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ABSTRACT

The thermochemical properties of AlXewis acids have been characterized in detail utlde temperature effect
change using the DFT method as well as the aboimitethod. Thermochemical properties subject ofystare
internal thermal energy U°, enthalpy H°, entropy, &ibbs free energy G° in addition to the volunwetneat
capacity C7at ambient pressurdll these properties were examined at differeredikemperatures T ranging 300
K and 1200 K. Considering the electronic energwbsity of AlX halide increases according to the trend
AIBr3>AICl>AlF>AlH 5. This is further confirmed by the Gibbs free eye®f values as a T- function. Gibbs free
energy G° is a decreasing function when T increasgsnst the other energy quantities which increagh T. ZPE
taken into account or not, the electronic energpas affected by the change in temperature. Theti@a internal
energy4,U°, the reaction enthalpy,H°, the reaction entropy,S° and the reaction Gibbs free enerfy° for all
the Alx-forming reaction were deduced from the resultsaltulations at each temperature of the studyrirztie
This allowed to define a new type of redox coupleg AlX; where aluminum halide, which here is a reducing
species, acts as a donor of the particle exchagesluminum atom. It was established that Ai§ the strongest
reducing while the strongest oxidant is moleculgditogen H. It was also showed that, at each temperature, the
AlX; formation reaction from Al and,Xvas highly exothermic.

Keywords: Ab-initio, Aluminum, DFT, Temperature, Thermocheali properties.

INTRODUCTION

In recent years, several new hydrides of groupléfents such as aluminum-containing compounds heneived
special attention because they play an importaetirothe manufacturing process of new materiats synthetic
chemistry [1-9]. Among these important compoundsp@asiderable importance has been given to the istignof
the donor-acceptor alane complexes because ofitheartance in chemical catalysis and elementagibtry and
also because of their structural richness and thaiential to act as metal sources in chemical va@position
(CVD) processes [10-15]. Thus, the knowledge ofrtbemplexation energies and their stability woble very
useful for a quantitative description of their rigty, reaction mechanisms and also their appilicet. These
compounds are also of major importance for livirgnlgs, and new optical materials [16-18]. In presgiavorks,
hydrides of aluminum AlXhave been the subject of various published pagferar group [19-22].

To the best of our knowledge, no comparative stilgiyut the temperature effect on the thermodynamtpepties
of these compounds has been published in spitthefabundance of structural and energetic datatérature.
Taking into account the multiple possibilities torrh types of donor-acceptor complexes by the 13thum
elements, it can be considered that the chemi$tsych elements deserve more interest by the arpetal as well
as by the theoretical approaches.
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In this work, the study will focus on the temperatimpact on the thermochemical properties of ADéwis acids
and secondly these results will be used for agsg$lse energy quantities relating to the reactietwben Al and X
(X=H, F, Cl and Br) whose chemical equation is:

Al + gxz - AIX, t)

and consequently classify these halides in ordéndeease chemical stability based on the detettioimaf the
reaction free enthalpy or Gibbs free energy oftieacThe heat exchange of the reaction is alstuated.

DFT is the method used in this work. This methoaldke in most cases to results that are consisteht thve
experimentation [23-26].

MATERIALS AND METHODS

Computational Details

Geometrical optimization was performed using Gaus89 [27]. DFT calculations employed a combinatibfocal
gradient-correction and exact exchange functionebaling to the prescription of Becke [28, 29] dhd gradient-
corrected correlation functional of Lee, Yang, &adr (B3LYP) [30-33]. This has been undertaken@isir6-311G
(d,p) basis set. The geometry optimizations ofealities studied in this work using the DFT methatdthe
previously cited level of theory were followed byarmonic vibrational frequency calculations at diffet
temperatures selected in the interval [300 K. 1RD@ith a step of 100 K. Harmonic vibrational calations were
performed in order to identify, at each temperatihe nature of the structures on the potentiafasar and
computing the various thermochemical propertieslafminum halides AlX (X=H, F, Cl and Br). Whatever the
temperature of the selected interval, entities ggsall real frequencies. The zero-point energyejZédrrections
were carried out at the B3LYP/6-311G (d,p) levéie TZPEs were scaled up by the factor 0.9153 [Bd]order to
improve accuracy of the energetic results, singlmtpcalculations were performed based on the B3BY3A1G
(d,p) optimized geometries at the CCSD(T)/6-311(dkvel. Final energies were calculated at the BCO¥6-
311G (d,p)//B3LYP/6-311G(d,p)+ZPE level. The elenir structure has been done using the natural bopital
(NBO) partitioning analysis [35].

RESULTS AND DISCUSSION
Geometries

AlX 3 (X=H, F, Cl and Br) Lewis acids are electron a¢oephaving a flat geometry which is compatiblehatihe
symmetry Bh. The depicted geometrical parameters are reportigure 1.
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Figure 1: Optimized geometries of alane Algland aluminum halides AlX; (X=F, Cl and Br). Experimental gas phase values argiven in
parentheses (from [36-37]). Bond lengths are in Aral bond angles in degrees
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Figure 2: Net charges carried by the halogen atosnof each halide and aluminum determined by NBO callation at B3LYP/6-
311G(d,p) level

In each halide, as shown in figure 2, the positikarge is carried by the central atom of aluminuwhile the
negative against load is evenly distributed onpglepheral hydrogen and halogen atoms which isisterg with
the difference in electronegativity between Al ac@X = H, F, Cl and Br). Aluminum is less electemative than
the other chemical elements presented in this sisdyis shown by table 1

Table 1: Pauling electronegativity for chemical éments presented in this study [38]

Chemical elements| H Al F Cl | Br
Electronegativity | 2.2 | 1.6| 4.0/ 3.2 3.0

Thermochemical properties

The overall energy valueso,EEzpg, U°, G° and H° (kJ.mdl), entropy S° (J/K.mol) and heat capacity, GFK*.mol
1) at the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) PEZlevel of all implied stationary points are sumized in
Tables 2-5. These results are determined at difféeenperatures and under ambient pressure (P°34101Pa).

Table 2: Energy quantities (kJmol') Ejat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, Ezpe, U, H°, G°, entropy (JK
mol ™) S° and volumetric heat capacity (JK'mol ™) C°, at the B3LYP/6-311G(d,p) level of theory of Al in the temperature range [300K,

1200K]
T (K) 300 400 500 600 700 800 900 100 1100 1200
Eo (kdmolh) 243.74| 243.74| -243.74| -243.74| -243.74| -243.74| -243.74| -243.74| -243.74| -243.74
Espc(kdmol) | 48.73 | 48.73 | 48.73 | 48.73 | 48.73 | 48.73 | 48.73 | 48.73 | 48.73 | 48.73
U° (kJmol?) 56.87 | 60.63 | 64.86 | 69.55 | 74.65 | 80.10 | 85.84 | 91.83 | 98.02 | 104.38
H® (kJmor") 59.35 | 63.96 | 69.01 | 7454 | 80.47 | 86.75 | 93.33 | 100.15 | 107.17 | 114.36
G° (kJmor) -4.17 | 24.25 | -46.88 | -70.57 | -95.22 | -120.74| -147.07 | -174.15] -201.91| -230.33
S°(JK™mol) | 213.04 | 22052 | 231.79 | 241.84 | 250.98 | 259.36 | 267.11 | 274.29 | 280.98 | 287.24
C°y(K™mol) | 3.96 | 39.71 | 44.68 | 49.06 | 52.85 | 56.06 | 58.74 | 60.97 | 62.81 | 64.34
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Table 3: Energy quantities (kJmol) Eoat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, Ezpe, U°, H°, G°, entropy (JK
'mol™) S° and volumetric heat capacity (JRmol™) C°, at the B3LYP/6-311G(d,p) level of theory of Algin the temperature range [300K,

1200K]
T (K) 300 400 500 600 700 800 900 100 1100 1200
Eo (kdmol) 541.25| -541.25| -541.25| -541.25| -541.25 | -541.25 | -541.25| -541.25] -541.25| -541.25
Ezee(kJmol) | 20.24 | 20.24 | 20.24 | 20.24 | 20.24 | 20.24 | 20.24 | 20.24 | 20.24 | 20.24
U° (kJmof) 31.97 | 37.79 | 43.99 | 5053 | 57.30 | 64.21 | 71.25 | 78.36 | 8553 | 92.76
H° (kdmol) 3444 | 4111 | 48.15 | 5552 | 63.12 | 70.87 | 78.73 | 86.67 | 94.68 | 102.74
G® (kdmof) 4851 | -77.86 | -108.41| -140.41 | -173.67 | -208.02 | -243.35 | -279.56 | -316.58 | -354.32
S°(JK'mol) | 278.24 | 300.79 | 313.13 | 326.55 | 338.26 | 348.60 | 357.86 | 366.23 | 373.87 | 380.87
C°y(3K'mol) | 54.00 | 59.96 | 63.94 | 66.63 | 68.49 | 69.81 | 70.76 | 71.48 | 72.02 | 72.45

Table 4: Energy quantities (kJmol) Eoat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, Ezpe, U°, H°, G°, entropy (JK
'mol™) S° and volumetric heat capacity (JKmol™) C°, at the B3LYP/6-311G(d,p) level of theory of AIG in the temperature range
[300K, 1200K]

T (K) 300 400 500 600 700 800 900 1000 110 1200
Eo (kJmolY) -1621.17| -1621.17| -1621.17| -1621.17| -1621.17| -1621.17| -1621.17| -1621.17| -1621.17| -1621.17
Ezpe (kJmol®) 1251 1251 12,51 1251 12,51 1251 12.51 12.51 12.51 12.51
U° (kJmol®) 26.53 33.22 40.10 47.17 54.34 61.59 68.89 76.22 83.58 90.96
He° (kJmol?) 29.01 36.55 44.26 52.16 60.16 68.24 76.37 84.53 92.72 100.93
G° (kJmol?) -64.55 -97.66 -132.10 | -168.11 | -205.45 | -243.95 | -283.46 | -323.88 | -365.11 | -407.10
S° (JK'mol™) 313.80 335.51 352.75 367.10 379.44 390.23 399.80 408.40 416.21 423.35
C°y (JK'mol?) 63.36 67.57 69.91 71.26 72.15 72.75 73.17 73.47 73.70 73.88

Table 5: Energy quantities (kJmol) Eoat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, Ezpe, U°, H°, G°, entropy (JK
mol™) S° and volumetric heat capacity (JK'mol™) C°, at the B3LYP/6-311G(d,p) level of theory of AIBg in the temperature range
[300K, 1200K]

T (K) 300 400 500 600 700 800 900 1000 110 1200

Eo (kJmolY) -7959.71| -7959.71| -7959.71| -7959.71| -7959.71| -7959.71| -7959.71| -7959.71| -7959.71| -7959.71
Ezpe (kJmol®) 9.49 9.49 9.49 9.49 9.49 9.49 9.49 9.49 9.49 9.49

U° (kJmol®) 24.99 32.00 39.09 46.31 53.60 60.93 68.30 75.69 83.09 90.51

He° (kJmol?) 27.47 35.32 43.25 51.30 59.42 67.58 75.78 84.00 92.24 100.49
G° (kJmol?) -76.36 -113.03 | -151.04 | -190.65 | -231.62 | -273.75 | -316.91 | -360.98 | -405.88 | -451.53
S° (JK'mol™) 348.26 370.89 388.57 403.24 415.76 426.66 436.32 444.98 452.83 460.01
C°y (JK'mol?) 67.11 70.10 71.66 72.57 73.14 73.53 73.79 73.99 74.13 74.24

An initial examination of previously prepared tabkhows that, whatever the halide, both electrenargy E and
zero-point energy f¢ are not influenced by the temperature, which isthe case for other quantities. To know
how the temperature acts on the total energy iEcan be calculated by the following formulg,E E;+U°, thus
obtaining table 6 with U° the internal thermal emer

Table 6: Total energies (kJmof) E at the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) + ZPHevel of theory of the alane AlH and the
three aluminum halides AlX; (X=F, Cl, and Br) whatever T in [300K, 1200K] temgrature range

A|H3 A|F3 A|C|3 AlBr3
[ Em(kdmol) | -6.40<10° | -1.42x1CF | -4.26x1C° | -2.09%10’

The results of our calculations show, after bei@gdformed into graphs, that total energy is ntacaééd by the
temperature variation regardless of the aluminufidédfigure 3). All representative points are akgl in finding
very low slope whose average does not exceed tloevfog value 0.059 kJ.K.mor™.

The rigorous linearity of all points found is refted in the values of the regression coefficiehaforoaching 1 for
all aluminum halides studied. It is also importemnote that the figure 3 shows that AJBs the most stable halide
electronically. Furthermore, AlBthas a high electronic energy stability comparedtteer halides.It is due to the
fact that isolated AlX strongz-donation from the halogen lone pairs into the falfpnempty p f) orbital at
aluminum stabilizes the molecule from Al{RBo AlH; according to the trend AIB¥AICI;>AlF;>AlH 5.

The enthalpy function H° corresponds to the totergy of a thermodynamic system. It includes theriral energy
which is the energy needed to form the system,hiciwnis added the work that this system must egeragainst the
external pressure to fill its volume. As for th@eirnal energy U°, it corresponds to the intrinsiergy of the
system, defined on a microscopic scale, to theusian of kinetic or potential energy of the systateraction with

its environment.
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Figure 3: Graphical representation of the total enggy for different temperatures at B3LYP/6-311G (d,§ level of calculation for the
three aluminum halides and alane.
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Figure 4: Graphical representation of the thermalenergy for different temperatures at B3LYP/6-311G {¢,p) level of calculation for the
three aluminum halides.
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Figure 5: Graphical representation of the enthalpyat different temperatures at B3LYP/6-311G(d,p) leel of calculation for the three
aluminum halides and alane.

Examining the results for these two energy quastithows that enthalpy H® and internal thermalgnel® evolve
in the same direction when the temperature grows igsshown in figures 4 and 5. It can be noteslight shift
between the three halides what is compatible wétly ¢lose thermal behaviors by these three enttigsAlH; is an
exception.

Figure 6 shows, on one hand, that the entropyftdréint aluminum halide increases with temperatOne the other
hand, AIBg has the highest values of entropy at any temperatu the selected range. The following trend
S(AIBr3)>S(AICI)>S(AlIR3)> S(AIHs) is noted. This trend is consistent with the voduof the studied entities, in
other words, with their total number of electrons.

Table 6: Account the total number N of electronsri the species studied

Species AlH; | AlF; | AICI; | AlBrs
N (electrons) 16 40 64 118

Indeed, table 6 gives the total number of electioneach halide. Since entropy is a measure ofrdéso it is
obvious that AlBg has the highest entropy as it is the moleculehibatthe largest number of possible complexions
or combinations to deliver these electrons. Thigdasistent with the statistical interpretationesitropy which
characterizes the degree of disorganization or dddkformation from one system.
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Figure 6: Graphical representation of the entropyat different temperatures at B3LYP/6-311G(d,p) leel of calculation for the three
aluminum halides and alane.

In this context entropy, it can be concluded thirAis the most disorderly system, followed by Al@hd AlR
and finally comes Al alane. According to the second principle of thergmaanics, a spontaneous or natural
evolution occurs with creation of entropy, therefaf there is a possibility of spontaneous formatiof an
aluminum halide AlX; AIBr; will have the greatest chance of being. Then @risther way to confirm its relative
stability compared to the other species studied.

Now comes the turn of the Gibbs free energy. THeh&iree energy G° behaves in fact as a poteninitibn and
integrates the behavior of the external environm&hte results for G° in this study show that itesaknegative
values over the chosen interval (figure 7).
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Figure 7: Graphical representation of the Gibbsifee energy at different temperatures at B3LYP/6-31G(d,p) level of calculation for the
three aluminum halides and alane.
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The Gibbs free energy G°(T) of these halides isaght line, with negative slope, since all poiate aligned and
this is confirmed by the correlation coefficientat almost reach their maximum value. It is impotrt® note once
again the chemical stability of AlBicompared to other aluminum halides and alane;Althie chemical stability
gap between AlBrin one side and the two entities AJ@nd AlIF; in the other side is very low at low temperatures
and increases gradually as the temperature ridels rBmains the compound chemically less stable ofimlany
case, the Gibbs free energy takes increasinglytivegaalues with increasing temperature. This effegplies an
increase of the relative stability of halides stuadiG® is thus a thermodynamic potential whichhiertconfirms the
stability of AlBr; compared to other aluminum halides and AlH

AlX 3 (X=H, F, Cl and Br) are molecules. Molecules ar@re or less complex sets of atoms connected tegbth
bonds; thermal agitation submits these constrairtisree different ways: by rotation; by stretchamgd by changing
the bond angle. These three movements are thremahtdegrees of freedom of each bond. For thisorgathe
molecules have a different behavior of monatomlastances (consisting of isolated atoms, such amargneon)
which only have three degrees of freedom of trdisslal movement. Although the agitation of atomstlie

molecules is described as internal, it neverthefgssluced an overall agitation of the moleculeglk balloon
floating on water); thus, there is a potential $fan in both directions between bustle of extetreslation of the
molecule and the internal agitation of moleculand

When we subtract the heat to molecules, their teatpes is reduced in proportion to the number ajrdes of
freedom, (in order wise their translational kinedicergy) and internal agitation energy. This pheswon results
from the principle of equipartition theorem, acdagito which, for any system in equilibrium, then&tic energy is
distributed evenly between all degrees of freedéimany temperature, the total energy is greaten tite only
translational kinetic energy (translated by tempeeg; conversely, for every increase in tempeggtarportion of
the energy imparted to the molecules is storedhtesnal energy molecules (in the form of agitat@fnatomic
bonds). This portion of kinetic energy absorbedths intramolecular movement increases the inteenatgy of
each molecule at a given temperature. This propeudslled heat capacity of the molecule.

The volumetric heat capacity is the amount of eperyuired to raise a unit volume of a substanceahynit
temperature. The thermal evolution of the consteniime heat capacity of each species studied B whuirk is
given in figure 8. The curves shown in figure &ullto note a clear divergence between the alang afid AlX;
(X=F. CI. Br) halides thermal behavior. The,@alues are more important for the halides A% alane Alll
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Figure 8: Graphical representation of the volumetic heat capacity at different temperatures at B3LYP/6-311G(d,p) level of calculation
for the three aluminum halides and alane.

Here it is reported that the theoretical method=dus calculate G°take into account the contribution of different
degrees of freedom. No method currently providely amally satisfactory results, directly usable applied
sciences. For most compounds and especially gasgQue increasing functions of the temperature. Afrarn
very simple cases where statistical mechanic id tsdetermine € mostly must use empirical equation of the type

8
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CO
\'%

= a+ bT+ cT?

(2

The equations of the curves shown in figure 8 confihat the use of empirical equations generalizgdhe
equation (2) was plausible. The coefficient valagsshown in table 7 and are characteristic offargcompound.

Table 7: Theoretical values determined for the coétients of the empirical development of the volumtgic heat capacity as a function of

temperature at the B3LYP/6-311G (d,p) level of they

a (J.KLmorM | b (3.KZmoMM | ¢ (J.K3.molY)
AlH 5 14.7 0.073 1.0 xID
AlF 5 39.0 0.062 2.0 xID
AlCI, 54.6 0.038 3.0 x10
AlIBr 5 61.2 0.026 3.0 xID

Energetic parameters of reaction
In this section we will use these results to geteevarious thermochemical informations. We haveaalculations
for each of the reactants and products in the ima¢l) where an aluminum Al atom fix three X atofrem the

molecular entities X

The usual way to calculat®U° the internal energieg\H° the enthalpies and,G° the Gibbs free energies of
reaction is to calculate energies of formation, ke the appropriate sums and difference.

ArY°(T): z AfYoprod(T)_ z AfYoreact(T) (3)

products reactants

with Y°=U°, H° or G°. However, it is possible toauthe calculation results provided from the enttedtment with
gaussian package according to the following

AY°(T)= Y [Ep+Y°(T)]- X [Eo+Y°(T)]
pI‘OdUCtS reactants
with Eg is the total electronic energy and Y°=U°, H° or. G°

(4)

To calculateA,S° the entropy of reaction, there is a choice beiw/o methods. Let us use equation (4) with a
slight modification as it is shown by equation (5)
E
—0 4+ S( '|)
T

> [Ses(n)- (3

product:
or one benefits from the preceding results conogrthie values fromH° andA,G° at each temperature is then

AS(T)= ArH°(T);ArG°(T) (6)

For this, we need the data determined for the a@éstAl and X (X = H, F, Cl and Br) (see tables 8-12) and atso f
AlX ; products (tables 2-6)

AS(T)=

2,

reactan

Table 8: Energy quantities (kJmol*) Eoat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, U°, H°, G°, entropy
(IK™~.mol™) S° at the B3LYP/6-311G(d,p) level of theory of aminum Al in [300K , 1200K] temperature range

T (K) 300 400 500 600 700 800 900 1000 1100 1200
Eo (kJmol?) - - - - - - - - - -
6.35x10° | 6.35x10° | 6.35¢10° | 6.35x10° | 6.35x10° | 6.35¢10° | 6.35x10° | 6.35<10° | 6.35¢<10° | 6.35x10°
U° (kJmol?) 3.72 4.99 6.24 7.48 8.73 9.98 11.22 12.47 13.72 14.97
H° (kdmol?) 6.20 8.32 10.39 12.47 14.55 16.63 18.71 20.79 22.87 24.94
G° (kJmol®) -40.20 -56.37 -72.79 -89.61 -106.79 | -124.27 | -142.01 | -159.92 | -178.15 | -195.58
S° (JKmol?) 155.61 161.72 166.35 170.14 173.35 176.12 176.99 180.76 182.74 184.55
9
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Table 9: Energy quantities (kJmol*) Eoat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, U°, H°, G°, entropy (JK*.mol
1) s° at the B3LYP/6-311G(d,p) level of theory of aminum H, in [300K , 1200K] temperature range

T (K) 300 400 500 600 700 800 900 1000 110 1200
Eo (kJmol?) -3017.27| -3017.27| -3017.27| -3017.27| -3017.27| -3017.27| -3017.27| -3017.27| -3017.27| -3017.27
U° (kJmolh) 48.32 50.44 52.52 54.59 56.67 58.75 60.83 62.91 65.00 67.08
H° (kJmol®) 50.80 53.76 56.67 59.58 62.49 65.40 68.31 71.23 74.14 77.06
G° (kJmolh) 13.02 -0.34 -14.20 -28.66 -43.59 -58.94 -74.66 -90.70 | -107.04 | -123.64
S°(K'mol™) [ 126.71 135.26 141.75 147.06 151.54 155.43 158.86 161.93 164.71 167.25

Table 10: Energy quantities (kJmot) Epat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, U°, H°, G°, entropy (JK
* mol?) S° at the B3LYP/6-311G(d,p) level of theory of mecular fluoride F, in [300K , 1200K] temperature range

T (K) 300 400 500 600 700 800 900 1000 1104 1200

Eo (kdmol?) - - - - - - - - - -
5.2310° | 523A0° | 5.2310° | 52310° | 5.2310° | 5.2310° | 52310° | 5.2310° | 52310° | 5.2310°

U® (kJmol) 18.44 20.57 22.70 24.89 27.16 29.50 3191 34.39 36.91 39.49

H° (kdmo?) 20.92 23.90 26.86 29.88 32.98 36.15 39.40 42.70 46.06 49.46

G° (kmoP) 3833 | -50.03 | -80.10 | -101.78 | -123.96 | -146.60 | -169.64 | -193.04 | -216./8 | -240.82

S° (JK'molY 198.71 | 207.30 | 213.92 | 21043 | 224.20 | 228.44 | 23225 | 23573 | 238.94 | 241.90

Table 11: Energy quantities (kJmot) Epat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, U°, H°, G°, entropy (JK
L mol™) S° at the B3LYP/6-311G(d,p) level of theory of mecular chloride Cl; in [300K , 1200K] temperature range

T (K) 300 400 500 600 700 800 900 1000 1104 1200
Eo (kJmol®) - - - - - - - - - -
2.41x10° | 2.41x10° | 2.41x10° | 2.41x10° | 2.41x10F | 2.41x10° | 2.41x10° | 2.41x10° | 2.41x10° | 2.41x10°
U° (kJmolY) 10.22 12.85 15.55 18.30 21.10 23.92 26.76 29.62 32.48 35.35
He (kJmotl?) 12.70 16.18 19.70 23.29 26.92 30.57 34.24 37.93 41.63 45.33
G° (kJmol?) -53.53 -76.69 -100.31 | -124.65 | -149.59 | -175.06 | -200.98 | -227.32 | -254.02 | -218.06
S° (IKmol ™) 222.14 223.17 240.02 246.56 252.16 257.04 261.36 265.24 268.77 271.99

Table 12: Energy quantities (kJmot) Epat the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) levedf theory, U°, H°, G°, entropy (JK
L mol™) S° at the B3LYP/6-311G(d,p) level of theory of mecular bromide Br; in [300K , 1200K] temperature range

T (K) 300 400 500 600 700 800 900 1000 1104 1200
Eo (kJmolY) - - - - - - - - - -
1.35¢10° | 1.35¢<10° | 1.35<10° | 1.35¢10° | 1.35x10" | 1.35<10° | 1.35x10" | 1.35x10° | 1.35<10° | 1.35¢x10
U° (kJmof%) 9.22 12.05 14.88 17.74 20.61 23.49 26.38 29.27 32.16 35.06
H° (kJmol?) 11.70 15.38 19.04 22.73 26.43 30.14 33.86 37.58 41.31 45.04
G° (kJmol%) -61.21 -86.81 -112.27 | -139.48 | -166.81 | -194.67 | -222.99 | -251.73 | -280.84 | -310.29
S° (JKmolY) 244.54 255.45 263.62 270.34 276.05 281.01 285.39 289.39 292.86 296.11

The application of equations (4) and (6) coupledh® data in tables 2-6 and tables 8-12 allowseairy the
numerical results grouped in tables 13-16. Thebke$ashow that,U° is constant in the case of AJHbut varies
weakly when it is aluminum halide A{X=F, Cl and Br). The absolute values of this atidn are 17.98 kJ.niol
(AIF3), 15.48 kJ.mot (AICI3) and 15.52 kJ.mdl (AIBrz) when T (K) scans the range [300, 1200]. The s@me
exactly noted for the reaction enthalpy° with the following values: 3.13 kJ.mb(AIH3), 6.72 kJ.mot (AIFs),
4.23 kJ.mot (AICl5) and 4.27 kJ.mdl (AlBrs). When one is interested inG° the reaction Gibbs energy, the
variation takes a significant value when T (K) déses the field [300, 1200] as it is shown by th#dwing results
134.2 kJ.mot (AlH3), 153.31 kJ/mol (AIE), 154.13 kJ.mo! (AICI;) and finally 153.85 kJ.mdl (AIBrs).
Comparison of these values provides the aluminuidéh&lX; (X=F, Cl and Br) have an identical thermochemical
behavior which differs from that of alane AlH

Table 13: Internal reaction energyA,U° (kJ/mol), Heat of reactionA.H® (kJ/mol), Free reaction enthalpyA,G° (kJ/mol) and reaction
entropy A;S° (J/K.mol) at the B3LYP/6-311G(d,p) level of thery of alane AlH3 in [300K , 1200K] temperature range

T (K) 300 400 500 600 700 800 900 1000 1100 1200
A/U° (kJmol!) | -280.07 | -280.75] -280.90 | -280.57 | -279.83| -278.75| -277.37| -275.75| -273.93| -271.95
AH° (kJmol") | -283.79| -285.75| -287.13[ -288.05 | -288.56 | -288.72 | -288.59 | -288.22 | -287.65| -286.92
A/G®° (kJmol?) | -244.24| -228.11] -213.53[ -198.72| -183.78| -168.80| -153.81[ -138.91| -123.95| -110.04
AS°(IK'mor?) | -131.82[ -144.09| -147.20] -148.89 | -149.68| -149.91| -149.75| -149.31[ -148.82| -147.40
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Table 14: Internal reaction energyA,U° (kJ/mol), Heat of reactionA;H® (kJ/mol), Free reaction enthalpyA,G° (kJ/mol) and reaction
entropy A;S° (J/K.mol) at the B3LYP/6-311G(d,p) level of thery of aluminum trifluoride AIF ;in temperature range [300K , 1200K]

T (K) 300 400 500 600 700 800 900 1000 110 1200
AU° (kJmor") [ -1718.95| -1717.60[ -1715.83[ -1713.83[ -1711.71[ -1709.56[ -1707.39[ -1705.23[ -1703.09| -1700.97
AH° (kJmolY) | -1722.66] -1722.58[ -1722.07[ -1721.31] -1720.44[ -1719.54| -1718.61| -1717.70| -1716.81] -1715.94
AG° (kJmol") | -1670.36| -1652.49| -1635.01| -1617.67| -1600.47 | -1583.39| -1566.43| -1549.62| -1532.80| -1517.05
AS‘JIK™mol™) | -174.35 | -175.25 [ -174.10 [ -172.73 [ -171.39 [ -170.18 | -169.09 | -168.08 | -167.28 | -165.74

Table 15: Internal reaction energyA,U° (kJ/mol), Heat of reactionA.H® (kJ/mol), Free reaction enthalpyA,G° (kJ/mol) and reaction
entropy A;S° (J/K.mol) at the B3LYP/6-311G(d,p) level of thery of aluminum trichloride AICI ;in temperature range [300K , 1200K]

T (K) 300 400 500 600 700 800 900 1000 1100 1200
AU° (kJmol®) | -917.31] -915.84| -914.24| -912.56 | -910.83 | -909.06 | -907.27 | -905.47 | -903.66 | -901.83
AH° (kJmolY) [ -921.03] -920.83| -920.48 | -920.04 | -919.56 [ -919.04 | -918.50| -917.94| -917.38| -916.80
AG° (kJmol') | -868.85| -851.05| -833.64 | -816.31| -799.06 | -781.88| -764.77 | -747.77| -730.72| -714.72
AS°JIK™mol?) | -173.93] -174.46| -173.69| -172.89| -172.14| -171.45] -170.81| -170.17] -169.69 | -168.40

Table 16: Internal reaction energyA,U° (kJ/mol), Heat of reactionA;H® (kJ/mol), Free reaction enthalpyA,G° (kJ/mol) and reaction
entropy A;S° (J/K.mol) at the B3LYP/6-311G(d,p) level of thery of aluminum tribromide AIBr ;in temperature range [300K , 1200K]

T (K) 300 400 500 600 700 800 900 1000 1100 1200
A/U° (kImol!) | -766.10| -764.61] -763.01[ -761.32| -759.58 | -757.82| -756.03 [ -754.23| -752.41| -750.58
AH° (kJmol") | -769.82| -769.59| -769.24 | -768.80 | -768.31| -767.80| -767.25| -766.69 | -766.13 | -765.55
A/G®° (kJmol®) | -717.90| -699.99| -682.64 | -665.35| -648.15| -631.02| -613.96 | -597.01| -580.00 | -564.05
AS°(IK'mol™) | -173.07] -174.00] -173.21[ -172.42] -171.66] -170.97| -170.33] -169.69 | -169.21| -167.91

These thermodynamic quantities of reaction, nartteyreaction Gibbs free energyG°, the reaction entrop,S°,
the difference between reaction enthalpii°and reaction internal energyU°, will be plotted as a function ot
temperature T to conclude the thermodynamic aspedhe reaction (1) as it is shown in figure 9.
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= 0.999
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Figure 9: Graphical representation of the variaton (A;H°- A;U°) for different temperatures at B3LYP/6-311G(d,p)level of calculation
for the three aluminum halides and alane.

First, Tables 17-20 show thatH® (T) andA,U° (T) are negative for @ [300 K,1200 K] and consequently the

reaction (1) is highly exothermic taking into acnbuheir high values, which are betweapJ° (1200)=-271.95
kJ.mol* for AlH; andAU° (300)=-1718.95 kJ.mdlfor AlF;, AH° (300)=-283.79 kJ.mdlfor AlH; andAH°

(300)=-1722.66 kJ.mdlfor AlF;. Starting from Al and X (X=H, F, Cl and Br), the reaction (1) can thereftye a
relative power source generating a useful Lewisl &diXs;. The differences between the valuesAgfi°(T) and
AU°(T) lead, when transformed into graphic represgéon , to a half-line whose extrapolation subsédiytpasses
through the origin. The slope of this straight lowncides with the term:

3
A vR=-=R=-1.2%10" kJ.K".mol"
2

(7
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R is the gas constant ang/=Xv is the algebraic sum of the stoichiometric numlnéithe reaction. For our case, the
value ofAv is (-1.5). This result is consistent with the relatiuipsbetween the two intensive thermochemical
guantitiesA,H® (T) andA,U° (T) according to:

ArH®=A U°+A (P°V)=A,U°+A VRT (8)

Thus, we obtain a diagram that provides the chdremailibrium curves\,G° (T) of a set of pairs Acceptor / Donor
for which aluminum is the exchanged particle acowydo the equation:

Donor [ Acceptor + Particle

3 (9)

AIX, O =X, + Al
2
Temperature (K)

- 0 200 400 600 800 1000 1200 1400
= 0.00 1 1 T T T I 1
£
5 -200.00
= y= 0.149x-288.2

-400.00 -
s XAH; | 22 _g.999

-600.00
?u y= 0.171x-768.3
] ¢ AlB

r 2

o -800.00 - 3] R®=0.999
)
> _1000.00 y=0.171x-919.5
4 W AIC| T 22 _9.999
€ -1200.00 -
w A AF y=0.170x-1720.0
9 -1400.00 3| R?=0.999
-
_"g -1600.00
a
O -1800.00-

Figure 10: Graphical representation of the Gibbdree energy of reaction for different temperaturesat B3LYP/6-311G(d,p) level of
calculation for the three aluminum halides and alae.

During these reactions in one way or another thdation number (no) of the chemical element X (X1 Cl and

Br) changes. Indeed, in,Xno (X) = 0, in AlX: no (X) = - 1 because aluminum is the least etetgative chemical
elements presented in this study. This observdBads to define the oxidizing / reducing couplespairs as

X /AIX 5. Figure 10 indicates that molecular fluoridg iE the strongest oxidizing while AlHis the strongest
reducing and GImore oxidant than BrIn other words, molecular fluoride, Ean oxidize all AD§ species whose
curvesA,G° (T) are above his and Aditan reduce any Xmolecule whose curv&,G° (T) is below hers (figure
10).

3

SRt Al O AF, A G ey
3

AH, [ SHe # Al =A%)

3 3 (o] (o] (o]
AlH st EFz 0 AIF3+ _2H 2 A ran =A rG (R/AIR,) —-A rG (HJAH ) (10)

AnnG° is the free enthalpy of reaction between the ¢aasidered couples Ox/Red i.e/AH ; and R/AlF;. Its T-
expression can be deduced from the expressioed listfigure 10.
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A,.G°(T)=-1431.% 0.021T ( kI/mpl (1)

For any value between 300K and 1200K, this en&rgys° (T) is negative and therefore the reaction g@lves
spontaneously towards the forward direction showiirag AlH; is the strongest reducing angl§irongest oxidant as
previously stated.

Temperature (K)

0 200 400 600 800 1000 1200 1400
1 | | | | 1 |
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]
™
w -120.00- A AlF,
o
>
2 -140.00-]
o KKK —X
5 -160.00-
= .
. * 49

-180.00 Py

-200.00-

Figure 11: Graphical representation of the entropyof reaction for different temperatures at B3LYP/6311G(d,p) level of calculation for
the three aluminum halides and alane

In the case of tha,S° reaction entropy, two remarks can be distingdslirirstly, this quantity has the same value
regardless of the element X = F, Cl and Br at amgpterature except at T = 600 K where there is akboé the
curve (figure 11). It is proposed that this simgity may be due to a change of the allotrope dn&lX ; species
during the reaction (second order effect). SecqrfdlyAlHs, A,S°(T) decreases at the beginning to become constant
after T = 600 K : point of singularity. The reacti@l) for AlH; reduced the particulate disorder if T < 600 buewh

T exceeds this value; the energy factor outweigbsentropic one.

CONCLUSION

DFT calculations have been carried out to studytehgperature effect on alane and aluminium halll&s (X=F,
Cl and Br). We have shown that the thermochemicapgrties of AlXg aluminum halides and AlHalane are
sensitive to temperature. Thermochemical propestiggect of study in this paper are internal thdremergy U°,
enthalpy H°, entropy S°, Gibbs free energy G° idithoh to the volumetric heat capacity &t ambient pressure.
The electron energy is not influenced by the temjpee factor.

The results obtained from calculations performe®32itYP/6-311G(d,p) level were used to determine g¢hergy
guantities relating to the AlXforming reaction starting from Hand ». These energetic results show that the
reaction studied is, firstly, highly exothermic aaldo confirm that the thermodynamic stabilitynsfavor of AlR;
while AlBr3 is the most stable electronically. Secondly, threselts allow us to define acceptor / donor casipjee

X, [ AlX 3 where the particle exchanged is an aluminum aldmse new pairs or couples are arranged on a diagra
similar to an Ellingham diagram.
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