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Abstract-The experimental determination of the standard enthalpy of formation of the crystalline salt, 
[ICI~][AlCl;], is reported to be A,H”(IAICl,,c)/kJ mol-’ = -836.6k6.2 along with the total lattice potential 
energy, Ll,&IAICl,)/kJ mol-‘, calculated to be 562.5 i 5.0 using the program LATEN. The standard enthalpy 
of formation of the [ICl:] cation, A,H”([ICl:],g)ikJ mol-’ is found to be 926.9 +9.0. The electron attachment 
enthalpies for the ICI, (g) and [IClt] (g) p s ecies, are in kJ mol. ’ : 533.2 and -999, respectively. (‘1 1997 
Elsevier Science Ltd 

K~~~L’~soYcIS: enthalpy of formation ; lattice energy ; LATEN ; thermochemistry : [ICLI]. 

Exothermic combination of halogens with each other 
gives rise to interhalogen compounds possessing four 
different stoichiometries (XY, XY,, XY,, XV,) where 
X represents the central and heavier halogen. Whilst 
only even numbers of halogen atoms combine to form 
these stable neutral compounds, the closely related 
polyhalide cations XYTn (and also in the anions 
XY;,,) each have an odd number of halogen atoms. 

We have been concerned recently with the thermo- 
chemistry and stabilities of compounds possessing 
complex inorganic halogen containing cations and 
anions [l-3] particularly those of phosphorus, as well 
as with thermodynamic studies on iodine(II1) com- 
pounds [4]. In this paper our interests combine in the 
form of the study of the thermochemistry of 
the interhalogen cation dichloriodine(II1) and its 
salt. dichlorioidine(II1) tetrachloroaluminium(III), 
IAlCl,, formed with the tetrachloroaluminium(II1). 

* Author to whom correspondence should be addressed. 

[AICI,] anion and containing the complex ions. 
[ICl;][AlCl;]. 

The dichloroiodine(II1) cation, [IClt ] is formed, 
inter aliu, during the ionic self-dissociation [5]. 

I,Cl, 0 [ICI;] + [ICla] (1) 

of the bright yellow molten liquid dimer I,CI,. Solid 
ICl, does not exist as a monomer, and the gas decom- 

poses to ICl and Cl?. I&I, is utilised as a nonaqueous 
ionising solvent and exhibits appreciable electrical 
conductivity. Thermodynamic data on IzC1,, is well 
established [5] but data for the interhalogen cation 
[ICl:] have not previously been studied. 

The corresponding electrical conductivity of the salt 
formed between the [ICI’] cation and [AICl, ] shows 
it to be typically ionic in nature. It is for this salt. 
IAlCI,--existing as [ICI:] [AlCl;]--that the exper- 
imental determination of the standard enthalpy of 
formation is reported along with calculations of the 
lattice potential energy and the estimated standard 
enthalpy of formation of the dichloroiodine(lI1) cat- 
ion and related thermochemistry. 
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A self-consistent field approach, extended by MP2- -833.6k6.2 was calculated using the following 
correlation energy considerations [6], has recently ancilliary data [8,9] (all values in kJ mall’) : 
been applied to study electronic structure, charge dis- A,H”([AlCl;], aq) = - 1200.53 k 4.00 ; ArH”(I,, aq) = 
tribution, geometry and some energetics of the four -22.59kO.40; A,H”([10.~],aq) = -221.33+4.O;A, 
trihalogen homoatomic clusters, XT and six tri- H”(Cll,aq) = - 167.08kO.004; A,H”(H?O, I) = 
halogen heteratomic clusters including [IC12+]. - 285.83 f 0.04. 

EXPERIMENTAL Lattice potential energ? 

Pvepclrarion qf’[ICl;] [AlCl,] 

This was prepared following a method previously 
described [7]. Equivalent amounts of ICI? and AlCI, 
were sealed in a glass tube in chloroform and main- 
tained at 1OO‘C for 2 h. After cooling, the red crystals 
of IAlCl, were filtered off under suction in a drybox, 
washed several times with a small quantity of chloro- 
form and dried in z~~cuo. Found : Cl 34.9 ; 1 57.8. Calc. 
for IAlCI, : Cl 34.6, I 58.0%. 

Figure 1 represents the relationship which exists 
between the total lattice potential energy of IAlCl,, 
Upor(IAIC1,), the internal energy of the salt, 
E(IAlCl,), and of the ions, E([ICl,t]) and 
E([AlCl, I), and acoustic energy of the lattice, U,,(,, 
and rotational and translational contributions to the 
energy of the gaseous ions, which amount to some 
6RT. Accordingly, we can write : 

Calorimetq 

The calorimetric reaction chosen was aqueous acid 
hydrolysis in HCl : 

HCI 

AE = 6RT+ U,,,(IAlCl,) - U,,,,,, (4) 

We can, of course, calculate U,,,, for the crystal 
lattice either from a knowledge of the heat capacities 
as a function of temperature and from the zero point 
energy of the lattice or by means of the Einstein or 
the Debye theory of heat capacities. At absolute zero : 

5[AlCl~](aq)+I,(aq)+3[10.~](aq)+ lOCl-(aq) 

+ 18H+(aq) (2) 

Under such acid conditions it was assumed that no 
hydrolysis of the [AlCl;] ion occurred and that the 
species remained intact [8]. A Raman spectrum of an 
aqueous solution of NaAlCl, showed no evidence for 
species other than [AlCl,]. 

u ,4coc, z 3Nk0, or 914Nk0, (5) 

(where 0, and O,, are the Einstein and Debye charac- 
teristic temperatures, N is Avogadro’s number and k 
is Boltzmann’s constant) and at temperatures con- 
siderably greater than this U,,.,,, g 3RT per ion. 
Accordingly : 

Enthalpies of aqueous acid hydrolysis were mea- 
sured by breaking ampoules containing IAlCl, into 
0.1 mol dm-3 HCl using an LKB 8700 isoperibol 
calorimeter, the performance of which was sat- 
isfactorily checked using the enthalpy of neu- 
tralisation of tris(hydroxymethyl)methylamine in an 
excess of HCl as a test reaction. 

AE = U,,,,(IAlCl,) (6) 

The total lattice potential energy of the crystalline 
salt, U,,,(IAlCI,) is then related to the lattice enthalpy 
[IO], AN:,,,, for the process : 

A,,;!, t 
IAICI, (c) - [ICI: l(g) + [AICl; I (g) 

by the equation : 

(7) 

RESULTS AND CALCULATIONS 

AH.;!, = U,,,(IAlCI,) +2RT (8) 

The salt IAlCl, crystallizes in the monoclinic space 

Enthalpy offormation qfIAlC1, 

The mean value (9 determinations, in which the 
molar ratio of Hz0 : IAlCl, was in the range 18,735- 
3 1,841) of the enthalpy of hydrolysis, A,,H’/kJ mall ‘, 
was -320.9k2.6. 

On the basis of the equation : 

SA,H”([ICl~][AlCl~],c) = 5AfH”([AlCl;],aq) 

+AfH”(I,,aq)+3A,H”([IO~],aq)+10A,H”(C1~ ,aq) 

+ISArH”(H+,aq)-9A,H”(HZ0,1)-A,,H” (3) 

A value for A,H”([ICl~][A1Cl~].c)/kJ/mol~’ = 

group P2, with two molecules per unit cell. The cell 
parameters are : ao,‘A = 6.92 f 0.03, &/A = 11.02 
& 0.05, co/A = 6.1 I k 0.03 with b = 99.1’ taken from 
Vonk and Wiebenga [7]. We have computed the total 
lattice potential energy of IAlCl, using the program 
LATEN [l l-131, developed in this laboratory. The 
modelling of the ‘V’ shaped [ICl$] cation is that of a 
three sphere model having assigned basic radii and 
bearing a charge distribution found for this cation 
from the spin restricted Hartree-Fock (RHF) [ 141 and 
correlated MP2 calculations [15,16] made using the 
Gaussian 92/DFT program package [ 171 by Li. Irle 
and Schwarz [6]. The model employed for the tetra- 
hedral [AICI;] anion is identical to that used in our 
previous study of the tetrachloroaluminate salts [ 181. 
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FIN 1. Relationship between the total lattice potential energy of IAIC‘I,.. L:,,,,,. and the Internal energy change. At. gl\~ng 
rise to the relationships: AE= E,,,: +& -LYE,,,,,, : Ci,,r,, = L’,(,, !, fl’,,,,, : AE‘= 6R7‘+ I’,,,, ,, : A/I. =: hR7 

+ l’,‘,,, -- P I( 0, 

The total lattice potential energy of IAlCI, was found 
to be : 

L’ ,,,,(IAlCl,):kJmol ’ = 562.5k5.0 (Y) 

comprising an electrostatic energy, Ut,_,l( i(kJ mol ’ 
= 531.4, a repulsion energy, L/,/kJ mol-’ = 230.Y 
and a dipole-dipole dispersion energy. C’<,,,/kJ mol ’ 
= 232.4 and quadrupole+lipole dispersion energy. 
C:,,,,:‘kJ mol ’ = 29.6. 

Enrhalp,~~ of’ fomtrtion of’ [ICI’] guseous catiott. 

A,H”([IClf],g) 

A,-H”([lClf].g;kJmol ’ = 926.Y_tY.O (II) 

It is of interest to use this value to obtain an inde- 
pendent estimate for the exothermic energy change. 
AE/kJ mol ’ (equal to AH) for the reaction : 

[ICI,]‘(g)+1 (g) --f I,(g)+(‘l,(g) (12) 

which has been estimated to be in the range 6~ 7 eV 
(579-675 kJ mol ‘) by MP2 calculations [6] of Li, Irle 
and Eugen Schwarz. 

Usingeq. (13). 

AH = AE = A,H’l(l,.g)+A,H”(Cl:,g) 

The thermochemical radius [lY,20] ijnm of the -A,H”(I-.g)-A,H”([ICl;].g) (13) 

tetrachloroaluminium(II1) anion, [AlCI;] was pre- 
viously [I71 estimated to be 0.295+0.084 and based 

and the values [27.23] : A,H”(IZr g)!kJ mol ’ = 62.438. 

on this value the thermochemical radiusinm of the 
A,W(I -.g)‘kJ mol-’ = -197.0 together with our 

dichloroiodonium ion, [ICI:], is found to be O.OY9 as 
value (above) of A,H”([ICI;].g),kJ mol ’ = Y26.9. 

derived from the Kapustinskii equation [20] or its 
we calculate a value of AHikJ mol ’ for reaction (12) 

more modern counterpart the Glasser equation [2 I]. 
of -667.5, near to the upper estimate of the range 

Using the thermochemical cycle of Fig. 2 : 
579-675 kJ mol ’ in the MP2 calculations [h]. 

A, H”([ICl; ],g, = DISCUSSIOK 

u .,,,(IAICI,)+2RT+A,H”(IAICl,,c) Previous thermodynamic studies on the iodine(Il1) 

-A,H”([AICI;].g) (IO) tetrachloride anion [24], [ICI;] and the iodine(l) 

and the values of AI,H”(IAICI,,c)/kJ mol ’ = 
dichloride anion [25]. [ICI, ] and their salts led to the 

-X36.6*6.2 and A,fl([AlCl;],g)ikJ mol -’ = 
assignments : 

~ I I96 f 5.0 [ 181. we assign : A,H”([ICl,],g)~kJmol ~’ = -631 (14) 
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Upu,{L4lCld + 2 RT 

Fig. 2. Thermochemical cycle for dichloroiodine(II1) tetrachloroaluminium(II1) IAlCI,. 

EA 
ICI* (g) + e- L_s WI-I (s) 

2 EH,’ (I - cl)lcn 

3 

ArH’ (Wz-l, g) 

I (g) + 2 Cl (g) NY- % 4 (9 + CIZ k 

A,& (I,g) + 2 Arti (C&g) 
Fig. 3. Electron attachment enthalpy of ICl,(g). 

EA 

[ICI,‘] (g) + e _ * ICh hi) 

l/2 I* (c) + Cl2 tg) ------+ rk)+2C1@) 

A# (I,g) + 2 A@ (C&r) 

Fig. 4. Electron attachment enthalpy of [ICl:](g). 

A,@([ICl;],g)/kJmoll’ = -605 (15) 

Using the data for the standard enthalpy of formation 
of the [ICI:] (g) cation 

A*,., 
[Icl:l(g>+2c1-(g)-[Icl;l(g) (16) 

derived in this paper we can estimate the, strongly 
exothermic, double chloride ion affinity of the di- 
chloriodine(II1) cation, A,,,/kJ mol-‘, to be : 

A,c,/kJmol-’ = - 1092f 10 (17) 

Using the standard enthalpies of formation/kJ 
mol-’ [22,23] of I(g) (= 106.8), Cl(g) (= 121.679) and 
ICl(g) (= 17.506), the bond enthalpy of the I-Cl 
bond, Eflm (I-Cl),,, in the compound ICl(g) may be 
calculated to be : 

EHO,(I-Cl),c,/kJmol-i = A,@(I,g) 

+A,H”(Cl,g)-A,@(ICl,g) = 211 (18) 

Incorporation of this value in the cycle shown in 
Fig. 3 leads to a value for’the electron attachment 
energy for gaseous IC12, E,/kJ mall’ for the process : 

ICl,(g)+e- 2 [ICl;](g) (19) 

given by : 

E,/kJmol- = 2EH0,(1-Cl),,,-A&‘&g) 

-2A,1-10(C1,g)+AfH0([ICl,],g) = 533.2 (20) 

The corresponding electron attachment energy for the 
gaseous cation [IClt], EajkJ mol-’ for the process : 

[ICI:](g) + e- 2 ICI,(g) (21) 

is given by the equation : 

Ea/kJ mall ’ = A,@ (I, g) + 2ArH” (Cl, g) 

-A,Ho([ICl:],g) -2EHo,(I-Cl),c, = -999 (22) 

Bonds in [ICl:] would be expected to be slightly 
shorter and stronger than in ICI so we would expect 
that Efl~(I-Cl)t,c,ll+ derived from the former to be 
greater than that calculated in eq. (18). The value 
from [ICl:] considerations (Fig. 4) : 

E~~(I-C1),,C,21+/kJmoll’ = {A,#‘([ICl,]+, g) 
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13. 
-A,H”(I.g)-2A,H”(Clz,g)}/2 = 292.9 (23) 

14. 
is consistent with these expectations. 
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