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Summary. The dehydration kinetics of crystallohydrates of beryllium, magnesium and calcium sele-

nites were studied under non-isothermal conditions. The values of the activation energy of dehydration,

the pre-exponential factor in Arrhenius equation and the change of entropy for the formation of the

activated complex were calculated using the calculation procedure of Coats and Redfern. Thermal

stability and activation energy of dehydration of the crystallohydrates were found to increase by the

same order. The relationships observed were interpreted using Klopman’s generalized perturbation

theory of chemical reactivity. The same theory was applied to explain the differences in the IR spectra

of the selenite crystallohydrates studied.

Keywords. Beryllium, magnesium, calcium, strontium and barium selenites; Non-isothermal kinetics

of dehydration; Kinetic compensation effect; Generalized perturbation theory; IR-spectroscopy.

Introduction

Within the general tendency of rapid development of many new industries –
electronics, telemechanics, and connected with them productions of semiconduc-
tors and luminophores [1, 2] – selenium and its compounds became much more
significant from scientific and practical points of view. Selenium compounds in
oxidation state þ4 have versatile practical applications. The salts of the selenium
acid – selenites – are used as micro-fertilizers and repellents in agriculture [3, 4],
as catalysts in organic synthesis [5], for quantitative determination of some metals
forming slightly soluble selenites [6, 7], etc. They are precursors for preparation of
pure selenides of stoichiometric composition [8, 9], which also possess valuable
semiconductor properties. Besides, they are important intermediate products in the
technology for production and purification of selenium [10]. Some of them can be
found in polymetallic ores as individual minerals [11] but most of them have been
synthesized in laboratories only. The selenites are also used as pigments for glasses
and enamels [12, 13] and, recently, as antioxidants in medicine.
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The crystallohydrates of beryllium and selenium have already been studied and
described [15, 16]. The monohydrate and dihydrate of beryllium selenite have been
discussed in Ref. [15], the tetrahydrate BeSeO3�4H2O – in Refs. [15–17]. The
authors have shown X-ray diagrams and IR spectra of these compounds.

Opposite to the normal beryllium selenite, magnesium selenite has been more
thoroughly studied [18–25]. Preparation and some properties of MgSeO3�6H2O
have been reported in Refs. [19–28]. The crystallohydrate MgSeO3�2H2O has
been studied by chemical and X-ray phase analysis [29]. The normal selenite
MgSeO3�3H2O has been described in Ref. [30]. Its chemical composition was
proved by chemical, X-ray phase, and thermal analyses. Later, the field of equilib-
rium existence of MgSeO3�6H2O was also reported. Using thermogravimetric anal-
ysis, the existence of amorphous anhydrous MgSeO3 was proved and its IR spectra
were recorded [31]. Some authors [18, 27] have studied in detail the decomposition
of MgSeO3�6H2O under heating by thermogravimetric and chemical analyses. It
was found that the compound lost its water of crystallization within the interval
443–473 K to transform into an X-ray amorphous product. The latter crystallized
exothermally at 743 K. The decomposition of the salt to selenium dioxide and
metal oxide occurred from 1003 to 1113 K.

Publications [18, 20, 25, 27, 32] described the preparation of normal selenites
of calcium (CaSeO3�H2O and CaSeO3) and some of their properties were studied.
A detailed study of the system CaSeO3–SeO2–H2O was reported in [33]. A solu-
bility isotherm of the system was studied and the fields of equilibrium existence of
the phases were found. Thermogravimetric analysis showed that the crystallohy-
drate dehydrated in the temperature interval 681–761 K and loses 9.59% of its
weight in the interval 806–1106 K to transform into crystalline CaSeO3 – (I) or
�-CaSeO3. An endothermic effect was observed in the interval 1106–1116 K
attributed to recrystallization, with �-CaSeO3 transforming into �-CaSeO3 at tem-
peratures above 1116 K.

Synthesis and properties of strontium and barium selenites were studied and re-
ported in Refs. [18, 20, 25, 27, 32, 34–36]. The following normal selenites were in-
vestigated and described: SrSeO3�3H2O, SrSeO3, and SrSeO3�nH2O (n¼ 0.6–1.0);
BaSeO3�H2O, and BaSeO3. The comprehensive review of Verma [37] did not con-
tain dehydration kinetics data for the different crystallohydrates of these selenites.

The aim of the present paper is to study the dehydration kinetics of selenites of
alkaline-earth elements under non-isothermal conditions and to interpret the rela-
tionships observed in terms of the generalized perturbation theory of chemical
reactivity.

Results and Discussion

Figure 1 shows the TG, DTA, and DTG curves of thermal dehydration of
BeSeO3�6H2O, MgSeO3�6H2O, and CaSeO3�2H2O.

As can be seen from Fig. 1, the TG curves had two steps, which correspond to
two endothermic effects on the DTA curves. It means that the dehydration occurred
in two stages. According to the TG curves for BeSeO3�6H2O and MgSeO3�6H2O,
the first step corresponds to the release of 3 mol of water and formation of the
corresponding trihydrates. The second step results from the dehydration of the
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trihydrates to anhydrous selenites. The first step in the TG curve of CaSeO3�2H2O
corresponds to its dehydration to monohydrate and the second one to dehydration
to anhydrous selenite. It means that two structurally and energetically nonequiva-
lent crystal water molecules can be distinguished. This can be rationalized by the
structures of magnesium selenite trihydrate and calcium selenite dihydrate shown
in Scheme 1 [54].

It is well known [55] that the smaller the cation radius, the higher is its hydra-
tion number and the stronger the hydrating molecules are bonded. It means that the
maximal amount of crystal water should be expected to decrease from top to
bottom of the Periodic table group. Indeed, beryllium and magnesium selenites

Fig. 1. TG, DTA, and DTG curves of: 1 – BeSeO3�6H2O; 2 – MgSeO3�6H2O; 3 – CaSeO3�2H2O

Scheme 1
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crystallize as hexahydrates while crystallohydrates of barium selenite have not
been reported.

Using the data for the corresponding steps of the TG curves for the three
selenites, their degrees of dehydration (�) were calculated and, according to the
equations presented in Table 1, further calculations were performed to find the
equations which give the maximum values of the coefficient of linear regression
R2. Figures 2 and 3 show the linear plots obtained for the kinetic equations, which

Table 1. Kinetics parameters of non-isothermal dehydration of some selenite crystallohydrates

Parameter First stage

BeSeO3�6H2O MgSeO3�6H2O CaSeO3�2H2O

R2 0.9985 0.9938 0.9985

n 0.96 0.97 1.01

E=kJ mol�1 44.4 46.9 55.9

A=min�1 4.40�105 8.46�105 8.98�106

Tp=K 398 393 343

��S6¼=J mol�1 K�1� 182 176 155

Parameter Second stage

BeSeO3�6H2O MgSeO3�6H2O CaSeO3�2H2O

R2 0.9969 0.9969 0.9994

n 1.02 0.99 0.98

E=kJ mol�1 102.0 159.8 86.8

A=min�1 1.05�109 3.38�1011 2.28�108

Tp=K 673 543 533

��S6¼=J mol�1 K�1� 121 72 132

� �S6¼-values are calculated at the corresponding peak temperature Tp

Fig. 2. Kinetics curves of non-isothermal dehydration (first stage) of: 1 – BeSeO3�6H2O; 2 –

MgSeO3�6H2O; 3 – CaSeO3�2H2O
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gave the maximum values of R2. In all the cases studied, it turned out to be the so-
called mechanism non-invoking equations with values of n, close to unity.

As can be seen from Figs. 2 and 3, the corresponding straight lines crossed at
the so-called isokinetic point with accuracies of �2 and �10 K, respectively. From
the first stage it is 494 K, and from the second one 1319 K. The kinetic parameters
obtained with this calculation procedure and describing the dehydration of the
selenites studied are shown in Table 1.

It can be seen from Table 1 that the kinetic straight lines are characterized by
high values of the correlation coefficient R2 thus, most probably, the kinetic equa-
tion is the classic equation for reactions of first order (n¼ 1). Comparing the values
of E for the dehydration of BeSeO3�6H2O and MgSeO3�6H2O for the two stages,
they were found to be higher for the latter. It means that its thermal stability is
higher. Taking into account the fact that the dehydration of calcium selenite is
connected with a release of only one water molecule whereas the dehydration of
beryllium and magnesium produce three water molecules, it may be assumed that
the dehydration of calcium selenite is more difficult compared to the others per mol
of water. On the other hand, it is well known that the maximal value of the number
of molecules of crystallization water decreases from beryllium (hexahydrate) to
barium (dehydrate) selenite. Hence, beryllium can form crystallohydrates rich in
water but their thermal stability is low. Moving from top to the bottom of the group,
the crystallohydrates contain a decreasing amount of water but their thermal sta-
bility increases. It is generally accepted [56] that the reactions proceed under
diffusion control at values of the activation energy lower than 100 kJ�mol�1

whereas at higher values they proceed under kinetic control. Obviously, the release
of the first portions of crystallization water occurs as reaction under diffusion
control whereas the release of crystallization water during the second stage pro-
ceeds as reaction under chemical kinetic control. Such a tendency in the thermal
behavior of the crystallohydrates of the selenites of the IIIA group of the Periodic
table has been reported in Ref. [57] and described by Klopman’s generalized
perturbation theory of chemical reactivity [53].

Fig. 3. Kinetics curves of non-isothermal dehydration (second stage) of: 1 – BeSeO3�6H2O; 2 –

MgSeO3�6H2O; 3 – CaSeO3�2H2O
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According to the empirical Pearson’s order of orbital electronegativity of
cations in water [53], the small size of the Be2þ ion behaves as ‘‘hard’’ acceptor
of electrons whereas the large sized Ba2þ ion – as ‘‘soft’’ acceptor. In this con-
nection, SeO2�

3 ion (soft donor of electrons) would form weaker bonds with the
beryllium ion and stronger ones with the barium ion. This explains the lower
thermal stability of beryllium selenite crystallohydrates and the higher thermal
stability of calcium and especially strontium selenite monohydrates. Studying
the decomposition kinetics of Group IIA and IIB hydroxides, L’vov and Ugolkov
[58] also observed a tendency of increase of thermal stability and the values of
activation energy of the process from top to bottom of the groups. The E param-
eters of the Arrhenius equation (in kJ�mol�1) are as follows: 124.8 (Be), 166.4

Fig. 4. IR-spectra of: 1 – BeSeO3�6H2O; 2 – MgSeO3�6H2O; 3 – CaSeO3�2H2O; 4 – SrSeO3;

5 – BaSeO3
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(Mg), 172.9 (Ca), 181.7 (Sr), 173.4 (Ba), 122.0 (Zn) and 124.7 (Cd). This fact once
again confirms the suggestion made by the authors about the existence of a rela-
tionship between the thermal stability of compounds and the activation energy of
their decomposition under heating and the radius of their ions and their ‘‘hardness’’
or ‘‘softness’’.

As can be seen from Table 1, the system with a higher entropy change �S6¼ will
require less energy E for its thermal dehydration [57, 59]. This dependence is more
pronounced at the second stage of dehydration.

The IR spectra registered also confirmed the tendency of increase of the crystal-
lohydrates’ thermal stability with increase of their cation’s radius found (Fig. 4).

Figure 4 shows that the spectra of BeSeO3�6H2O, MgSeO3�6H2O, and
CaSeO3�2H2O in the ranges 3600–3000 and 1650–1300 cm�1 contain absorption
bands which were not found in the IR spectra of anhydrous SrSeO3 and BaSeO3.
The bands with maxima at about 3450 cm�1 are due to stretching vibration of the
O–H bond whereas these at about 1650–1500 cm�1 are due to deformation vibra-
tions of the water [60–64] in the crystallohydrates. The second absorption band is a
doublet, which shows that there are two types of crystallization water (see Scheme 1).
This was confirmed also by the splitting of the bands at 3305 and 3185 cm�1 for
CaSeO3�2H2O. Such splitting was not observed for the hexahydrates but the band
is much wider. Probably, the large number of molecules masks the split and the
band is registered as wide and intensive. It should be noted that the bands corre-
sponding to the deformation vibrations of water molecules shift to higher frequen-
cies from BeSeO3�6H2O (1504 cm�1) to CaSeO3�2H2O (1469 cm�1). Since strong
interactions between water molecules and cation result in decreased force constants
within the bonding of water molecules, the bands are shifted toward lower fre-
quencies. This is an indication that the bond strength of the water molecules in the
crystallohydrate increases in the same direction. A series of absorption bands
characteristic for selenites were observed in the low frequency part of the spectrum
(1100–400 cm�1) [60–64]. Besides, this part of the spectrum becomes more
detailed with the decrease of crystallization water. Obviously, it leads to overlap-
ping of some bands so the symmetric and asymmetric stretching vibrations in the
selenite anion could not be registered. This was considered to be another confirma-
tion that Klopman’s generalized perturbation theory of chemical reactivity explains
very well the tendency found in the change of the thermal stability of the selenites
studied in relation to their dehydration.

Experimental

Materials

The selenites selected for investigation were synthesized from the following metal salts: beryllium and

magnesium sulfates and calcium, strontium, and barium nitrates. All the salts used were at least of

99.9% purity. The sodium selenite was synthesized by the authors from SeO2 and NaOH with a content

of the main component of 99.9%. All metal salts were used as aqueous solutions and mixed in

stoichiometric ratios. After precipitation, the selenites were kept in the native solution for 15 days

for crystallization. Then, the compounds obtained were separated from the solution and the foreign

ions were removed by filtration and washing with distilled water. Further, they were dried at room

temperature to constant weight. The selenites were characterized by chemical and X-ray phase
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analyses. The chemical analysis for the metal ions was performed complexometrically at pH¼ 10 with

eriochrome black T as indicator [38] whereas the selenite ions were determined both iodometrically

and gravimetrically [39]. The X-ray determination was carried out on a URD-6 apparatus (Germany).

According to our data obtained from X-ray powder analysis and Ref. [21], MgSeO3�6H2O crystallizes

in the hexagonal system, space group P63=mmc, with a¼ 8.9618 and c¼ 8.9116 Å. BeSeO3�6H2O

studied also crystallizes in space group P63=mmc, with a¼ 9.0714 and c¼ 8.8824 Å. CaSeO3�2H2O

crystallizes in the orthorhombic system, space group Pmmm, with a¼ 10.3463, b¼ 10.1363, and c¼
9.0182 Å. The thermogravimetric analysis was carried out on a derivatograph of system F. Paulik – I.

Paulik – L. Erdey (MOM, Hungary). Samples of 100 mg were used for the experiments. The TG, TDA,

and DTG curves were recorded graphically with 1 mg sensitivity. Alumina was used as a standard

reference material. The IR spectra were registered on spectrophotometer Specord – 75 (Carl Zeiss,

Germany). For this purpose, 1 mg of the samples was pressed with proper amount of KBr into tablets.

The spectra were taken at room temperature.

Since some controversial data have been published on the number of molecules of crystallization

water, the crystallohydrates obtained were subjected to precise chemical and thermogravimetric anal-

yses. These compounds were found to be: BeSeO3�6H2O, MgSeO3�6H2O, CaSeO3�2H2O, SrSeO3 and

BaSeO3.

Mathematical Background

Dehydration of crystal hydrates is a solid-state process of the type shown in Scheme 2. The kinetics of

such reactions is described by various equations taking into account the special features of their

mechanisms. The reaction rate can be expressed through the degree of conversion � according to

Eq. (1) where mo, mf, and mi are initial, final and current (time t) mass of the sample, respectively.

� ¼ mo � mi

mo � mf

ð1Þ

Generally, the kinetic equation of the process can be written as shown by Eq. (2) [40].

d�=dt ¼ kðTÞfð�Þ: ð2Þ

The temperature dependence of the rate constant k for the process is described by the Arrhenius Eq. (3)

where A is the pre-exponential factor, T is the absolute temperature, R is the gas constant, and E is the

activation energy.

k ¼ A expð�E=RTÞ ð3Þ

Substitution of Eq. (3) in Eq. (2) gives Eq. (4).

d�=dt ¼ A expð�E=RTÞfð�Þ: ð4Þ

When the temperature increases at a constant rate (Eq. (5)), Eq. (4) can be rearranged to give Eq. (6).

dT=dt ¼ q ¼ const; ð5Þ

d�

dT
¼ A

q
expð�E=RTÞfð�Þ ð6Þ

The conversion function f(�) for a solid-state reaction depends on the reaction mechanism and can

generally be considered to be as shown by Eq. (7) where m, n, and p are empirically obtained exponent

factors, one of them always being zero [41].

fð�Þ ¼ �mð1 � �Þn½�lnð1 � �Þ�p ð7Þ

Scheme 2
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After substitution in Eq. (6), separation of variables, and integration, Eq. (8) was obtained.

ð�
0

d�

�mð1 � �Þn½� lnð1 � �Þ�p ¼
A

q

ðT
0

exp � E

RT

� �
dT ð8Þ

The solutions of the left hand side integral depend on the explicit expression of the function f(�) and

are denoted as g(�). Their algebraic expressions are presented in Table 2.

Table 2. Algebraic expressions of f(�) and g(�) for the kinetic models of solid-state reactions

considered in the present work

Symbol f(�)¼�m(1��)n

�[�ln (1��)]p
g(�)¼

ð�
0

d�

fð�Þ¼ kt
Reaction model

1. Chemical decomposition process or mechanism non-invoking equations

F3=2 (1��)3=2 2[(1��)�1=2 � 1] Three-halves order

kinetics

F2 (1��)2 �=(1��) Second-order kinetics

Fn (1��)n [1� (1��)1� n]=(1� n) nth order kinetics

(n 6¼ 1)

2. Acceleratory rate equations

P3=2 ��1=2 (2=3) �3=2 Power law (�¼ kt2=3)

P2 �1=2 2 �1=2 Power law (�¼ kt2)

P3 �2=3 3 �1=3 Power law (�¼ kt3)

P4 �3=4 4 �1=4 Power law (�¼ kt4)

P5 � ln� Exponential law

(�¼ 1� exp(�kt))

3. Sigmoid rate equations or random nucleation and subsequent growth

A1, F1 1�� �ln (1��) Random nucleation or

first order kinetics

A3=2 (1��)[�ln (1��)]1=3 (3=2)[�ln (1��)]2=3 Avrami – Erofe’ev

eq. (n¼ 1.5)

A2 (1��)[�ln (1��)]1=2 2[�ln (1��)]1=2 Avrami – Erofe’ev

eq. (n¼ 2)

A3 (1��)[�ln (1��)]2=3 3[�ln (1��)]1=3 Avrami – Erofe’ev

eq. (n¼ 3)

A4 (1��)[�ln (1��)]3=4 4[�ln (1��)]1=4 Avrami – Erofe’ev

eq. (n¼ 4)

Au � (1��) ln [�=(1��)] Prout – Tompkins eq.

4. Deceleratory rate equations

4. 1. Phase boundary reaction

R1, P1, F0 (1��)0 � One dimensional

advance of the

reaction interface,

power law (�¼ kt) or

zero order kinetics

(continued)
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Several authors [40, 42, 43] suggested different ways to solve the right hand side integral. For the

present study, the method of Coats and Redfern [44] was used. Data from TG and DTG curves in the

decomposition range 0.1–0.9 were used to determine the kinetic parameters of the process and

mathematical analysis was performed by the integral method of Coats and Redfern. This method

has been successfully used for studies on the kinetics of dehydration and decomposition of different

solid substances [40, 42, 43]. The kinetic parameters can be derived using a modified Coats and

Redfern equation (Eq. (9)) where g(�) is a function, the expression of which depends on the kinetic

model of the occurring reaction.

ln
gð�Þ
T2

¼ ln
AR

qE
� E

RT
ð9Þ

If the correct g(�) is used, a plot of ln[g(�)=T2] against 1=T should give a straight line, from which the

values of the activation energy E and the pre-exponential factor A in the Arrhenius equation can be

calculated. The formal expressions of the functions g(�) depend on the conversion mechanism and its

mathematical model [40, 42, 43, 45]. The latter usually represents the limiting stage of the reaction –

the chemical reactions, random nucleation and nuclei growth, phase boundary reaction, or diffusion. If

the correct g(�) is used, the corresponding linear dependence should give the highest correlation

coefficient at the linear regression analysis. Table 2 shows the most common kinetic models and their

algebraic expressions [40, 42, 43, 45].

The other kinetic parameters of the process can be calculated using the fundamental theory of the

activated complex (transition state) and the Eyring equation (Eq. (10)) [46, 47] where � is the transition

Table 2 (continued)

Symbol f(�)¼�m(1��)n

�[�ln (1��)]p
g(�)¼

ð�
0

d�

fð�Þ¼ kt
Reaction model

R2, F1=2 (1��)1=2 2[1� (1��)1=2] Contracting area

(cylindrical symmetry)

or one-half order

kinetics

R3, F2=3 (1��)2=3 3[1� (1��)1=3] Contracting volume

(spherical symmetry)

or two-thirds order

kinetics

4.2. Based on the diffusion mechanism

D1 1=� �2=2 One dimensional

diffusion or parabolic

law (�¼ kt1=2)

D2 1=�ln (1��) �þ (1��) ln (1��) Two dimensional

diffusion (Valensi eq.)

D3 (1��)2=3=1� (1��)1=3 (3=2) [1� (1��)1=3]2 Three dimensional

diffusion (Jander eq.)

D4 (1��)1=3=1� (1��)1=3 (3=2) [1� (2=3) �� (1��)2=3] Three dimensional

diffusion (Ginstling –

Brounshtein eq.)

D5 (1��)5=3=1� (1��)1=3 (3=2) [(1��)�1=3 � 1]2 Zuravlev-Lesokhin-

Tempelman eq.

D6 (1þ�)2=3=[(1þ�)1=3� 1] (3=2) [(1þ�)1=3� 1]2 Komatsu-Uemura

or anti-Jander eq.
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factor, which is unity for monomolecular reactions, kB is the Boltzmann constant, h is the corresponding

Plank constant, e¼ 2.7183 is the Neper number, and �S6¼ is the change of entropy for the activated

complex formation from the reagent.

k ¼ e�kBT

h
exp

�S 6¼

R

� �
exp � E

RT

� �
ð10Þ

Taking into account Eq. (10) and the pre-exponential factor from the Arrhenius Eq. (3), Eq. (11) is

obtained and �S6¼ can be calculated according to Eq. (12) where Tp is the peak temperature from the

DTG curve.

A ¼ e�kBT

h
exp

�S 6¼

R

� �
ð11Þ

�S6¼ ¼ R ln
Ah

e�kBTp
ð12Þ

In the kinetic study of the thermal dehydration or decomposition of solids, the determination of the

appropriate mechanistic function g(�) is one of the most important subjects. A proper selection of the

formal expression of this function should give a linear dependence between lnA and E. This relation is

referred to as the ‘‘compensation effect’’ or ‘‘isokinetic effect’’ or the � rule [45, 48–52], and may be

written as shown by Eq. (13) where kiso is the isokinetic rate constant and Tiso is the isokinetic

temperature.

lnA ¼ ln kiso þ
E

RTiso

ð13Þ

According to Ref. [49], the value of the rate constant depends mainly on �H6¼ at temperatures below

Tiso, whereas above Tiso it depends mainly on �S6¼. Various hypotheses have been put forward to

elucidate the compensation effect [45, 49]. Two of these hypotheses may be useful for discussion on

the applicability of Eq. (13) for some reactions of thermal dissociation. According to one of them, a

part of the reaction is a transfer of an electron or a proton by means of the tunnel effect. In this case, a

transition factor appears in the formula describing the rate constant. The transition factor � is described

by Eq. (14) [49] where V is the height of the tri-dimensional potential barrier; W is the energy of the

tunneling molecule; m is the molecule’s mass, and r is the barrier width.

� ¼ exp � 8�r

3h
½2mðV �WÞ�1=2

� �
ð14Þ

Considering Eq. (14), it can be seen that the higher the value of W (�E), the greater the transition

probability and the higher the A value. This hypothesis seems to be valid only for some electron

mechanisms and for reactions of protons at low temperatures.

The other hypothesis is based on the assumption that the compensation effect resulting from the

reaction acts on active centers of different activation energies according to an exponential distribution.

For the interpretation of the dependencies observed in the change of the kinetic parameters of the

selenites studied, the idea suggested by Klopman and Hudson in their generalized perturbation theory

of chemical reactivity [53] was used. It is based on the supposition that the formation of the transition

state is brought about by both the mutual perturbation of the molecular orbitals of the two reagents and

the electrostatic interaction between the ions, taking into account the influence of the solvent. The

relative reactivity of the ions in the solution is assessed by the decrease of energy of the system �E.

The highest reactivity and, thus, the highest bond strength showed the ions the interaction of which

leads to the highest values of �E. The basic equation used to determine �E for the interaction between

the ions is as shown by Eq. (15) [53] where �Etotal is the total change in perturbation energy due to the

partial formation of a bond between an anion and cation respectively, qa and qc are the total initial

charges for anion and cation, Rca is the distance between two ions, " is related to the local dielectric
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constant of the solvent, ðCm
c Þ

2
and ðCn

a Þ
2

are the frontier electron densities, ��2
ca is the change in the

resonance integral between the interacting orbitals of anion and cation, ðE�m � E�n Þ is the difference in

energy between the highest occupied orbital of the anion and the lowest empty orbital of the cation.

�Etotal ¼ � qcqa

Rca"|fflfflffl{zfflfflffl}
electrostatic

term

þ 2
X
occ

ðCm
c Þ

2
X
unocc

ðCn
a Þ

2 ��2
ca

ðE�m � E�n Þaverage|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
covalent term

ð15Þ

When the difference between E�m and E�n for the frontier orbitals is large, jE�m � E�n j � 0, then very

little charge transfer occurs (Fig. 5).

In such a case, obviously, the perturbation energy is determined mainly by the total charge of the

two ions. Since the electron transfer is quite small, the reaction will be called a charge-controlled

reaction. On the other hand, when the two frontier orbitals are degenerate, i.e. jE�m � E�n j � 0, then,

their interaction becomes predominant (Fig. 6).

In this case the electron transfer between them is extensive. Therefore, such reactions will be called

orbital-controlled reactions. In this connection, we have established two possible pathways and ener-

getic controls for any couple of ions.
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