^ the formal analysis of the non-additive substituent 
effects of these three substituents on PA-s of amines X^^Z^N 
was performed in terms of equation which includes only one 
pair-wise cross term of substituent constants and no triple 
cross term at all:

РА(Х±,У3,гк) =» aQ + a.,X̂  + a ^  + a ^  + o6 x\ y* (4)

The survey of the correlation statistics from Table 1 
shows that with the exception of the series 2.1 (formal si
multaneous correlation of data for aldehydes, ketones,carbo- 
xylic acids, esters and amides according to the additive 
scheme), 2*5 (the additive correlation of the data for alde
hydes and ketones only) and 3.1 (the additive correlation of 
proton affinities of carbanions X^Y^CH“) the reported corre
lations can be considered by their statistical characterise 
tics as at least satisfactory or even good (e.g., series 1.1- 
1.3, 2.2, 2.4, 2.6-2.8, 3.2, and 4.3).

219



As in the oase of ionization potentials*1 the approach 
which uses the internal operational substituent parameters 
leads, most frequently to the conclusion that, as a rule,, 
the simultaneous influence of two or more substituents on 
the proton affinities is also non-additive. At the same 
time, depending on the reaction series and on the nature of 
the concrete representatives of the latter the deviations 
from the additive scheme might vary in a rather broad range. 
So, for the process of protonization of carboxylic acids and 
their esters (series 2.7 and 2.8) the cross term seems to be 
insignificant. In its turn, for the protonization of alde
hydes and ketones (series 2.6), ethers and alcohols (1.3), 
carbanions X^CH" (3.2) and amines (4.3) the cross term is 
statistically significant.

For all series without exception the sign of regression 
coefficient ia negative, i.e. on condition that the signs 
of internal parameters and are the same the proton af
finity of the base X^ZY . is less than predicted on the basis 
of the additive scheme for a-j=a2=1 <*=0*

The analysis of the concrete experimental data for the 
reaction series recorded in Table 1 shows that, as a rule, 
the contribution of the cross term does not exceed 1-2 
kcal/mol whereas the overall substituent effect for different 
reaction series often amounts up to several electron volts. 
However, as in the case of IP-s for some series and combina
tions of substituents the non-additivity effect is signifi
cantly larger. So, for the series of aldehydes and ketones 
(series 2*6) the contribution from the cross term for PhgCO 
is - 16 kcal/mol whereas the protonization of PhgCJH" carba- 
nion deviates from additivity by - 6 kcal/mol.

Similarly, as in the case of the behavior of the IP-s 
of carbonyl compound of the general formula X^OY^ (alde
hydes, ketones, amides, carboxylic acids and esters), the 
analysis of PA-s of these compounds in terms of Eqn.(l) 
shows (see series 2.1-2.4) that aldehydes and ketones (No 2.5 
and 2.6) don't belong to the same homogenous reaction series
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with the csrbonyl compounds (amides, esters, carboxylic ac
ids) which have the lone pair of electrons located on the 
atom adjacent to the carbonyl group (see e.g. No 2.7 and 
2 .8).

For the conclusion one has to underline the urgent need 
for the significant purposeful and systematic extension of 
the experimental material on the gas phase proton affinities 
of several classes of neutral and anionic bases in order to 
conduct a more strict and statistically more founded study 
of the mutually perturbing influence of two or more substi
tuents on their gas phase basicity.
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The correlation of the ionization potentials 
of the compounds of various classes with the 
so called internal (intrinsic) substituent 
parameters has been made. It was shown that in 
several cases the substituent effects on the 
ionization potentials are non-additive. However, 
in any of the reaction series considered the 
actual realization and crossing of the iso
parametric point was impossible on the basis 
of the existing experimental data.

The analysis of the structure effects on the ionization 
potentials of several classes of aliphatic compounds in 
terms of correlation scheme which includes the so called 
external or conventional substituent constants (Taft’s in
ductive and resonance constants, the polarizability of the 
substituent and the number of hydrogen atoms attached im
mediately and in the ds -position to the ionization center) 
was used in the earlier paper of the present authors. Along
side of this approach this correlation of the substituent 
effects on the ionization potentials of 1,4-disubstituted
benzenes X. Ĉ -H.Y. ( 0Г -orbitals of b.,-symmetry) was also ?x b 4 0 1 3_5performed using the internal operational scales^ of the
äubötituent parameters. The use of the latter is especially
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convenient for the study of the mutual non-additive influ
ence of the structural, medium, temperature etc., effects 
on some function of response (ionization potential, proton 
affinity, pK of acids or bases, etc.) which characterises 
the compounds studied.

In the framework of the latter approach for example, the 
simplest case of the influence of the simultaneous non-ad
ditive homogenous or quasihomogenous interaction of the two 
substituents and on the ionization potentials of the 
compounds X^ZYj, where Z is the ionie-ation center, is de
scribed by the equation

IP(X±, Yj) = aQ+ a ^  + a2Y* + O& X ^  (1)

where ал - is the IP value for the standard оsubstituents Хл and Y .о о
â , are constants
whereas
Xi'= IP(X±, Y0) - IP(X0, Yo) (2)
and,
Yj- IP(X0, Yj) - IP(XQ, Y0) (3)

By definition, besides the theoretically expected value 
of the intercept aQ = IP(XQ, Yq), the mathematical expecta
tions of the regression coefficient â  and a2 are also a 
priori fixed, i.e. a^a^l. That reduces the possibility of 
discrimination in the case of additive interaction of the 
statistically significant (but unjustified) cross term due 
to the shifts of the aQ, a.,, and a2 values from the theo
retical values either because of the non-orthogonality of 
the used substituent parameters X£ and Ŷ  or by some other 
reasons.

On condition that Ŷ  * const Eqn.(l) reduces to the equa
tion of the straight line:

IP(X1., Yj) - ao’+ a£X* , (4)
where a0* - aQ + a,,YJ (5)
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and ,
- â  + oCyJ (6)

On the other hand, X̂  - oonet another simple linear 
relationehip holds*

IP(Xlf Yj) - a” + a2-Yj (7)
where

ao" " “o + a1̂ i (8)
and

Relationehipe (6) and (9) can be used for the definition 
and calculation of the so called isoparametric values'*, X̂  
and , of the substituent parametere Xj and Ŷ  :

Xi - Yj - -1/oC (10)

In other words, at these values of substituent parametere 
X^ and/or Y.1 the inversion of the dependence of the re
sponse function IP(Xif Y.) on the structure of one substi* 
tuent takes place while the nature of the other substituent 
changes.

In the case of the larger number of influencing factors 
(e«g*, substituents) their non-additive influence is charac
terized by the equations which are rather analogous to 
Eqn.l. So, in the case of three substituents the full re
sponse function consists besides three single terms con
taining only the characteristics of one substituent also of 
three pair-wise cross terms containing the products of sub
stituent constants and one triple cross term - the product 
of internal parametere of all three substituents.

In the present work, the statistical treatment of the 
experimental data deals mostly with the ionization potentials 
of the compounds X^ZY^ln which only two substituents are 
attached to the ionization center. Accordingly the least 
squares analysis of these data is performed in terms of 
Eqn«(l)•

The data bank on IP-s of amines X^Y-Z^N and substituted 
ethylenes Х ^ С ж С Х ^  is also rather extensive. However, due
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to the etatietically insufficiently representative set of 
these compounds it is rather difficult to choose the standard 
compounds for the calculations of the sufficiently balanoed 
sets of substituent internal parameters for the analysis of 
the influence of substituent effects in the general oaae ef 
the simultaneous influence of three or even four substituents. 
Therefore, in the oase of the latter series the statistical 
analysis of the substituent effects was performed for two 
variable subst!*”««** fT. Y СшПтт  ̂ only, whereas the series

which includes only one pair-wiae cross term and no triple

As a rule, for the comparison, alongside with the sta
tistical treatment of the data in terms of Eqn.(l) the 
hypothesis about the additive influence of the substituent 
effects was also checked (in these cases the cross term was 
not included.into Eqn.(l), i.e. o6«0).

Most of the IP values used in the statistical treatment 
are taken from the Appendix to our earlier paper.1

Both alkyl and electronegative substituents were in
volved.

The statistical data processing was performed accord
ing to the method of least squares using the program written 
by Prof. V.A. Palm. The major features of the program are 
described in Refu 6.

The inclusion of the substituent scales and that of the 
cross term was performed according to the Fisher's test (at 
the 95 per cent level). The inclusion of the data points in 
its turn was done using the Student's t-test (95 per cent 
level).

^------------
From the three possible pair-wise products of parameters 

Xi ' Yj * and Zk оп1У one was statistically independent.

of substituted 
simplified equation.

described in terms of the

cross term*.
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Bie Reeulte of the Statistical Treatment of the Ionization Potentials in 
Terne of Eqn. (l).a

Table 1

Series ao a1 a2 oC n R 8

1 2 3 4 5 6 7 8 9
1.1 10.94(0.11) 0.943

(0.024)
0.907(0.022)

-
(13)

0.989 0.10

1.2 It 10.93
(0.07)

0.986
(0.016) 0.939

(0.015)
0.252
(0.031) (12) 0.995 0.07

1.3C »1
ja

10.94
(0.04)

1.004
(0.009)

0.970
(0.009)

0.309
(0.019)

48
(9)

0.999 0.04

2.1 w 9.41
(0.09)

0.798
(0.022) 0.943

(0.025)
- 48(16) 0.989 0.09

2.2 II 9.42
(0.06) 0.933(0.022)

0.998
(0.017)

0.391(0.046) 47(16) 0.994 0.06
2.3е It

f
9.43(0.04) 0.933

(0.015)
1.005
(0.013)

0.479
(0.037)

43(12) 0.997 0.04

3.1 VjO-cBa 9.87
(0.13)

0.988
(0.079)

0.850
(0.096) - 19

(3)
0.961 0.13

3.2g it 9.88
(0.08) 0.964

(0.049)
0.884
(0.065)

- 17
(1)

0.982 0.08

3.3 и 9.88 0.996 0.860 0.078 19 0.959 0.13
(0.13) (0.085) (0.104) (0.256) (2)



1_________2_________3________4________5
3.4s X^jC-CHg

h
9.88
(0.08)

0.982
(0.054)

0.917(0.076)
4.1 10.37(0.06) 0.898(0.036) 1.009(0.030)
4.2 •I 10.37(0.01)

1.002
(0.009)

1.001
(0.007)

5.1* zl00YjJ 10.20(0.02) 0.984(0.012)
0.980
(0.013)

5.2k If 10.20
(0.04)

0.956
(0.015)

0.951(0.017)
5.3 X1C0NX2X̂ 10.05(0.22)

0.500
(0.218)

0.930
(0.123)

5.4m II 9.98
(0.07)

0.831(0.071)
1.015(0.036)

5.5 It 10.02
(0.21)

0.718
(0.254)

0.805
(0.144)

5.6Ш и 9.97
(0.07)

0.839(0.086) 1.007
(0.051)

5.7 X., COOtf} 10.79
(0.05)

0.960
(0.082)

1.032
(0.123)

5.8 XiCöY^*0 10.21
(0.25)

0.847(0.040) 0.891
(0.041)

5.9P it 10.20
(0.03)

0.982
(0.006) 0.999(0.006)

Table 1 continued
6_______ 7_________8________9

-0.150
(0.176) 17 0.982 0.08

- 23
(3)

0.988 0.06

0.396
(0.020) 23(2) 0.999 0.014

- (8)
0.998 0.03

-0.123(0.032) (8) 0.997 0.04

-
(3)

0.794 0.22

-
(1)

0.964 0.06
0.823(0.952) 15(2) 0.813 0.21

0.043(0.198) 13(0)
0.982 0.07

-0.081(0.276)
38
(14)

0.938 0.22

103
(53)

0.916 0.25

- 68
(17)

0.999 0.03
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Table 1 continued
1 2 3 4 5 6 7 8 9
5.10 XiGOYj 10.20

(0.26)
0.858
(0.068) 0.872

(0.047) 0.066(0.068) 103(52)
0.916 0.25

5.11r 1« 10.20
(0.02)

0.990
(0.014)

1.004(0.006) 0.116
(0.014)

70
(18) 0.999 0.02

6.1 W k NS , 8*73(0.15)
1.039v (0.112)

0.976
(0.096) 1.284t,U(0.300) 19

(1)
0.946 0.15

6.2 II 8.68
(0.17)

1.029(0.110) 1.063(0.118)
0.920t,V
(0.420) 19

(1)
0.948 0.15

6.3 n , 8.73 (0.07)
0.920
(0.046) 0.988

(0.048)
1.136*'"
(0.168) 17

(1)
0.990 0.06

Footnotes:
a - In columns 3-6 in the parenthesis under the regression coefficients a^a^aj, and oC 

are given their error limits; the dash in colum 6 веапе that the cross-term was 
not included into the Bqn.(l); n - the number of points, in the ваше column, under 
its values in the parenthesis is given the number of the degrees of freedom f ■ n 
minus the number of regression coefficients minus the number of data points.used 
for the derivation of the substituent parameters; R - multiple regression coeffi
cient; 8 « standard deviation (in eV). 

b - Reference compound - methanol (IQ-Me, *0*H; IP(XQ» YQ)-10.94 eVj.



As .compared with series 1.1 and 1.2 the points lor Pĥ O, ICHjCHjOile and PhOCH=CH2 
were excluded.
Reference compound - MeSH (IQ-Me, *0«H; IP(X0, YQ) - 9.44 eV).
As compared with series 2.2 the points for 2-BuSEt, EtSCH ■ CHg, PhSCHgSiMe^, were 
excluded.
Reference compound - MeCH » CH2(IP(Xo, Yq) о 9.88 eV).
As compared with series 3.1 and 3.3'the points for Me(Pr)C « CHg and EtgC « CH^ were 
excluded.
Reference compound MeC»CH; IP(XQ» Yq) «= 10.37 eV.
Aldehydes and ketones only are included; the points for UeCOPr, t-BuCHO, i-BuCHO, 
CP3C0CC13, t-Bu2C0, i-PrC0(t“Bu), CFjCOCPy  (CICHgJgCO, and ClgCHCCSSe does not fit that 
correlation.
Reference compound - acotaldehydo; IP(XQ» Yo)°10.20 eV.
The points for MeCOPr, t-BuCHO, i-BuOHO, CPjCOCClj, t-BUjCO, i-PrC0(t-Bu), (ClCHg^CO 
and CljCHCCMe does not fit that correlation.
Reference compound - MeCONH^; Y0)“9.96 eV; only the points for amides rrsns
included.
As' compared with the series 5.3 and 5.5 the points for (MejB^C0 and Me^CGHHBe were 
excluded.
Reference compound - acetic acid; IP(Xo, YQ)"10.84 eV; only the points for carboxylic 
acids and their esters were included.



The simultaneous formal correlation of data for aldehydes, ketones, amides, esters, 
carboxylic acids and their halogen anhydrides.
As compared with series 5.8 the points for ClCHgCOCl, PgCO, (MegHjgCO, CCl^COCl,
i-Pr00UEt2, H2C«CHCOCMe, MeNHCQNMe2, HC«CCOQH, Ph^O*, i-BuCHO, lle^NCONHg,i-PrCOCMe, 
HgNCONHMe, CP^OOH, ClgCHCOCl, CPjCOCClj, t-BuCOPh, (HgNjgGO, ClCHgCOOH", tH2C-CH)2CO, 
GP^CUCPj, ClgCHCOMe*, i-PrCOOH, PhCOCHgCl, HgC-CHCOQH, BtCOQH, (C1CH2 )2C0, CF3CONH2 , 
MeCOOH, i-BuCOOH, CCl3C0Me, CPjCOOBI?, PrGOOH, BuCOOH, i-PrCO(t-Bu) were excluded.
As compared with series 5.8 and 5.10 the points for GlCHgCOCl, (Me2N)2C0, i-PrCQNEt2, 
P2G0, H2G-CHCOGIle, UeHHC0NMe2fPh2C0, HG«CCOOH', Me2NG0NH2 , i-BuCHO, MeNHCQNH2 , CC13C0C1, 
ClgCHGOCl, GP3G0GG13, t-BuCOPh, i-PrCOOMe, C^COOH, (HgNjgCO. (HgC-CI^CO, ClCHgCOOH, 
GlgGHGOMe, (СР^)2С0, GP3COOBt, t-Bu2GO, i-PrCOOH, H2C-CHG0NH2 , PhC0pH2Cl, PrCOOMe, 
(G1QH2)2G0, CP3CONH2 , HgC-GHGOOH, PrGOOBt, BtCOOH.were excluded.
Reference compound Et(Me)NH, IP(XQ, YQ, Zo>*8.73 eV.
Regression coefficient a3 at Z^.
The cross terms were not included into the correlation equation.
Only one pair-wise product cross term was statistically independent; the corresponding 
regression coefficient об *0.790-0.650.
Only one pair-wise product cross term was statistically independent; the corresponding 
regression coefficient oo * 0.802-0.263* As compared with series 6.3 the points for 
NH3 and MegNOMe were excluded.



The results of the least squares analysis of the use of 
the internal substituent parameters for the correlation of 
IP-s in terms of Eqn.(l) are given in Table 1.

Discussion
According to the statistical characteristics and the 

range of variation of IP-s included into correlation equa
tions from Table 1 one has, from the purely mathematical, 
formal viewpoint, to acknowledge that in most cases (even 
while using the additive scheme) the internal substituent 
parameters lead, to at least satisfactory description of the 
dependence of IP-s of the compounds of many classes on their 
structure (standard deviations range from 0.04 to 0,25 eV).

At the same time, Table 1 also shows that especially in 
terms of the additive scheme the above-mentioned theoretical 
expectations about the values of the intercept aQ and re
gression coefficients a1 and a2 are frequently far from 
being fulfilled (i.e. aQ 4 IPU0, YQ) and a1 a2 lj see 
series 1.1, 2.1, 3.1, 3.2, 4.1, 5.1, 5.3, 5.4, 5.8). In the 
framework of the additive approach the latter conditions 
might tell either about the really non-additive substituent 
effects or about the non-orthogonality of the internal sub
stituent parameters, or about both of these matters simulta
neously. The latter approach assumes that in their turn,the 
theoretically expected values of regression coefficients aQ,
a.j, and a2 evidence at the Reasonable (i.e., comparable 
with the experimental error) standard deviation of the cor
relation and sufficient number of the degrees of freedom 
about the additive homogenous or quasihomogenous influence 
of the given set of substituents on the response function,
i.e. in the present case - IP- of various aliphatic compounds.

Naturally the reeults of the use of the non-additive 
model (1) for the correlation of the additive influence of 
the substituent effects should coincide with those in the 
fra/nework of the additive approach while using the Eq.(l) 
without the cross-term.

One can see from Table 1 that within the error limits
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the substituent effects are additive for disubstituted 
athylenee X±Y,C«CH2 (feries 3.1 - 3.4) and for carboxylic 
acids and their ester« (series 5.7).

Rather weak but still statistically significant is the 
non-additive influenoe of two substituents in aldehydee »тк* 
ketones (series 5.11, the maximum deviation from additivity 
does not exceed 0,05 eV), in amides (series 5.3-5.6, the 
maximum deviation from the additivity is for HCOHEtg 0,07 eV).

Somewhat more important are the non-additivity effects 
in disubstituted aoetylenes (series 4.25 the maximum devi* 
ation from the additivity (FCSCSilIe3) is 0.28 eV), in ethers 
and alcohols (the deviation for the t-Bup0 is 0.44 eV), and 
in the sulfides and aeroaptanes (PhgS deviates by 0,45 eV),

Most probably, the substituent effects in amines X^Y.Z^N 
are also non-additive (series 6,1-6,3), So for MeCäm2 the 
non-additivity effect amounts up to 0,42 eV. .

The attempt of the simultaneous correlation of the data 
for various classes of carbonyl containing compounds X^COYj 
(series 5,8-5,11) shows that at least in terms of the in
ternal substituent parameters aldehydes and ketones are not 
competitive with the amides, halogen anhydrides, carboxylic 
acids and their esters, i.e. with the carbonyl oompounds 
which have the lone electron pair on the atom which is ad
jacent to the CO-group,K At the same time it could be men-*, 
tioned that the sign of the regression coefficient oC/ is 
negative only for the series of aldehydes and ketones (5.2), 
One, however, has also to keep in mind that in the case of 
the latter series the conditions a.j-ag-l.O are probably not 
yet closely enough fulfilled and therefore the simple ad
ditive correlation 5.1 with oO »0 and with even.lower stand
ard deviation s seems more preferable.

In the rest of cases (see Table 1) oO is positive which 
naans that the mutually perturbing influence of two sub
stituents X. and Y. results in the relative increase of the1 J
n 'fbe analogous separation of the various classes of carbo
nyl compounds was notioed'on the basis of the analysis of
the dependences of their ionization potentials on their 
proton affinities and core level IsO bonding energies of the carbonyl oxygen atom,
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IF of the о о ш р о ш а б а - as compared with the oorrespaadlng 
values calculated on the basis of the additive soheae as- 
turning a>*a„»l and 06 »0. The comparison of the calculated 
on the basis of Table 1 isoparametric values -a^/oC - -ь^/об« 
Xj - с f j nith the real concrete values of the experimentally 
determined Internal substituent paraaeters and Y^ shams 
that not in a single above-considered case the isoparaactrie 
phenomenon can be realized in practice.

In other wordsr the inversion of the direction of the 
substituent effeofcs on the energetios of the gas phase tram*» 
fer of the neutral molecule into the cation-radical does not 
take place in reality.

*fr*«aagM_
1. IJ l . Koppel, U.H. Mölderc and R J «  Pikvore This journal,

2Ü9 380(1981)
2. U .  Koppel, and U.H. Mölderp ibid., 21,234 (1984).
3. B.I. Istomin and V.A. Biransky, ibid., ^,215,231(1978).
4. B.I. Istomin, ibid., 1£,226(1978)
5. T»Ac Palm, Foundations of the Quantitative Theory of

Organic Reactions, Khimiya, Leningrad,1977.
6. A. Urie A. Tuulmets, and V„ Pal®, This Roomal, 20, 122

( 1983) .

7» IoA. Koppel, U.H. Mölder, and R.J. Pikver, This journal, 
21, 457(1980).

235



Organic Reactivity 
Vol.21. 2(74) 1984

ISOPARAMETRIC EFFECTS AND IONIZATION POTENTIALS 
OF 1,4-DISUBSTITUTED BENZENES
I*A. Koppel and U.H. Mölder 

Laboratory of Chemical Kinetics and Catalysis of Tartu 
State University, 202400, Tartu, U.S.S.R.

Received April 11, 1984

It wae established that the influence of 
the structural factors on the ionization poten
tiale (IP) of 1,4-disubstituted benzenes 
IiC6H4Y. is non-additive and is described in 
tenns of Eqns.(4) and (9) which formally quan
titatively characterize the dependence of IP on 
the structure of 2  ̂and •

At the present time several factors are known the influ
ence of which on the physical, physico-chemical and chemioal 
properties of organic compounds is non-additive.1"1'5

The isoparametrical effect16 is the result of such non- 
-additive interactions.

In this paper the analysis of substituent effects on 
IP-s of Jf-orbltals of b1 type of symmetry of 1,4-disubsti- 
tuted benzenes "Yj has been performed.

It means that one of the simplest ways to study the mu
tually dependent substituent effects is through the use of 
the so called internal operational scales7 X^ and Yj of 
substituents, and Y^:

IP(Xi»Yj) - aQ + a ^  + a2Yj + cCX* Yj ,

where a is the IP value for the standard оsubstituents Хл and Yftо о
Г ± - IP(X±, Y0) - IP(X0, Y0)
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aud ,
- IP(X0, Yj) - IP(X0, Y0) (3)

Naturally characteristics of substituents defined by 
Eqns.(2) and (3) should be, preferentially, applicable for 
the correlations of IP values because in some sense they 
account for the substituent effects more adequately than the 
wide-spread general-purpose scales of the substituent con
stants.^»18 On the other hand, the use of the formalism 
of thet< polylinearity principle in the form of Bqn.(l) is 
also very convenient from the purely mathematical viewpoint 
because for all regression coefficients (*0»*i end a2) but 
a i their mathematically expected values are known in ad
vance 1 '16

Indeed, for the coefficients of Eqn.(l) the theoretioal 
value of aQ IP(XQ, YQ) is determined by its definition and 
the expected values of â  and a2 are determined \by the sim
ple relationship 8^ 82-1 • On condition that these require
ments are fulfilled it is evidently much simpler to evalu
ate also the statistical significance of the really unbiased 
regression coefficient 06 which is included into the oross 
term of the H.ght-hand side of Eqn.(l).

All IP values for 1,4-disubstituted benzenes X^CgH^Y^ 
used in the present work were taken from various literature 
sources.

The IP(H,C1)«9.10 eV was used as referenoe. The internal* t 9substituent constants X^ (11 values) and Ŷ  (23 values) were 
calculated according to Eqns.(2) and (3). ^

The final statistical least square analysis of the exper
imental data in terms of Eqn.(l) leads to the following re
lationship * :

* Here and in the following text the statistical errors 
of the regression coefficients are given in parenthesis 
whereas в is the standard deviation, n - the number 
of points and r - the correlation coefficient.
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IPdi9T3)-9,07(0e01)+1.10(0.02)I*+1.02(0.02)Yj +
+ 0.48(0.03)X^Y* (4)

г ■ 0.995; s = 0„0в ©7 and п • 55

nhich with the excel!ont precision reproduceи the 
dependence of the experimental IP values of the 
l94-disubstituted benzenes on their structure« Tho 
cross term is without no doubt ( об*0.48*0.03) sta
tistically significant. Nevertheless9 the isopara» 
astric point * $!j « —1/ aO ■ -2.08т is not real
izable in the experiment for both substituentsB X^ 
and Т.о

It should be mentioned that in the literature16®1® for 
the quantitative study of the non-additive influence of the 
substituent effects on the various physico-chemical charac
teristics one usually uses in Eqns. of type (1) the Hammett- 
-Saft substituent constants ( (Г, G a , r f “, t f 0, £TR- , б4-,

о ) instead of the internal substituent parameters« 
Š& the same time it is essential that in the case of homo
genous or quasi-homogenous influence both approaches should 
leade in principle, to the comparable results.

For the sake of obviousness and simplicity of the ap
proach (but, unfortunately, to some detriment of its strict
ness) the present analysis of the non-additive substituent 
effects on the IP-s of <Jf -orbitals of b̂  symmetry of the
1,4-substituted benzenes in teiras of the so called external 
soales of substituent constants has been made using the 
simplest "practical" scale * of Hammett -constants 
(or and a +) &

One can see from Table 1 that the experimental data on

Corresponds to IP =» 6.99 eV« 
фф It is self-evident that the more strict approach should 

use instead of the composite non-homogenous <7% 
and O *  the combinations from the inductive ( & ° 9 öj» 
etc.) and resonance ( 0~R* or ^°R) constants«
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IP-e of b1 type of eynmetry for the compounds
for the fixed Y. are described by the simple equations of the 
following type (compare also with Ref. 19):

IP = (IP)0 + /><5х± (5)
where (Jt is the substituent constant for the X. group,

Л1 1 
(IP)0 is the IP value for X^H and J O  - is the
constant characteristic for the series of com
pounds with fixed Y..U

Table 1
The Results of Regression Analysis of IP of 1,4-Di- 
substituted Benzenes in Terms of Eqn.(5)a

Y3 (IP)0 P
r s n

1. H 8.91(0.01) 1.32(0.06) 0.981 0.14 20
2. Me 8.56(0.01) 1.18(0.09) 0.968 0.17 14
3. P 8.98(0.01) 1.04(0.27) 0.914 0.20 5
4. Cl 8.92(0.01) 1.31(0.11) 0.958 0.19 14
5. Br 8.75(0.07) 1.26(0.16) 0.938 0.22 11
6. MeO 8.17(0.01) 1.02(0.09) 0.957 0.15 13
7. EtO 8.34(0.09) 1.01(0.17) 0.933 0.23 7
8. ш ? 7.99(0.01) 0.73(0.11) 0.908 0.15 12
9. Ш е  £ 7.44(0.07) 0.65(0.13) 0.854 0.17 11
10. NO 9.17(0.01) 1.26(0.22) 0.946 0.24 6
11. CF3 9.52(0.23) 1.54(0.72) 0.835 0.28 4
12. NO 8.81(0.03) 1.22(0.14) 0.993 0.11 3
13. OH 8.50(0.01) 0.94(0.17) 0.947 0-16 ГУ i .
a - The errors of regression coefficients are given i.a 

parenthesis, r - correlation coefficient, s -«staadari 
deviation (in eV), n - the number of points.

Table 1 clearly reveals that the sensitivity jQ of the given 
series of compounds towards the variation of the substituent 

is rather different for the various reaction seriea (for 
Ŷ = NMe2 thejO value is 0.65 whereas for Y.» Ж>2 it is al
ready 1.55) which evidences about the non-additive effect o'
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Xi and Yj on IP values of the above-mentioned compounds. In 
other words, the intensity of the influence of X^ on IP 
values depends on the nature of Y. and vice versa. This sit
uation is described by the following equation:

1.16(0.01) + 0.59(0.04) <TX (6)
where r = 0.983; s * 0.06 eV and n « 12 

and visualized in Pig. 1.

Pig. 1. The dependence of the sensitivity of 
ionization potentials of 1,4-substituted 
benzenes X^CgH^Y^ towards the change of 
Xi~group (at Y =const) on the variation of 
the substituent constant (0~) another 
substituent Y.J
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On the other hand, the rather satisfactory linear rela
tionship (see Pig. 2) holds also between the values of the 
slope (O ) and intercept ((IP)0) of Eqn.(5).

7 в 9 Ю
( I P)0

Pig. 2. The relationship between regression coefficients
of Eqn.(5)-y? and (IP)Q values - for the series
of 1,4-disubstituted benzenes X.C^H.Y.l 6 4 j

It follows from the above-said that in the case of 
using the external substituent constants for the description 
of the non-additive influence of two substituents Xi and Y. 
the equation which is formally analogous to Eqn.(l> holds*

(7)IP(Xi,Yj)=ao + a1 + a2 & Y .  + '*•' ̂X, ̂ Y. i
» 1 « J 1 where a 0 , a^, a^, and o C - a re  c o n sta n ts.

On condition that ( J ^  = const Eqn.(7) transforms into 
relationship (8): ^
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IP(X±»Yj) - (aQ + a2 õ^.j) + (a1 , (®)
which for (a^ + &2'O '? ) = (IP>o ^
. * ^  J

ai + oC O y " _P is identical to Eqn.(5)*j ^ .One can see, that at a certain critical condition
■ “в^/об the IP(X^, Yj) values shovild lose the sensitii 
vity (JO -0) towards the variation of substituent 2^ •
In the region behind that critical point the inversion of 
the general trend (the change of the sign ofß  -value) of 
the influence of substituents on IP-values of these com
pounds can follow.

The statistical least squares treatment of 73 IP values 
from literature in terms of Eqn.(7) leads to the following 
equations

IP(Xi,Yj)»8.66(0.03)+1.36(0.09)(TXi+ 1.24(0.06) (TY +

+ 0.47(0.17) <5V (9)
Ai *j ’

wtiere r = 0.958 and s = 0.24 eV.
According to its statistical characteristics the latter 

equation is somewhat less accurate than that of Eqn.(4).
This could be connected either with the purely practical 
preferences of the inner substituent scales (vide supra) or 
with the potential shortcomings of the used sets of exter
nal substituent Cf -constants.

However, these circumstances do not concern the major 
qualitative consequences of the present work. So, according 
to the isoparametric value (<5y. = “2.9 and. IP^S.l eV) 
of the О  -constants calculated from Eqn.9 it is evident that 
the above-made (on the basis of Eq.(4)) conclusion about 
the impossibility of the experimental realization of the 
isoparametric point on the example of the IP of 1,4—disub— 
stituted benzenes still holds. On the other hand, without 
any doubt Eqn.(9) confirms also the inference about the non- 
-additive influence of the substituents in the case of these 
compounds.
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It is interesting to notify that despite the rather close 
relationships between the IP of valence and inner shell elec
trons the analysis of data from Ref. 21 leads to the prelimr 
inary tentative conclusion that in the case of the latter 
quantities the similar non-additivity for 1,4-disubstituted 
benzenes does not take place.

On i the other hand, the data treatment made in this work 
also shows that in the case of IF-s of the orbitals of another 
type of symmetry-ag- the influence of the substituents 
and Yj on the corresponding IF-s of 1,4-disubstituted benzenes 
is practically additive.
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