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Density-functional theory (DFT) methods were used for investigations on the alumihexaaguo complex

and on aqueous aluminunacetate complexes. Solvent effects were computed by means of the polarized
continuum model (PCM). Extensive basis set studies and comparison of several functionals lead to efficient
and accurate procedures which were applied to the computation of alumametate complexes. A variety

of structural arrangements such as monodentate or bidentate with respect to the bonding of the carboxylate
group or cigtrans with respect to the relative position of two acetate molecules were considetethd AG

values were calculated for the substitution reaction of water molecules in the alumirexaaquo complex

by acetate anions. Characteristic differenceA8were found depending on the number of water molecules
released per acetate. Overall, we find that monodentate structures are only slightly preferred over bidentate
ones and that we expect a relatively complicated system of chemical equilibria without any dominant complex.

I. Introduction accurate calculation of such complexes in solution is the
consideration of solvation effects. Since several of the molecular
species like the aluminumrhexaaquo complex or deprotonated
organic acids (like the acetate anion) carry net charges, solvation
energies will be very large. Moreover, since in chemical
reactions such as

The aluminum cation plays an important role in soil chem-
istry. Free forms of Al cations (e.g., the hexaaquo complex)
can readily penetrate into plant organisms and can cause
aluminum toxicity for plants2 Soluble aluminum and some
other metal cations (such asZnFe**, Fe', or Cd") in high
concentration affect the quality of natural sources of water 3t _ ot
negatively. Larger quantities of i can be released into soil [AI(H20)]™" + Ac” —[AI(H20):Ac]” +H,O0 (1)
water by dissolution processes of clay minefafsOrganic acids
affect chemical soil processes strongly and speed up the procesat least partial charge compensation occurs, the effect of
of dissolution of aluminosilicate minerals considerably. They solvation on reaction energies can be even more significant.
also influence the weathering and diagenesis of minérele Aluminum—acetate complexes were studied thoroughly by
formation of stable complexes of organic acids with free Al Kubicki et al1 as isolated species using SCF and MP2 methods
cations has also important consequences on plant growth andand medium-sized basis sets. In a subsequent work, solvation
nutrition since aluminum is stabilized as complex and is less effects were included by Kubicki et &.using a continuum
phytotoxic. model. The inclusion of solvation contributions improved the

Chemical processes in soils have been studied extensively.agreement of calculated and experimental results (e.g., for
One particular important process is the aforementioned forma- reaction 1) considerably. However, there remained still signifi-
tion of complexes with organic acids such as acetic acid. In cant discrepancies due to the limitations in the quantum chemical
order to obtain quantitative information on the stabilities of these procedures used.
complexes, solubility measurements on minerals such as bay- The aim of the present work was twofold. In the first part,
erite, boehmite, and gibbsite as well as potentiometric investiga- we investigated the individual factors affecting the accuracy of
tions have been carried out? The quantitative analysis of these the quantum chemical calculation of aluminum complexes. Our
measurements and the evaluation of equilibrium constants andstrategy was to select an appropriate functional for the DFT
speciation data require the analysis of complex thermodynamicmethod by comparison with ab initio methods containing
models consisting of many coupled dissociation and associationelectron correlation (MP2 method) and to construct efficient
equilibria. These models give a good global picture of the and compact basis sets. We choose a polarized continuum model
thermodynamic stability of the various constituents. However, based on a self-consistent reaction fiéfd3 for the calculation
they do not give information on detailed structural possibilities of solvent effects, similar to the one by Kubicki et?&The
and on their relative stabilities. aluminum-hexaaquo complex served as a benchmark example.

Quantum-chemical approaches have been used in several In the second part of our investigations we applied our
studies to determine binding energies and hydration energiestechniques to the calculation of the structure and stability of
of di- and trivalent cation&-17 Various structural models of  several aluminuracetate complexes ranging from one to three
aqueous aluminumacetate complexes have been investigated acetate molecules. A variety of structural arrangements such as
using SCF and MP2 calculatio#%.2° One major issue for the ~ monodentate or bidentate with respect to the bonding of the
carboxylate group or cis/trans with respect to the relative

* To whom correspondence should be addressed: daniel.tunega@univie.position of two acetate molecules exist. Possible intramolecular
6 B TS s A2 proton transfer or hydrogen bonding can compicate th ituaton

T University of Vienna. even more. The potentiometric and solubility measurements

* Austrian Research Centers Seibersdorf. mentioned already abo¥e do not provide any of this structural
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TABLE 1: Basis Setg829

basis set aluminufn oxygert hydrogert
SVP (10s7p1d)/[4s3pld] (7s4p1d)/[3s2pld] (3s1p)/[2s1p]
SVP+sp (10s7p1d)/[4s3pld] (8s5p1d)/[4s3pld] (3s1p)/[2slp]
SVP+spd (10s7p1d)/[4s3p1d] (8s5p2d)/[4s3p2d] (3s1p)/[2slp]
DzP (11s7p1d)/[6s4pld] (8s4pld)/[4s2pld] (4s1p)/[2slp]
TZP (12s9p1d)/[7s5pld] (10s6p1d)/[6s3pld] (5s1p)/[3s1p]
TZVP (14s9p1d)/[5s4pld] (11s6p1d)/[5s3pld] (5s1p)/[3s1p]
TZVPP (14s9p2d1f)/[5s5p2d1f] (11s6p2d1f)/[5s3p2d1f] (5s2p1d)/[3s2pld]
QzpP(Oy (14s9p2d1f)/[5s5p2d1f] (11s6p3d1f)/[6s4p2d1f] (5s2p1d)/[3s2pld]

2 Primitive basis in parentheses, contraction in brackeBne diffuse set of s and p functions on oxyge@ne diffuse set of,9, and d functions
on oxygen.d QZP basis set on the oxygen atom.

information. Moreover, reactions such as the one givenineq 1l Basis set superposition error (BSSE) correctibris the
cannot be observed directly since they are embedded in a largeenergy of the formation of the [Al(}D)s]3" complex were

set of coupled reactions and equilibria under the given experi- calculated for selected basis sets as the difference between the
mental conditions. The aluminurihexaaguo complex represents calculated energy of At and the energy of the 6 water
the basic reactant for the formation of acetate complexés. Al molecules in the optimized geometry of the [AKB)g]3+

has amphoteric character and can also form a broad scale otomplex using the basis set of the [AB)e]3+ complex.
hydroxo—-aquo complexes from four-coordinated3Alin the

[AI(OH) 4]~ anion to six-coordinated At in the [AI(H20)]3" . 3
cation. In this work we focused on octahedrally coordinated aluminum-hexaaquo complex [Al(EO)s]** in Th symmetry.

A3+ structures which are dominating in a pH rangé and This the symmetry of_the true minimum whigh was confirm_ed
where the formation of acetate complexes océuée present by calculatlon_of the _elge_nv_alues of the Hess_lan at the opt|m|zed
in this study the formation, energetics, and structural parametersg€ometry. This finding is in accordance with calculations of
of various mono- and bidentate agueous alumisacetate Kubicki et al1® and of Wasserman et éPaIthough in the work
complexes and, after including long-range solvent effect into Of Probst and HermanssBna Don symmetry structure was
the calculations, we compute properties for the liquid phase. obtained.
On the basis of these investigations, we are able to predict the In the case of the aqueous aluminuacetate complexes the
thermodynamic stability of the individual aluminuracetate  fo|lowing structures were studied (see Figure 1): monodentate
structures and to give an evaluation which species should [Al(H ,0)sAc] 2+, bidentate [Al(HO):AC]2+, monodentate [Al-
actually exist under the given thermodynamic conditions. (H,0)4Ac;]* (cis and trans), bidentate [Algd),Ac,]* (cis and
trans), and AlAg. Since Benezeth et &found that monodentate
hydroxoacetate complex [Al¢#D),AcOH]™ occurs in significant
Most of the calculations were performed at the DFT level of concentrations at higher temperatures and over the pH range
the theory. For comparison, SCF and MP2 calculations were 3.2—4.5 we investigated this complex also together with the
carried out as well. The calculations were performed using the aqueous hydroxoaluminum [Al@D)sOH]2* complex. On the
Turbomolé**and Gaussiang8packages, respectively. Since  pasis of energetic similarities between cis and trans forms of
there. is a quite large variety of functionals in DFT available, e gcetate complexes only the cis form of the hydroxoacetate
our first step was to test some of them and to select an .ompjex was studied. Full geometry optimizations were per-

appropriate one on the basis of comparisons with MP2 calcula-foIrmed in each case at the BLYP/S¥Bp level which had been
tions and previous results in the literature. We tested the : 3+
following standard functionals: SVWN, BVWN, BVWNP, (S:glri;tlee?( on the base of test calculations on the [AX)]

BLYP, B3LYP. For an overview of these methods, see e.g. ref
27. Two series of calculations were always carried out: one set
For our basis set investigations, we used the series of basisfor the isolated species (denoted subsequently as “gas phase”)
sets developed by the group of Ahlri@&3° ranging from SV and the second one with inclusion of solvation effects based
(split valence) to TZ (tripleZ) quality. They all include at least ~ on the self-consistent reaction field (SCRF) method. The latter
one set of polarization functions and are listed in Table 1. calculations are denominated as “liquid phase” or in “solution”.
Especially, the smaller basis sets are lacking diffuse functions In the SCRF calculations Tomasi’s polarized continuum model
needed for the description of the wave function in the (PCMy123 with the cavity defined as series of overlapping
intermolecular region. After some test calculations we decided spheres and numerical reaction field was used. For the static
to augment the SVP basis on oxygen and carbon with a set ofdjelectric constant, of the continuum the value 78.54 of water
diffuse sp and spd functions, respectively. The exponents of 5t 298.15 K was chosen. Also, in the PCM calculations full

these functions were obtained by dividing the smallest respective geometry optimizations of all species were performed at the
exponent of the SVP basis by a factor of 3. The abbreviations BLYP/SVP+sp level.

SVP+sp and SVR-spd are used for these basis sets. As the ) L .

results below show, these basis sets provide a very efficient We also perfqrmed calculations of vibrational frequenmes_and
way for the description of the interaction of the water and acetate ©f thermochemical data for all complexes. These calculations
molecules with A¥*. We also used a basis set of QZP quality Were carried out on the isolated systems (gas phase) only. In
on the oxygen atom. This basis set was constructed from theorder to describe reactions in solution, calculated solvation
original TZVPP basis set of oxygen by splitting the first s (6 €nergies were added. Since the dielectric constant of a polariz-
functions) and p (4 functions) contraction into two contractions able medium is temperature dependent, we also performed in
containirg 3 s and 2 p functions, respectively. This basis set is one case thermochemical calculations at several temperatures
denominated QZP(O) (see Table 1). The MP2 calculations wereand corresponding PCM calculations with differegtvalues.
carried out with the TZP basis set. These values were calculated on the base of empirical foftnula

All test and benchmark calculations were performed on the

II. Computational Details
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)
Figure 1. Optimized structures at the BLYP/SWRp level for all studied complexes in gas phase (left side) and in liquid phase (right side). Bond
distances are in A and angles are in degrees. (a) FOR*, (b) [Al(H20)s0H]2*, (c) monodentate [Al(HD)sAc]?* and [Al(H20).0HHAC]?*, (d)
bidentate [Al(HO)/Ac]?", (e) monodentateis{AlI(H ;0),AcOH]" and cis{Al(H ,0);(OH);HAc]*, (f) monodentatecis{Al(H 20)sAc,] T and cis-

[Al(H 20)(OH)(HAC)2]*, (g) monodentatérans[Al(H 20)sAcz] ™ andtrans[Al(H 20),(OH)(HAC),]t, (h) bidentatecis{Al(H 20):Ac,]*, (i) trans
bidentate [AI(HO)Ac]*, (j) AlAcs.
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- _ 42 _ TABLE 2: Optimized Geometries and Formation Energies
€= 87.740~ 0.40008 + 9.398x 10 t" — 1.410x AE; of the [Al(H,0)¢]®* Cation in T, Symmetry Using
10°% (2) Various DFT Methods and the MP2 Approach Together
with the TZP Basis Set

wheret is the temperature ifiC. RAI-0) RO-H) #(H—O—H) AE;
) ) method A A (deg) (kcal/mol)
lll. Results and Discussion BVWN 1.980 0.980 107.0 672.7
A. Hydration Enthalpy of Al 3*: Test of Computational SVWN 1.908 0.987 107.7 768.7
Methodology. The first part our work was focused on the  BVWNP 1.951 0.983 107.2 701.5
selection of an appropriate DFT functional and an efficient basis BLYP 1.963 0.985 107.1 704.6
set. These calculations were performed on the [A]3* B3LYP 1.942 0.977 107.1 712.7
complex. These test calculations were carried out for the isolated MP2 1.930 0.975 106.5 705.3

complex (gas phase). Structures and formation enerfie®) TABLE 3: Optimized Geometries of the [Al(H,0)e]3+
were determined according to the following reaction scheme Complex in T, Symmetry Using the BVWNP Functional
Together with Selected Basis Sets

AI**(g) + 6H,0(g) — [AI(H ,0)d*(9) 3) basisset R(AI-0) (&) R(O-H)(A)  #H—O—H) (deg)

Calculated structures aniEq(g) values obtained with various gx;r 1'3‘512 8'323 182"21
functionals are displayed in Table 2. MP2 results are given for sp ’ ’ :

. . SVP+spd 1.950 0.984 106.9
comparison and used as reference data for the selection of an

. . : - . . DzZP 1.943 0.989 106.1
appropriate DFT functional. One finds a slight overestimation -p 1.951 0.984 107.1
of bond distances (except for the SVWN functional) by DFT  17yp 1.951 0.984 107.1
in relation to MP2. A comparison of formation energies given Tzvpp 1.947 0.981 107.0
in Table 2 shows that the BVWN and SVWN results deviate QzpP(0) 1.947 0.981 107.0

strongly from MP2 and that BVWNP and BLYP are closest. TABLE 4: Calculated F ion E 05 AE: and Basi
i i i ; : rmation Energi n i

Hence, the following calculations were carried out with the Set Superpogit(i:gnaEerrorcEB S%é’) an deBgSeSsE- C (f)r?ecte dass
BVWNP and/or BLYP functionals, respectively. Formation Energies AE«°" (in kcal/mol) of the [Al(H ,0)g]3"

The results of our basis set inVeStigationS are collected in Comp|ex Using the BVWNP Functional and Selected Basis
Table 3 for geometries and in Table 4 for formation energies. Sets
Table 3 shows that the geometries are relatively insensitive with - cic cat —AE — AEgsse — AEcoT
respect to the basis set. The use of the augmented basis sets
SVP+sp and SVR-spd causes only a very slight elongation of Svp 747.2 18.6 728.7
the Al-O distance and has negligible effect on the-i® gxizpd 222; g‘i gg;z
distance and the HO—H angle in the water molecules. On P | ’ '

. - - DzP 749.9
the other hand, the formation energies show a nonnegligible  1,p

. 701.5 10.7 690.8

dependence on basis sets and clearly document the need for a t7yp 700.5
systematic investigation. TZVPP 696.3

One can see that the smaller SVP and DZP basis sets greatly Qzp(0) 697.3 3.7 693.6
overestimate the interaction energy ®%0 kcal/mol as com-
pared to the TZP and larger basis sets. The values are@d0 TABLE 5: Calculated Structures and Formation Energies
kcal/mol obtained with the larger basis sets are also very closefor the [Al(H 20)¢]*" Cation
to the MP2/TZP energy of705.3 kcal/mol shown in Table 2. . RAI-0) RO—H) ¢(H-O—-H) —AK
After the addition of one diffuse set of s and p functions to the _method/basis set (&) ) (deg)  (kealmol) ref
SVP basis of oxygen (SVWPsp), a drastic shift of the formation =~ HF/DZP 1.824  0.96 fixed 659.9 11
energy is observed. Also the BSSE decreases consideraBl§ ( 1.827
kcal/mal) in comparison with the standard SVP basis-s&8(6 1.914
kcal/mol). The addition of one diffuse d set (S¥Bpd) on BLYP/DNP? 1.961 1.006 106.8 6826 17

o : X HF/3-21G** 1912  0.954 109.0 666.4 18

oxygen atom does not significantly affect the interaction energy \io-/6 3116+ 1930 0.974 106.0 672¢1 18
but decreases thﬁeEBSSEVaIUe further to about3.4 kcal/mol. MPZ/CC-DVDZ’ 1.956 0.979 106.0 729.0 15
The AEgssevalues for SVR-sp and SVR-spd are even smaller  mp2/cc-pvTZ 1.907 00973 106.5 7106 15
than for the TZP basis. BLYP/SVP+sp 1.961  0.991 106.1 701.5  this work

In Table 5, results from calculations in the literature are BVWNP/SVP+sp 1.952  0.989 106.2 698.7  this work
compared with our data. The most extended previous MP2 MP2/TZP 1930  0.975 106.5 705.3  this work

calculations by Wasserman et'algive an interaction energy D b o -
S . on Symmetry.? “Double numerical” basis set- polarization

of —710.6 kcal/mol which is in good agreement with our MP2/ ¢ ction © ZPE corrected! Correlation consistent basis set of double

TZP value 0f—705.3 kcal/mol. One can also see from Table 5 and triple¢ quality.

that the BLYP/SVR-sp and BVWNP/SVR-sp results are very

similar. Because of the slightly closer value of the formation whereAEzpgis the zero-point energy correctiohg, T represents

energy to MP2/TZP result, we decided to use in all following the heat capacity contribution, an&(RT) is the work term.

calculations the BLYP/SViPsp combination. Unfortunately, experimental gas phase hydration enthalpies are
The hydration enthalpyAHy.s is calculated by standard not available. For the liquid phase, the standard hydration

procedures within the rigid rotor/harmonic oscillator/ideal gas enthalpyAH%,q has been determined using mostly calorimetric

approximation as measurement®.

In analogy to the work of Akesson et &l.we use the
AHgs= AE; + AEzpe + AT+ A(RT) (4) following Born—Haber cycle
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TABLE 6: Calculated Formation Energies, Enthalpies, and TABLE 7: Calculated Temperature Dependence of
Gibbs Free Energies for the [Al(HO)g]*"™ Complex at the Thermodynamic Quantities for the Formation of the
BLYP/SVP+sp Level [AI(H 20)g]®" Complex (BLYP/SVP+sp Level}
liquid phase 298.15K 323.15K 348.15K 373.15K
energy (kcal/mol) gas phase (method a) o 78.48 69.91 62.43 5572
AE; —701.5 —1128.5 gas phase AH (kcal/mol) —683.7 —683.6 —683.5 —683.3
AEgsse -6.8 —6.8 AGs (kcal/mol) —622.3 —617.2 —612.2 —606.9
AEyssse= AE; — AEgsse —694.8 —1121.7 liquid phase AHs (kcal/mol) —1110.6 —1110.6 —1110.7 —1110.5
AEy = AEyssse + AEzpe —677.1 —1109.2 AGs (kcal/mol) —1049.2 —1044.2 —1041.4 —1034.1
AEzgg_le: AEO + A(CVT) —680.1 —1112.0 aAH A I B E
AHO, = ABsss st A(RT) 6837 11162 r and AG; values are BSSE corrected.
AG% = AH% — A(TS) —622.3 —1054.9 TABLE 8: Calculated Solvation EnergiesEsqy and _
aThe gas phas@Essse was taken also for the liquid phase. Formation Energies, Formation Enthalpies, and Formation

Gibbs Free Energies in Gas and Liquid Phase According to

in order to compute the hydration enthalpy as follows: Eq 6 (Energies in kcal/mol)

Gas Phase
AH
Al 3+(g) + GHZO(g) gas [Al(H 20)6] 3+(g) moleculé Esov  AE(l)  AHq(l)  AG(l)
TGAHvap VAHg,, gi'Q 71—03-'3
A [Ac]~ —69.8
3 hyd 3 Al(H 20)]3+ —467.5 —701.5 —690.5 —629.1
AIT(g) + 6H,0(1) — [AI(H ,0)¢l*" (1) EAIEH zoggomﬂ ~210.8 ~1049.2 —1038.6 —980.6
m-[Al(H 20);OHHAC]?* —198.2 —1028.5 -1017.6 —958.0
o _ _ b-[AI(H20).Ac]2+ —204.1 —1001.9 —993.0 —940.7
AH hyd AHgaS+ AHgop 6AHvap ®) cism-[Azl(H 20)3(OH)HAC] * —63.0 —1276.3 —1265.7 —1205.6

_ cis-m-[AI(H20)2(OH)(HAC)2] T  —59.7 —1249.2 —1239.5 —1174.8
The AHso term in the Bora-Haber cycle was replaced by  transm-[Al(H20)(OH)y(HAc),]* —56.5 —1254.1 —1243.8 —1180.9

the calculated free solvation energyEsqy of the complex as cisb-[Al(H20)(AC)] * —59.9 —1212.0 —1203.8 ~1160.9

computed by the PCM model. For the heat of vaporization of Ea”Sb'[A'(HZO)Z(AC)ZP —57.1 ~1209.5 ~1201.6 ~1159.6
. -AlAcs —4.1 —1333.2 -1327.5 -1289.5
water (AHyap) the calculated solvation energy of the water o
molecule was taken. For comparison, the experimefitap Liquid Phase
value at 298.16 K is—10.5 kcal/mol, our calculated PCM moleculé AE(l) AH(l) AGH(l)
BLYP/SVP+sp solvation energy of the \(vat'erﬁsﬁ.S kcal/mol . [AI(H 20)¢3 " 11285 11174 1056.1
(see Table 8). For both cases (gas and liquid phase calculations), [Al(H ,0)s0H]?* —1121.5  —11109  —1052.9
the thermochemical analysis was carried ouf at 298.16 K. m-[Al(H zO)sAC]22+ —11231  -11122  —1052.6
Results of these calculations are presented in Table 6. The gi's[':']('FAf%‘AOC%wHF :ﬂgg-% :ﬂgg-i :iggg-g
difference_ in theAE; values t_)etween gas a_nd liquid phase is Cism-[AIH26)4(Ac)2]+ 11424 11327 _1068.0
the solvation energiEsqy. This cont_nbutlon is very large and transm-[AIH0)a(Ac)] * —1144.0 —1133.7 ~1070.8
represents more thafy of the hydration enthalpy. The second cish-[Al(H20)(Ac)z] + —-1118.8 —1110.7 —1067.8
largest contribution to the hydration enthalpy is the zero-point  transb-[Al(H20)x(Ac)s] * —-11136  —11057  —1063.6
b-AlAcs —-1128.0  —1122.3  —1084.3

vibrational energy correctionEzpe and is about 1217 kcal/
mol for solution and gas phase, respectively. The main contribu- 2m = monodentate; b= bidentate.
tion to AEsoy comes from the [Al(HO)g]®" cation which has
the solvation energy of-467.5 kcal/mol (Table 8). This high  calculation of solvation energies was performed witlvalues
value is of course caused by the high charge of this complex. corresponding to the specific temperatures. Results are presented
The hydration enthalpyAH%,q of the AP' cation can be in Table 7 together with themodynamic gas phase quantities.
calculated in two ways. In method a, the calculated gas phaseOne can see that the enthalpy of formation varies very little
thermodynamic values are taken and the solvation energy iswith increasing temperature. It is caused by the very small
added: AH%yq = AH%(g) + AEsoy = —1110.6 kcal/mol or, in contribution of the heat capacity and the work term (eq 4) and
method b the thermodynamic calculation (i.e., first of all the by the weak temperature dependenc@AEBf,. The free energy
vibrational analysis) is performed consistently for the liquid of formation increases significantly with increasing temperature
phase also andhH%yy = AH%(I) = —1116.2 kcal/mol. Both due to the contribution of the entropy facfbhS. These trends
calculated values include the correction of the basis set are at least in qualitative accordance with observed thermody-
superposition error (we took the sam&gssefor gas and PCM namic quantities derived from solubility measurements of
calculations). The small difference between methods a and bgibbsite in acidic sodium chloride soluti®(Al(OH)s(cryst) +
comes mainly from the different zero-point vibrational energy 3H™ — Al3* 4 3H,0) where the hydrated Af cation is formed.
AEzpe for gas and liquid phase. The advantage of method a The measuredG of this dissolution changes from10.6 kcal/
over b is the enhanced computational efficiency of the former mol at 25°C to —6.9 kcal/mol at 100C (difference 3.7 kcal/
method. The experimental value of the hydration enthalpy of mol). Our calculated difference &G between 25 and 10TC
the AR* cation is—1115+ 2 kcal/mol32 Both of our calculated is 15.1 kcal/mol (see Table 7). However, one has to be cautious
standard hydration enthalpies are in excellent agreement withwith direct comparisons since the dissolution of gibbsite may
this experimental value. They are also in very good agreementnot result in pure formation of the aluminurhexaaquo
with the value of—1106 + 2 kcal/mol obtained from the  complex. This reaction can be accompanied by additional
molecular dynamics simulatios. complexation reactions such as formation of some aluminum
We have also calculated the temperature dependence of thénydroxoaquo complexes.
thermodynamic quantities. Method a was used for the evaluation B. Formation of the Aqueous Aluminum—Acetate Com-
of the hydration enthalpy and the Gibbs free energy. The plexes.The calculations on the aluminunthexaaquo complex
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TABLE 9: Formation Reactions of Aluminum —Acetate Complexes: Calculated Reaction Energies, Enthalpies, and Gibbs Free
Energies for Gas and Liquid Phase (Energies in kcal/mol)

gas phase reactiohs AE(Q) AH(Q) AGH(Q) no.
OH~ + [AI(H 20)]3" — [Al(H 20)sOH]?" + H,0 —347.7 —348.1 —351.4 9
[Ac]™ + [Al(H 20)6]*" — m-[Al(H ,0);,OHHACc]*" + H,O —326.9 —-327.1 —328.8 10
[Ac]™ + [Al(H 20)¢]*" — b-[Al(H 20)sAC]?" + 2H,0 —300.3 303.8 —311.6 11
[Ac]~ + [Al(H 20)sOH]?™— cis-m-[Al(H 20)s(OH),HAc] " + H,O —227.1 —227.2 —225.0 12
2[Ac]™ + [AI(H 20)e]*" — cis-m-[Al(H 20),(OH)(HAC),] © + 2H,0 —547.7 —549.1 —545.7 13
2[Ac]™ + [Al(H 20)¢]®" — trans-m-[Al(H 20),(OH)(HAC)2] ™ + 2H,O —552.5 —553.3 —551.7 14
2[Ac]™ + [Al(H 20)¢]3" — cisb-[Al(H 20),Ac,] " + 4H,0 —510.4 —513.4 —531.8 15
2[Ac]™ + [Al(H 20)g]3" — transb-[Al(H ;0),Ac,] ™ + 4 H,O —508.0 —511.2 —530.4 16
3[Ac]™ + [Al(H 20)]3* — b-AlAcs + 6H,0 —631.7 —637.1 —660.4 17
liguid phase reactios AE(l) AH,(l) AG () no.
OH~ + [AI(H 20)6]3" — [Al(H 20)sOH]?>* + H,O 7.0 6.5 3.2 9
[Ac]~ + [Al(H 20)g]3" — m-[Al(H20)sAc]?" + H,0 5.4 5.2 35 10
[Ac]™ + [Al(H 20)6]*" — b-[Al(H 20)4Ac]?* + 2H,0 19.4 15.9 8.1 11
[Ac]~ + [Al(H 20)sOH]?t — cis-m-[Al(H 20),/AcOH]" + H,0 -18.2 -18.2 -16.1 12
2[Ac]™ + [Al(H 20)g]*" — cis-m-[Al(H0O)sAc;] ™ + 2H,O —13.9 —15.3 —-11.9 13
2[Ac]™ + [Al(H 20)]3+ — transm-[Al(H :0)4Acz] t + 2H,0 —-155 -16.3 -14.7 14
2[Ac]™ + [Al(H 20)g]3" — cisb-[Al(H 20),Ac,] ™ + 4H,0 9.7 6.8 —-11.7 15
2[Ac]™ + [Al(H 20)g]3" — transb-[Al(H0),Acs]* + 4H,0 14.9 11.8 -75 16
3[Ac]™ + [Al(H 20)g]*" — b-AlAcs + 6H,0 0.5 —-4.9 —28.2 17

am = monodentate; b= bidentate.

demonstrated the importance of the solvation energies. Otheracid and hydroxyl anion) instead of the two original ones (water
contributions were much smaller and played a minor role. The molecule and acetate anion). Hence, we have obtained three
difference betweerE¢(I) and AH%(l) is about 12 kcal/mol as  new complexes in the gas phase: [A®),OHHAC]?, cis-
compared to the 427 kcal/mol of the solvation energy (see Table[Al(H 20)(OH)x(HAc),]?", andtrans[Al(H 2O),(OH),(HAC),]?*.

6). Moreover, the difference in the calculated hydration enthalpy The optimization procedure was started from the acetate
of the AP cation by the methods a and b is only 6 kcal/mol. structure and resulted directly in the proton transfer. A local
These relations are certainly also valid for the aqueous minimum for the original structure without proton transfer could
aluminum-acetate complexes. Hence, in the calculations on not be found. In contrast to these gas phase results, we found
these complexes we followed method a and performed thein the PCM calculations a stationary point for the original
thermochemical calculations for efficiency reasons on the gas monodentate structure. However, another stationary point could
phase complexes and added to them the solvation energies obe located for the structure [Algd);OHHACc]?" where proton
these complexes. All calculated values are computed for 298.15transfer had occurred. It was 4 kcal/mol higher than the original
K. Also, the analysis of the basis set superposition error was [Al(H ;0)sAc]?" complex. These intramolecular proton transfer
not performed anymore. We expect here similar BSSE values structures were not observed in the gas phase calculations by
as for the aluminumhexaaquo complex. Moreover, having a Kubicki et al1® who had used a smaller basis set and the SCF

6-fold coordinated aluminum cation on both sides of the
complexation reactions (Table 9), this error will be mostly
canceled.

All studied aqueous aluminum complexes are displayed in

method for the geometry optimizations. We reduced the basis
set also to SV quality. When the DFT method was used, the
same proton transfer was observed as before. With the SCF
method, no proton transfer was observed. Since the functionals

Figure 1. Important structural parameters are given also in theused here were carefully selected in comparison with MP2

figure. The formation energieSE; for these complexes in both
phases and the solvation energigg,y, are collected in Table
8. The formation energief\E; of these complexes were

calculations for the aluminurshexaagquo complex, we think that
the DFT calculations give the correct results. However, it would
be interesting to perform MP2 calculations on the acetate

calculated in analogy to eq 3 according to the following reactions complexes also. Unfortunately, such calculations were too

schemes:

gas phase

AI*"(g) + pH,0(g) + gAc™(g) + rOH ™ (g) —
[Al(H ZO)pACqOHr](37q7r)+(g) (6)

liquid phase

AI**(g) + pH,O(l) + gAc(I) + rOH () —
[AI(H ,0),Ac,OH]® (1) (7)

The first observation we want to make is that an intramo-

demanding and not possible with our available computer
resources. A final decision about the feasibility of the proton
transfer would also require the determination of the barrier
height between the two structures.

The result of the proton transfer is a shortening of the- Al
OH bond by approximately 0-10.2 A in comparison with At
OH; bond lengths. This is in agreement with our results obtained
for the agueous monohydroxoaluminum complex where a value
of 1.713 A for the AFOH bond length was obtained which is
shorter than the average value of 2.007 A for-&H, bond
length in this complex. This is also in agreement with the
calculations of Kubicki et a8 where a value 1.76 A for the
Al—0 bond length in the [AI(OH]~ complex and the value of
1.91 A in the [AI(H0)e]3" complex were obtained at the HF/

lecular proton transfer occurred in all monodentate structures 3-21G** level.
in the gas phase. The proton belonging to a water molecule The AlI—O bond lengths with the O atom from carboxyl
adjacent to the free oxygen atom of the acetate carboxyl groupgroups are shorter than AD bond lengths with O atom from

moved to this oxygen atom, leading to two new ligands (acetic

water molecules in all aluminumracetate complexes for gas
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phase and in solution. The AD bond length is also shorterin  of two Ac™ ligands. This stronger stabilization of the mono-
the monodentate structure as compared to the bidentate onedentate species can be assigned to the stronge®AH bond

This shortening is less pronounced in complexes with two Ac  which has formed because of the aforementioned proton transfer
ligands as compared to complexes with one Amion. The and the formation of an intramolecular hydrogen bond. One can
Al—0H, bond lengths in aluminumacetate complexes are on  also see from Table 8 that the hydroxoaluminum complex [Al-
the average longer than those in the [Al(Js]*" complex. The (H20)sOH]?*" is more stable in the gas phase than the mono-
formation of Al-O—C linkages lengthens the-@ bonds and dentate aluminumacetate complex [Al(kD);OHHAC]>™ by
shortens the €C bonds in all studied cases in comparison with about 21 kcal/mol. The intramolecular hydrogen bond and a
the free Ac anion (both gas and liquid phase). The average strong A-O—H bond cause the mixed hydroxoacetate complex
C—O distance is 1.270 A and the averageCdistance is 1.581 [Al(H 20)3(OH),HACc] " to be the second most stable complex
A for the gas phase, and 1.274 and 1.543 A for liquid phase. in the gas phase. The same order of stability in the gas phase is
The G-0 bonds in the AFO—C linkage in the monodentate  also found for theAH; and AGt values presented in Table 8.
species are longer than the other@ bonds in cases when no In the liquid phase the differences iAE; are not so
proton transfer was observed. On the other hand, when thepronounced and a simple ordering of the stability of the acetate
intramolecular proton transfer occurred and an acetic acid ligandcomplexes as for the gas phase cannot be given. All formation
was formed, both €0 bond lengths in this ligand became energies fall into an interval of about 35 kcal/mol. As in the

similar. The G-C—0O angles in Ac ligands (about 122for gas phase, the monodentate species are more stable than the
monodentate and 114or bidentate complexes) are smaller than bidentate ones, although the differences are not so large.
in the free Ac anion (128.7 for the gas and 125%4for the According to formation energieAE;, the monodentate com-

liquid phase). These values are relatively constant in all plexes with two ligands ([Al(HO),ACOH]* and [Al(H20)s-
investigated structures and phases. All observed structuralAc,]™) are the most stable ones in the liquid phase. The
changes in aluminum acetate complexes are in the accordancélifferences between cis and trans isomers are small (up to 5
with observations by Kubicki et & except the aforementioned ~ kcal/mol) both for mono- and bidentate species. While the cis
intramolecular proton transfer. isomer of the monodentate Atliacetate complex is more stable
Similar effects as described above were observed also forin the gas phase than the trans isomer, the reverse is true in the
mixed hydroxoacetate complex [AIgB)ACOH]*. The in- quuid.pha.se. However, thg difference is pnly 16 kc.al/'mol. Thg
tramolecular proton transfer occurred in the gas phase and henceSituation is different for bidentate species. The cis isomer is
the new complex [Al(HO)(OH),HAC]* with 20H" ligands more sta_lble than the trans isomer in both_cases (gqs and liquid).
and one acetic acid ligand was formed. Again, this proton Comparing gas anij liquid phase firmatlon energies, oge can
transfer was not observed in the liquid phase. The structural S€& that [AI(HO)*", [AI(H20)sAc]?", and [Al(H0)sOH]*

changes are very similar to those in other monodentate specied’® more stable in the liquid phase while the remaining
(see Figure 1). complexes are more stable in the gas phase. This situation can

. . . be explained according to eq 7 by the relative magnitudes of
The solvent effect is reflected in the following structural . . X
changes: (i) the AFO bonds (both with acetate anion and the solvation energies of water and acetate on the one side and

. . . of the acetate complex on the other side.
water) are shortened; (if) the-® bonds in A'TO_C linkages The Al—acetate ch))mpIexes have been studied experimentally
are also shortened'(excep_t__the cases, where mtram_olec_ular prOtOBy means of solubility and potentiometric measuremertaG
transfer occurred); and (iii) the -©C bond length is slightly and AH values for the reactions
stretched. An opposite solvent effect on the-& bond has
been reported by Marcos et8lfor the aluminum-hexaaquo AlI?T + nAc™ — Al(AC) 3-n (n=1,2) 8)
complex. We suspect that this discrepancy comes from the fact " ’

that in their work the cavity volume was kept constant during i, aqueous solutions have been determined. Since under certain
geometry optimization. The AIO bond distance of 1.92 A (see experimental conditions the hydrolysis of the 3Alcation
Figure 1) is in good agreement with the experimental one of hecomes important and hydroxo complexes are formed in the
1.89 A33 derived from X-ray diffraction studies of solutions. solution, also mixed hydroxoacetate compléxave been
Generally, structural changes due to the solvent effect decreasgonsidered. The occurrence of the triacetate complex is also
with decreasing charge of the complexes (compare the valuereported even though quantitative data could not be given in
of 1.966 A for the A-O bond in the gas and 1.958 A in the  this caseé® From these experiments there is no information
liquid phase for the AlAg complex and with those of 1.961  4yajlable whether these complexes occur as monodentate or
and 1.920 A for the aluminumhexaaquo complex in the gas  pjidentate structures. We identify the global reaction scheme (8)
phase and in solution, respectively). given in the experimental work with the specific substitution
Now we want to discuss the energetical aspects of the studiedof water molecules in the aluminustexaaquo complex by
complexes and their respective reactions. The solvation energyacetate anions. The various possibilities, which were finally
Esov given in Table 8 is defined as the difference of the energies selected, are listed in Table 9 together with respective reaction
of the optimized structures with and without the PCM model. energy valuesAE;. One can see from that table that these
The solvation energy correlates with the charge of the chemical reactions have very high negative reaction energies in the gas
species and decreases in absolute value with decreasing charg@hase and that solvent effects play a crucial role again.
The AE; values for the reaction schemes (6) and (7) shown in  ComparingAE; or AH; values for the liquid phase, one can
Table 8 are used to evaluate the stability of the alumirum see that the formation of monodentate complexes is more
acetate complexes. These values are strongly affected byfavorable than that of bidentate complexes. This is consistent
solvation energies. In the gas phase the stability of the complexeswith conclusions from calculations by Kubicki at®land with
is quite clear: Ag > Ac, > Aci> [Al(H0)¢]3t. When the the observation of Yang at &.that a large strain energy is
monodentate and bidentate species are compared, the first onesonnected with the formation of the four-membered ring in
are more stable than the second ones by about 26 kcal/mol inbidentate acetate complexes with small metal cations. The
the case of one Acligand and about 40 kcal/mol in the case situation changes whehG values are compared. Large differ-
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ences betweeAH and AG are observed for the formation of

Tunega et al.

elimination of systematic errors and to an efficient computational

bidentate species whereas much smaller differences occur inprocedure, which could be applied to complexes containing

the case of the monodentate structures. This lowering®fs

acetate anions. A similar accuracy as for [AJ®Js]®" can be

caused by the large positive reactions entropies when bidentateexpected for the latter cases too. Even larger complexes

complexes are formed. It is found for all mono-, di-, and

including larger organic acids like oxalic acid and citric acid

triacetate bidentate complexes. The change of entropy iscan be studied in this wad.In the case of the [Al(HO)s]3*

connected with the replacement of two water molecules per

complex the solvation energy represents more faof the

acetate during the formation of bidentate species as opposed tqotal hydration enthalpy. The other energetic corrections to the
monodentate species where only one water molecule per acetat@ormation energy of the [Al(ED)s]3" complex (zero-point

anion is released. According #®G values, the formation of

vibrational energy, thermal corrections) are not so large as the

b|dentate COmpleXeS becomes favorable. In faCt, the most Stabl%ohlanon energy but are a|so required for h|gh_accuracy resu'ts

one is the bidentate triacetate complex. With increasing tem-
perature the entropy factor will become even more dominant.
Experimentally, the triacetate complex is observed only at
temperatures above 10C.° We suppose that the formation of
the bidentate triacetate complex is inhibited by a relatively high
energy barrier which is only overcome at higher temperatures.
Our calculations also demonstrate the significance of the mixed
hydroxo-acetate complex. This is in good agreement with the
work of Benezeth at @ where the occurrence of this complex
was reported.

For the formation of the monoacetate complex (A8
Palmer and Bell obtain an experimentahH value of +4 4
1.4 kcal/mol and &\G value of—3.8 + 0.2 kcal/mol at 25C.

The calculatedAH value for the monodentate structure (see
reaction 10 in Table 9) of 5.2 kcal/mol is in good agreement
with the experimental one. For comparison, in the work by
Kubicki et al?% a value of—40.2 kcal/mol was obtained for the
reaction energy using explicitly solvated Aand HO mol-
ecules in conjunction with the SCIPCGR&olvation model. This
value represented a big improvement with respect to the original
results disregarding solvation effects, but is still significantly
off from the experimental value.

The calculated\G value of 3.5 kcal/mol for the monodentate
structure does not agree so well with the experimental result.
However, if we look at the difference between the measured
AG and AH values instead on the absolute valueAd® we
observe that this difference ef7.8 kcal/mol is rather large (in

Our calculated standard hydration enthalpy—£116.2 kcal/

mol at 289.16 K is in very good agreement with the experimental
value of —1115.0+ 2 kcal/mol32 The trend of the calculated
temperature dependence of the thermodynamic quantities agrees
with measured enthalpies and Gibbs free energies of the
dissolution of gibbsité.

Molecular orbital calculations of hydrated aluminttiacetate
complexes provide good insight into structures and structural
changes due to solvation effects. The-& bond is stretched,
the C-0 bonds are shortened in the-AD—C linkages (except
the cases where intramolecular proton transfer occurred), and
the C-C bond is slightly lengthened under solvation effects.
The size of the structural changes decreases with decreasing
charge of the complex. An intramolecular proton transfer was
observed in all monodentate structures in the gas phase but not
in the liquid phase. In general, the monodentate structures are
energetically more stable than the bidentate ones. The enhanced
stability of the former structures is supported by intramolecular
hydrogen bonds and certainly also by unfavorable sterical factors
and strain in the bidentate Atarboxyl ring.

The formation energies and the reaction energies defined in
egs 7 and 8 depend strongly on solvation effects. Only inclusion
of solvation effects into the theoretical model brings the
calculated reaction energies into realistic agreement with the
experimental data for solution. While in the gas phase the order
of stability of the aluminum-acetate complexes is well estab-

absolute value) and more typical for bidentate structures (seelished (Ag > Ac, > Ac), this ordering is not so pronounced in

the above discussion on entropy effects and the value7o8
kcal/mol for reaction 11 in Table 9). For the diacetate complex
(AlAc,™), Palmer and Bellobtain aAH value of +7.2+ 7.2
kcal/mol and aAG value of—6.2 £ 0.7 kcal/mol. These values

the liquid phase. Calculations on the mixed hydroxoacetate
complex confirmed the conclusions of Benezeth & ahout

the significance of this complex in solution. Comparison of
calculatedAH and AG values for the reactions defined by the

and the difference of-13.4 kcal/mol between them are in better general eq 8 and by their specific realizations given in Table 9
agreement with our calculated values for the bidentate diacetateshows significant influence oAS in the case of bidentate
complexes (reactions 15 and 16) than for monodentate onescomplexes. This fact can be explained that in this case two water
(reactions 13 and 14). molecules of the aluminumhexaaquo complex are substituted
Our calculated\G values show that monodentate complexes by one acetate as opposed to the monodentate case where only
are only little preferred over bidentate ones. Thus, also bidentategne water molecule is released. Tha$J/AG differences can
SDECies should be considered as significantin solution. Overall,be taken as an indicator for bidentate structures. From a
the agreement between the experimental and our theoretical datgomparison of experimental and calculated values we conclude
is good but not entirely consistent. The reasons for this are, onthat monodentate structures are only little preferred over
the one hand, errors still existing in the computational proce- pigentate ones and that we expect a relatively complicated
dures. But, on the other hand, we also suspect that thegystem of chemical equilibria without any dominant complex.
thermodynamical models used for the evaluation of the ther- ynfortunately, it is not possible to investigate experimentally
modynamic data are not flexible enough. On the basis of our gach reaction individually. Measurements are performed on a
results we would like to suggest a differentiation between mono- iy re of different reactions, and results are interpreted on the
and bidentate structures in these models. basis of certain thermodynamic models. We suggest that in these
models one should not only distinguish between mono-, bi-,
and triacetate complexes and/or mixed hydroxoacetate com-
In our methodological study of the formation energy of the Plexes but also between mono- and bidentate species.
[Al(H 20)6]3" complex, several density functionals have been
compared with MP2 calculations and extensive basis set Acknowledgment. This work was supported by the Austrian
investigations have been carried out. This has led to a significantScience Fund, project no. P12969-CHE. We are grateful for
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