J. Phys. Chem. A999,103,903-915 903

Ab Initio Calculation of Aqueous Aluminum and Aluminum —Carboxylate Complex
Energetics and?’Al NMR Chemical Shifts

J. D. Kubicki,* T D. Sykest and S. E. Apitz

Department of Geosciences, The Penseyla State Uniersity, Uniersity Park, Pennsyhnia 16802,
Department of Chemistry, 1101 Useirsity Ave., Uniersity of Wisconsin-Madison, Madison, Wisconsin, and
Remediation Research Laboratory, SPAWARSYSCEN D361, 53475 Strothe Rd. Rm. 267D,

San Diego, California 92152-6325

Receied: August 24, 1998; In Final Form: Nember 17, 1998

Al3* hydrolysis in aqueous solution was modeled with ab initio calculations. Structural changes surrounding
the cation as protons are removed from the initigt’#H,0)s molecular cluster were predicted. A correlation

of the model energy changes and experimental equilibrium constants for these reactions was also found.
Calculations of thé&’Al NMR chemical shift between the species’H,0)s and [Al(OH))] ~ were performed

to test the feasibility of predictingf/Al NMR chemical shifts in aqueous solution with gas-phase molecular
orbital calculations on small clusters. Energetics offAlcarboxylic acid complex formation in solution were

also calculated using the self-consistent isodensity polarized continuum model (SCIPCM) to account for long-
range solvation effects. Comparisons of calcula®d NMR chemical shifts in model At"—carboxylate
complexes to experimentally assigned values were made to test this methodology and previous peak assignments
in 27Al NMR spectra of AFt—carboxylic acid solutions. Results suggest that NMR peaks observed in acidic
solutions of carboxylic acids should be re-interpreted in terms of monodentate or protonated bidentate species.
Peaks observed as solution pH increases are likely due to formation of aluminum oligomers complexing with

ligands and not bidentate complexes with isolated Alations as previously interpreted.

Introduction Numerous potentiometric and NMR studies have addressed
the problem of aqueous Al speciation and Ai*—organic
complexation:®24 Most of these studies observed broad
shoulders forming next to the Alag peak at 0 ppm with
formation of APT—carboxylate complexes. Commonly, these
peaks in the 620 ppm chemical shift range are assigned to bi-
and tridentate complexes whenever there are two or more
O-bearing functional groups within the acid molecule. This is
true even when the two functional groups are a carboxylate and
a phenol group, as in the case of salicylic acid, and the solution
is at a fairly low pH%2 Assignment of these bands to multiden-
tate complexes may be due to the conclusions of Kummert and
Stumn?5 that ART complexation can lower theka of phenolic
groups by 7#10 orders of magnitude and that of Hue et al.
that the most stable At—carboxylate complexes are multi-

complexation between simple carboxylic acids can increase thedesnfa,te with five- and six-membered rings formed between the
solubility and dissolution rates of At-bearing minerald:-13 Al®* jon and the organic ligand. However, Kummert and

hence, the presence of carboxylic acids can affect the transportStumnt® did propose an equilibrium between monodentate and
of Al3* and other metals within soils, groundwater, and Pidentate complexation that favored the monodentate configura-
sedimentd15 Last, aqueous-phase metatarboxylate com-  tions at low pH (e.g., below pH 3.8 for Alsalicylate).

plexation has been assumed to approximate mineral sufface  The purposes of this study are to determine how accurately
carboxylate bondinéf Consequently, models of aqueousat the 27Al chemical shifts of aqueous phase3Aland APt—
carboxylate complexation have implications for the mechanisms organic complexes can be modeled with ab initio, molecular
of chemisorption of NOM on mineral surfac&s.In turn, orbital calculations, to test the previous assignment3’Af
bonding of NOM to mineral surfaces can affect the adsorption chemical shifts with calculations on proposed model species,
of organic contaminants to soils and sediméfits. and to model other possible complexes that may give rise to
peaks in the NMR spectra of Al—carboxylate solutions.

* To whom correspondence should be addressed. (814) 865-3951, (814)Comparisons of observed and theoreticafAlcarboxylate

Aqueous reactions between aluminum and carboxylic acids
are important in environmental chemistry for a number of
reasons. At*—organic reactions are used in water purification
systems to drive coagulation and precipitation of dissolved
organic matter and minerals® Complexation of At* (as well
as other metals) by natural organic matter (NOM) has been
shown to reduce dramatically the toxicity of the metals
compared to an equivalent concentration of free fos.
Furthermore, AI*—NOM complexation can affect the transport
of organic contaminants that normally partition into NGF¥I.

Carboxylic acids, such as those chosen for this study, are
thought to represent metal-complexing functional groups in
NOM,®10 so these simplified complexes should shed light on
the nature of more complex A1l—NOM bonding. In addition,

86%1?59;23;((;?1?'|\|/(:r?ii§kis%?:?frfifesrgifdu' vibrational spectra are also made for the-&hlicylate complex
* University gf Wisconsin_Madison_y' to confirm assignments of specific complexes to peaks in the
$ Remediation Research Laboratory. 27AI NMR spectra. Further, energetics of3Alhydrolysis, APT
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dimerization, and A¥"—carboxylate complexation reactions temperature and pressure, and a cutoff of 0.001 electrons was
have been calculated and compared to experimental values. chosen for the isodensity surfateEstimates of cavitation
energies AEc,) were made following the method of Keith and
Methods Frisct#® with molecular surface areas and volumes calculated
) ) with the program AMSOL 5.4 using the PM3-SM3 metkbtd
Standard methods and basis sets of molecular orbital theory, 4 HE/3-21G** structures from Gaussian ¥4 queous-phase

as implemented in Gaussian 4vere employed to obtain yenrotonation energies were then estimated from single-point
minimum potential energy structures for the molecules and ;- lations using HF/6-31G**//HF/3-21G** molecular en-
clusters modeled in this study. Calculations were performed with ergies in reactions of the following type

the Hartree-Fock 3-21G** basis set. This basis set was chosen
because we have fo_und that it prqduces reasonab_ly_accurat% 3+(H20)6 + H,0-8(H,0) —
structures with a minimal computational effort to optimize the
large number of moderate-sized clusters included in this Sfudy. AI(OH)**(H,0)s + H,0"-8(H,0) (1)
H-bond distances are also reproduced fairly accurately with this
basis set® Similar basis sets have been used previously to with each cluster embedded in a polarized continuum.
investigate structures of hydrated metallic catiéhs.

Energy minimizations were performed with the Berny Results

algorithm using the redundant coordinates method of Peng et Effects of Solvation and Basis Set on StructuresBefore

al*® No symmetry constraints were imposed on any of the analyzing the Al* hydrolysis results, we discuss a test of
molecules or clusters. Force constant analyses were performedxplicit solvation effects on calculated structuregOHinolecules

to ensure that no imaginary frequencies were present and thatyere added to the At(H.0)s, [Al(OH)3(H-0)]-2(H.0), and

the structure was in a dynamically stable potential energy [Al(OH),4]~-2(H20) complexes to form [ (H20)s]-13(H0),
minimum. However, we do not claim that any of the structures [AI(OH)3(H,0),]-8(H.0), and [Al(OH)] ~-9(H,0), respectively.
presented are in the global potential energy minimum. Thermal (Note: In this paper, complexes are enclosed in brackets.
corrections to the molecular energies were also calculated with Molecular waters bonded to the complex by H-bonds are
the HF/3-21G** basis. Scaling of the zero-point vibrational designated with a -*. Organic ligands are separated by
energies by 0.89 to correct for overestimation of the force parentheses with their separate charges as superscripts to help
constants in the Hartreg=ock and harmonic approximatidis  clarify the protonation state of the ligand.) Although the addition
was included in our estimation of the thermal correction to the of this second solvation sphere does not completely account
molecular energies. Vibrational frequencies were also scaledfor the long-range iondipole and dipole-dipole interactions

by 0.89 except for the €0s and C-O—Al modes, which were  petween the solvent and solute, enlarging the cluster in this
scaled by 0.94. Previous work has shown that this is a bettermanner should indicate whether large structural differences
correction factor for this particular mode than the generic &89. would exist between the original model complexes and aqueous-
Scaling of individual modes has been performed by others to phase species. Furthermore, longer range solvation effects would
obtain more accurate theoretical predictions of vibrational be increasingly symmetric about the centrab’Alon and the

spectre®® effects of additional water molecules on the structure ZAd
Basis set effects on the calculated values of chemical shifts, NMR parameters should begin to cancel out.
disoy for agueous AY" have been investigated previously. Table 1 lists structural parameters for each of the clusters in

Chemical shifts were evaluated based on the NMR standardsthe APR* hydrolysis series. Generally, changes in structural
Al3*(H20)s and [Al(OH)] . Both the basis set used to optimize parameters upon addition of the second solvation sphere are on
the molecular structure and that used to calculate the chemicalthe order of 2%. In both the [AF(H,0)¢] and the [APT(H,0)g]-

shift were varied. Molecular structure optimizations with HF/  13(H,0) clusters, A}*—OH, distances in A*(H,0)s are
3-21G**, HF/6-31H-G**, and MP2/6-313%G** calculations predicted to be close to the experiment range of +B80 A4t
were found to give similadiso's for a given basis set used to A second solvation sphere does cause significant structural
calculate isotropic chemical shielding®iso = oiso(AI") — changes between the [Al(Ok{H.0)]-2(H0) and [Al(OH)-
oiso([AI(OH) 4] 7)}. Hence, in this paper, all structures were (H,0),]-8(H,O) complexes. In the former, Al is in irregular
calculated with the smallest of these basis sets, HF/3-21G**. tetrahedral coordination; in the latter, %Al is in trigonal

Of the basis sets used in Sykes etalo calculatediso, the bipyramidal coordination. This is an explicit effect of hydration
HF/6-31G* basis set gave as consistently good agreement withbecause energy minimization of the trigonal bipyramidal
experiment as any of the larger basis sets. In the present studycomplex without the extra eight 2 molecules predicts that
similar tests were performed on the monodentafe Abxalate the irregular tetrahedron is the more stable structure (i.e., the
complex with comparable results to those found in Sykes et potential energy of [AI(OHYH20)]-(H20) is less than that of
al2” Thus, diso values calculated in this paper are based on HF/ [AI(OH)(H20),]). Both of these configurations will be con-
3-21G** optimized structures and HF/6-31Gt,. The effects sidered when we calculate tR&I chemical shift of the aqueous

of increasing the number of explicit® molecules of solvation  complex Al(OH}.

on the calculated structures and NMR parameters of Al Table 1 also contains a comparison of structures obtained
(H20)¢], [AI(OH)3(H20)], and [AI(OH)]~ were also investi-  with HF/3-21G** and MP2/6-313+G** energy minimizations.
gated. The MP2/6-31%G** calculations include electron correlation,

Model aqueous-phase molecular energies were determinedwvhich should reveal potential problems with the HF/3-21G**
with a combination of explicit solvation and self-consistent structure determinations. Bond lengths are generally 2% longer
reaction field technique®:35Al3" was surrounded by a solvation and HOH bond angles 2% smaller in the MP2/6-3G**
sphere in each of these ¥l complexes. The self-consistent energy-minimized structures when compared to the HF/3-21G**
isodensity polarized continuum model (SCIP&NF) was structures. Uncertainties of this level are acceptable for our
employed to account for long-range solvation energetics. A purposes, especially considering that MP2 calculations tend to
dielectric constant of = 78.54 was used for water at standard overestimate bond length3Note that the experimental Ai—
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TABLE 1: Structural Parameters of the Al-Hydrolysis Series Complexes with Changes in Explicit Hydration and Basis Set
(Bond Lengths in A and Angles in Degrees)

method of optimization

complex parameter HF/3-21G** second solvation sphere MP2/6-&Ft SCRF
Al (H.0)s Al—0OH, 1.912 1.892 1.933 1.925
O—H 0.953 0.978 0.974 0.98%
HOH 108 11% 106 108
Al(OH)?"(H20)s Al—-OH 1.661 1.690
Al—0OH, 1.948 1.973
O—-H 0.927 0.958
AlI(CH),"(H20)4 Al—-OH 1.741 1.764
Al—0OH, 1.967 2.008
O—H 0.934 0.955
[AI(OH) 3(H20)]-2(H;0) Al—OH 1.721 1.779 1.750
Al—0OH, 1.872 1.962 1.941
O—H 0.940 0.942 0.960
[AI(OH) 4] -2(H;0) Al—OH 1.756 1.759 1.790
O—H 0.939 0.945% 0.958
H---O 1.969 2.060 1.983

a[AI3+(H,0)q]-13(H:0). © Reference 29 [Al(OH) 3(H20)2]-8(H0). ¢ [AI(OH) 4] ~*9(H.0).

OH; distances for At (H,0)s are 1.88-1.90 A*L and that MP2/ AI3* Hydrolysis. The AR hydrolysis series was modeled
6-311+G** calculations predict 1.933 A. Hence, values listed using the reaction scheme
in Table 1 for the HF and MP2 methods will likely bracket the
actual values for these complexes. AI**(H,0)s — AI(OH) > "H,0 _, +nH"  (3)
Water Dissociation.Dissociation of a water molecule is used
as atest of the accuracy of our methodology. We have calculatedEnergy changes using the SCIPCM and cavitation energy
AEaq) for correctiond® will be designated\Egq) Structures for the Al-
(H20)6 to [AI(OH)4]~-2(H,O) complexes were calculated, and
H,0-8(H,0) — 1/2[H30+-8(H20) + OH -8(H,0)] (2) the resulting Eizq) values are listed in Table 2. Two less
energetically stable speciess-Al(OH),"(H20), and octahedral
and obtained a value of-95 kJ/mol as compared with the  Al(OH)3(H,0)3,28 are also included. TheansAl(OH),*(H20)4
experimentalAH of +56 kJ/mol. Although this is not good isomer is 11 kJ/mol lower in potential energy than tieAl-
quantitative agreement, for the purposes of this paper, reproduc{OH),*(H.0), isomer based on our SCIPCM HF/6-31G**
ing the sign and magnitude &fEq for a reaction will be  calculations. For [AI(OHXH20)]-2(H,0) and Al(OH}(H-0)s,
sufficient to distinguish among possible complexes and con- the first configuration is 59 kJ/mol lower in potential energy.
figurations. Hence, we have excluded tis-Al(OH),*(H20), isomer and
The discrepancy between experiment and theory mentioned[Al(OH) 3(H;0):] complex from further calculations and discus-
above does not seem to be a function of either the small sjon in this study.
Hartree-Fock basis set used for structural optimization or the Equilibria for Al3t hydrolysis reactions are typically written
neglect of electron correlation in the energy calculation. To
illustrate the former point, the #-8(H,O) and HO*-8(H,0) K,= [AI(OH)S’"-n(HZO)][HJr] A 3+(H20) A (4)
clusters were reoptimized with a hybrid density functional
method using the B3LYP/6-311G* parametrization and basis Hence, with InK,) = —AG/RT, we solve forAH of the reaction
set264344Both optimizations result in three H bonds of average

length 1.60 (HF/3-21G**) and 1.55 A (B3LYP/6-311G*) from RTIn(K,) = —AG = —AH + TAS (5)
the O atoms of the water molecules to the H atoms ¢gbH
No H bonds were formed to the O atom of thed4 molecule, RTIn(K,) — TAS= —AH (6)

suggesting that ¥0—H,0 H-bonding is stronger than that from
H,0 to the O in HO™, in agreement with the results of Tam A plot of In(K5) from experimental daf8 versus—AEq) from

et al?® our modeling should have a slope equaRiband an intercept
To address the latter point mentioned above, proton solvationequal to—TAS. (The calculatedAEq) =~ AH except for the
energies were calculated with HF/6-34G&**//3-21G**, B3LYP/ PV term included in the enthalpfV is small compared to the

6-311+G**//3-21G**, and B3LYP/6-311G*//B3LYP/6-311G* overall AE(aq) or AH terms at ambient pressure.) To determine
methodologies and the SCIPC¥IThese methods gave solva- the AEq) of hydrolysis, we have balanced eq 3 with the model
tion energies 0f-1175,—1166, and-1186 kJ/mol, respectively. reaction

Thus, our method of using HF/6-31G**//3-21G** gives

comparable results to those obtained using larger basis sets and H,0-8(H,0)aq) T HY — H3O+-8(H20)(aq) @)
density functional theory for energy minimizations. All of these

overestimate an average experimental value-5088 kJ/mol which has aAEgq of —1175 kJ/mol in SCIPCM HF/
given by Lim et al*® by approximately 10%, but our values are  6-311H-G** calculations. Equation 7 actually results in less
close to the estimate of1153 kJ/mol by Coe et &f. It is accurateAEq) values than using ¥aq) + HT — HaOf(ag)
interesting to note that SCIPCM calculations ofO+and HO™ As an example, the experimentaH for the first hydrolysis
without any explicit waters of hydration using the HF/ step is+55 kJ/mot® compared with our calculatefEq) of
6-311+G**//3-21G** method result in &AH of solvation equal +8 kJ/mol with egs 3 and 7 ant79 kJ/mol with a single water
to —1102 kJ/mol, which may be fortuitously close to the average molecule to accept the Hcharge. It is not clear what
experimental valué® compensating error is leading to more accurate energy calcula-
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TABLE 2: HF/6-311+G**//3-21G** SCIPCM Energies (Hartrees) Corrected by 0.89 ZPE (HF/3-21G**), Thermal Correction -
ZPE, and AEcay

cluster molecular energy cluster molecular energy
Water
H30*-8(H.0) —684.727 96 OH-8(H,0) —683.760 79
H,0-8(H,0) —684.280 57
Al3* monomers
Al3*(H,0)5 —697.967 14 Al(OHY(H,0)s —696.557 03
Al(OH)2*(H20)s —697.516 45 [AI(OH)(H20)]-2(H.0) —696.579 44
trans-Al(OH),*(H20), —697.055 96 [AI(OH)]~+2(H.0) —696.113 99
Cis-Al(OH) " (H,0)4 —697.051 92
Acetate
HAc-8(H,0) —836.060 83 [(AC)AI3*(H0)d] —773.266 11
Ac~+8(H,0) —835.565 31 [(AC),AI3"(H,0)4] —1000.652 54
[(Ac™)AI3H(H,0)] —849.315 87
Oxalate
H,Ox-8(H20) —984.685 82 [(HOX)AI(OH),*(H20)] —996.985 57
HOx +8(H.0) —984.208 84 [(HOX),AI3(H,0),] —1146.555 47
Ox2~+8(H,0) —983.727 43 [(O%)AIR*(H,0)4] —921.451 11
[(HOX")AI3*(H,0)s] —997.942 08 [(O%)-AI3*(H,0)5] - —1144.917 97
[(HOX™),AI3F(H20)4] —1297.908 3 [(O%)sAl3] —1368.372 88
[(HOX)zAI3(H,0)s] —1597.846 76 [(O%)AI(OH)3] —847.621 00
[(HOX")AI(OH)2*(H20)4] —997.462 15
Catecholate
H.Cat4(H.0) —684.509 02 [(HCat)AI(OH),*(H20),] —925.307 91
HCat -4(H,0) —684.009 75 [(C&t)AIZF(H0)4] —925.302 61
Al dimers
[Al 2(OH).2 " (H20)g] —1242.092 58
Lactate
H.Lact-4(H;0) —645.798 14 [(Ladr)AI3H(H,0)4] —886.707 02
HLact +4(H,0) —645.327 72 [(HLact)AI3*(H,0)4]2 —887.162 90
[(HLact™)Al3*+(H,0)s] —963.197 14 [(HLact)AI3+(H,0)4]° —887.131 88
Malonate
H.Malon-4(H,0) —719.576 69 [(HMalon),Al 3+ (H,0)4] —1375.965 41
HMalon-4(H,0) —719.100 13 [(Malofr)AI3+(H,0)4] —960.451 91
Malor?~+4(H,0) —718.602 69 [(Malofr),Al3*(H;0),] —1222.951 78
[(HMalon™)AI3*(H,0)s] —1036.962 62 [(Malofr);Al 3] —1485.407 32
Malate
HsMal-8(H,0) —1137.595 67 [(HMal")AI3*(H,0),] —1074.812 02
H.Mal~+8(H:0) —1137.118 77 [(HMal~)2A13+(H20),] —1451.657 73
HMal>~-8(H,0) —1136.618 22 [(HM&)AI3*(H20)3] - (H20) —1074.341 38
Mal®-8(H,0) —1136.085 15 [(M&)Al3+(H,0),]-(H20) —997.840 69
[(H2Mal™)AI3*(H,0)s] —1150.848 08 [(Ma)41Al3+] —1297.641 48
[(H2Mal—),Al13+(H,0)4] —1603.725 07
Salicylate
H,Sat4(H,0) —797.284 88 Sé&t-4(H,0) —796.288 09
HSal-4(H,0) —796.808 79 [(HSal)AI3*(H,0)s] —1114.678 09

a Protonated A"—(OH)—C linkage.” Bidentate COOA}Y". ¢ Gas-phase value only.

tions for the case of neglecting the waters of hydration in this slope of 4.0+ 0.3 kJ/mol/InK,) translates into a theoretical
case. As mentioned in the Water Dissociation subsection, thetemperature of 475 36 K, approximately 175 K from the ideal
H2Oaq) + HY — H3O%(4q) reaction gives an energy of solvation 298 K. They intercept of+43 + 11 kJ/mol predictsAS of
approximately 85 kJ/mol less than the®8(H20)@uq) + HT hydrolysis= —92 + 23 J/(mol K), comparable to the experi-
— H30*-8(H.0)aq) value, so this discrepancy may be explained mental value of—80 J/(mol K) for the reaction pDaq) —

by the differences in the calculation of'H> H3O™+8(H0)aq) (OH)™(ag) + HT(aqg) Although there is room for improvement in
rather than Al*(H,0)s — Al(OH)* "H20 - ny + NH* (eq 3). the accuracy of the model energetics, we contend that the overall
This problem is also exposed by comparison of ouf*Al  correlation of thermodynamic parameters strongly suggests that
hydration energies to Born model results and experimental data.the models closely mimic aqueous®Alhydrolysis.

AHapdAlIRY) in our study is—4690 kJ/mol compared with Born Al3*—Carboxylate Complexation Energetics.Calculation
model results of-4677 to—4699 kJ/mok® However, agreement  of complexation energies can be used to predict which species
of our calculatedAHye(AlI3T) value with experimefit is not as may be more energetically stable. Thermodynamic constraints
good (1168 versus—1387 kJ/mol, respectively), which is can then be used in conjunction with the theoretical NMR
attributable to the error ithHapdH™). chemical shifts to determine which species are likely to be
Figure 1 shows the correlation betweenKlg(and —AE g present in solution and which give rise to particular NMR peaks.

for our SCIPCM HF/6-31+G**//[HF/3-21G** calculations with Table 2 lists model aqueous-phase molecular enerfgigg,for

the activation energy correction. The correlation coefficient is various complexes in this study. Although the basis set used in
good R2 = 0.989), indicating that the calculations are modeling these energy calculations is fairly large, neglect of structural
the essential aspects of the hydrolysis reactions in solution. A relaxation within the model solvent could be a significant source
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Al3* as OH. The reason for this discrepancy between our
model and the experimental results is not clear. Although it is
possible that these calculations are in error, there are two
arguments against this being the case. One is that the calculated
Al3* hydrolysis energetics are similar to measusdd values.

The other reason is that the catieanion bond between At

and acetate should be stronger than the catipole bond
between A¥" and HO (i.e., the energy change for substituting
acetate for a water molecule should be negative as calculated).
Loss of Coulombic energy could offset the energy gained by
pairing the two charged species, but at infinite dilution, the
Coulombic term between the #l cation and the acetate anion
should be negligible. Perhaps the experimental data could be
re-interpreted in terms of different reactions based on the model
results reported here.

The second conclusion that may be drawn from Table 2 is

that the formation of bidentate species are less energetically
stable than monodentate species. For example,

of error in our estimates of aqueous molecular energies. Hence,

the absolute values &gy are probably not extremely accurate.
However, structural relaxation within SCRF calculations does

not change bond lengths and angles by more than a few percent

in the case of AI"(H,O)s (Table 1), so we do not expect
dramatic changes inEq) upon structural relaxation within a
polarized continuum. Furthermore, this effect is neglected for
all the complexes. Consequenthglative AE(q calculations

between complexes should be accurate on a semiquantitative

level. We will test this conclusion where experimemdd data
is available.

Acetate and Lactate.Two main conclusions can be drawn
regarding the complexation of Al with acetate (Ac) and
lactate (HLact) from the results in Table 2. (Note: In this paper,
organic acids are referred to with the number of ionizable

Ac™-8(H,0) + AI**(H,0)s — [(Ac )AI**(H,0),] +
10(H,0), AE= —119 kJ/mol (10a)

or

Ac -8(H,0) + AI(OH)2+(H20)4 + 8(H,0)—
[(AcT)AI**(H,0)] + 2[(OH) -8(H,0)],

AE = +218 kJ/mol (10b)
compared to-168 or+13 kJ/mol for the monodentate reactions

above (egs 8a and 9a). Monodentate configurations are consis-
tent with most interpretations of aqueous®Atacetate and

protons present listed first. The overall charge on the ligand is A|3t—|actate complexe®
listed as a superscript. For example, lactic acid has two ionizable | ,ate can possibly form bidentate complexes withAfia

protons and is designatedlthct. After removal of the carboxyl
proton, the species is HLagtand after the second proton is
removed it is Lact.) First, reactions in which acetate anion
replaces an kD group have negativAE's, whereas reactions
in which acetate anion replaces an (OHjroup have positive
AFE’s. For example,

Ac™-8(H,0) + AI**(H,0)s — [(Ac)AI* (H,0)] +
H,0-8(H,0), AE = —168 kJ/mol (8a)

HAc-8(H,0) + AI**(H,0)s — [(Ac )AI**(H,0)] +
H,0"-8(H,0), AE = —42kJ/mol (8b)

and

Ac™+8(H,0) + AI(OH)*" (H,0); — [(Ac )AI*" (H,0)d] +
OH -8(H,0), AE = +13kJ/mol (9a)

2[Ac”+8(H,0)] + AI(OH), " (H,0), —
[(AcT),AI*"(H,0),] + 2[OH -8(H,0)],
AE = +33 kJ/mol (9b)

The latter values are similar to theH = +17 + 6 and+30 +
30 kJ/mol measured for At—acetate complexation at 2&;5!
however, the experimental values apply to replacement0f H
rather than OH. For Ac™ replacing OH, the AH was found
to be 0+ 1 kJ/mol?! suggesting that Acbinds as strongly to

the carboxylate and hydroxyl oxygens. Comparison of the
calculated energies for the bidentate reaction versus monodentate
reaction shows that the two have similar model enthalpies.

HLact -4(H,0) + AI**(H,0), — [(HLact )AI*"(H,0),] +
6(H,0), AE = —145 kJ/mol (11a)

HLact +4(H,0) + Al*"(H,0); — [(HLact )AI**(H,0),] +
5(H,0), AE = —152kJ/mol (11b)

The bidentate reaction should have a more positive entropy
change due to the release of twg@molecules from the Al
cation, and hence, the protonated bidentate species could be
favored by the overallAG of reaction. Deprotonation of
[(HLact")AI3*(H20)4] to form [(Lacf )AI3T(H,0)4] results in
a calculated\Eyq) of +22 kd/mol. Compared to the calculated
AE(aq) value for AI(OH}"(H20)s — Al(OH)2"(H20)4 of +34
kJ/mol, the protonated bidentate species [(HCp&E™(H20)4]
is more likely to form than Al(OH)"(H20),.

The deprotonated bidentate species [(Ege&l3"(H0)4] also
has a negativAE,q (eq 12a), but it is less than that of the
protonated counterpart [(HLag®Al*"(H,0)4] (eq 11a).

HLact -4(H,0) + Al**(H,0), + 3(H,0) —
[(Lact)AI*"(H,0),] + (H;0)"-8(H,0),
AE = —123 kd/mol (12a)
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HLact -4(H,0) + Al(OH)*"(H,0); — kJ/mol (Table 2). Although a complex with an%H(OH)—C
it linkage may at first seem to be an unstable configuration, the
[(Lact)AI*"(H,0),] + 6(H,0), calculated energy change for deprotonation of the bridging

AE = —130 kJ/mol (12b) hydroxyl group,

Thus, lactate could form bidentate complexes with4dnd be —\al3t . -

a weaker complex former than acefabecause thesAE aq [(HMal A (H20)4]2_+ H32+O 8(H0) .

complexation values are lower than the potential value predicted [(HMal= )AI""(H,0),] + H;0"-8(H,0) (14)

in eq 8a for acetate replacing®. This conclusion contradicts

a common assumption that ¥-carboxylate complexes with  is +61 kJ/mol, which is greater than that calculated for removing
larger binding constants have bidentate or multidentate struc-two protons from A¥*(H.O)s to form Al(OH);"(H20)s. Thus,

tures. the proton in the A*—(OH)—C linkage is less acidic than those

Oxalate, Malonate, and Malate.As in the case for A — in AI¥*(H20)s and Al(OHY*(H20)s, so [(H:Mal~)AI*"(H20)4]
acetate complexes, the modePAtoxalate, AP*—malonate, ~ could exist at pH’s higher than the first twdgs of Al3*(aq)
and APT—malate complexes showed strong negati&,q) for (i.e., pH 5).

replacement of KD groups by the organic anion and positive Catecholate and Salicylate We were unable to calculate
changes for replacement of OHyroups. Although bidentate  aqueous-phase energies for most of th& Akatecholate and
replacement of water molecules by oxalate and malate is moreAl3*—salicylate species with HF/6-3315** SCIPCM calcula-
strongly favored, monodentate speciation by the singly depro- tions even though stable structures were found with the gas-

tonated species is also exothermic. For example, phase energy minimizations. Multiple attempts to find converged
solutions to the self-consistent field electron densities resulted
Ox*™-8(H,0) + AI**(H,0), — [(Ox*)AI*"(H,0),] + in no electron configurations within the convergence limits.

10(H,0), AE=—177 kJ/mol (13a) Calculation of the A@l_*—catechol_ate and At —salicylate com-
plexation energies is not possible without the agqueous-phase
- e . a3t energies for these species. A comparison can be made, however,
HOX-8(H,0) + AlI™" (H;0)s — [(HOX )AI™"(H,0)d] + between two Alt—catecholate species with the same charge.
H,0-8(H,0), AE= —123kJ/mol (13b)  These two species, [(Ca)Al3"(H,0)4] and [(H,Cat)Al(OH),"-
(H20)2], should have similar solvation energies because they

and have the same composition and charge (they differ by the
B 3 oo 3t placement of protons either on 3H(OH,) groups or A¥+—
HOx -8(H,0) + Al*"(H,0)s — [(Ox™ )AI™ (H,0),] + (OH)—C linkages). Hence, comparison of the gas-phase energies

H,O"-8(H,0) + H,0, AE = —88kJ/mol (13c) for these two complexes could be an indicator of stability in
solution as well. The protonated bridging bidentate,{{git)-

Thus, under pH conditions where oxalic and malic acids are Al(OH)2"(H20)] complex was predicted to be more stable in
not dissociated (i.e< pH 3), AR*—oxalate and A—malate the gas phage by14 kJ/mol (Table 2). This result is significant
monodentate complexation could be energetically favored. Thebecause it is generally assumed that*Alcatecholate com-
above result is significant because many NMR studies of Al Plexes form via At"—0—C linkages at pHs above 3; but, if
complexation in aqueous solution are performed under acidic OUr results are correct, then¥A-OH; groups may deprotonate
conditions to avoid oligomerization and precipitation of Al before the At*—(OH)~C linkages formed at pH's less than 3.

We also note that monodentate replacement & Hy Ox~ Potentiometric data may not be able to discriminate between
does not occur in our model calculations. In the monodentate tWO species of the same charge varying only by the location of
species, [(O%)AI3*(H,0)s] and [(Ox)AI(OH)2F(H,0)4], H* the protons.

transfers occur from one of the remaining@Hgroups to the One AP*-salicylate complex, the monodentate species
Ox2- ligand during energy minimization thereby forming the [(HSal)AI**(Hz0):], did produce a converged self-consistent
species [(HOX)AI(OH)2*(H;0)4] and [(HOX)AI(OH),+(H,0)d], electron density and an aqueous energy. The complexation

respectively. Removal of the proton bonded to the oxalate ligand energies for the reactions
in [(HOx™)AI(OH),*(H,0)3] causes A" to undergo a coordi- a
nation change to a pentacoordinate species with the oxalate[Al”™ (H,0)¢] +- HSal -4(H,0) —
becoming a bidentate ligand (i.e., [OYAI(OH)2"(H20)]-2(H20) [(HSa)A 3+(H 0)d + 5(H,0) (15a)
with one water bonded to At and the other two water 2 2
molecules hydrating the complex).

Experimental enthalpies are available fo?Atmalonate and
Al*T—dimalonate complexes. Ridley et%®lreport AH values 2+ . .
of +19 4 5 and+29 & 10 kJ/mol, respectively, for these two [AI(OH) ™ (H0)s] + HSal -4(H,0) + 4(H,0)
complexes. Our calculated values for replacement e® H [(HSal)AI 3+(H20)5] + OH -8(H,0) (15b)
molecules by malonate predict a large negative energy change,
inconsistent with these measured values. However, if the were calculated to be 142 and+21 kJ/mol, respectively. Both
reactions are written in terms of anion exchange of monodentateof these values are similar to values obtained for the nonbenzoic

and

malonate for OH, then the model values af39 and+49 kJ/ carboxylic acids discussed above, suggesting that the aromatic

mol for these complexation reactions are reasonably close toring does not play a large role in the determination of-Al

experiment. carboxylate complex formation, at least for monodentate species.
Protonated bidentate configurations were modeled fér Al NMR Calculations. A detailed discussion of calculations on

malate complexes. The potential energy difference between thethe dis, for 2’Al between the standards #l(H,O)s and
monodentate species [fMal~)AI®T(H,O)s] and the protonated  [AI(OH) 4]~ can be found in Sykes et #l.Although the error
bidentate species [@Mal™)AI3(H,0)4 + H,0 is only +13 in diso(37Al) for [AI(OH) 4]~ in Table 3 is only 2 ppm using the
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TABLE 3: Comparison of HF/6-31G*//3-21G** Calculated 2’Al Chemical Shifts (0(2’Al) theory) @and Previous Assignments Based
on Observed Peaks in Aqueous Solutions)(?7Al) exp)

6(27A|)lheory é(27A|) expt 6(27A|)1heory 6(27A|) expt

molecule (ppm) (ppm) molecule (ppm) (ppm)
Al (H0)s 0 0 [(Ox2)AI(OH) 2" (H20):] 27
[AI%*(H20)g]-13(H;0) [(OX¥7)AI(OH)2"(H20)]-2(H.0) 53
Al(OH)?"(H20)s 1 3.9 [(Ox?7)Al5(OH)42"(H20)4] 20
trans-Al(OH) 2" (H20)4 15 3.7 [(HMalon™)AIH(H,0)s] 6
“octahedral species” 11-611.9 [(HMalon™),AlI3T(H0)4] 8
[AI(OH) 3(H20)]-2(H,0) 70 [(HMalorm)AI(OH)?*(H20)4] 15
[AI(OH) 3(H20)]+(H-0) 48 [(Malor?-)AI3*(H0)4] 8
Al(OH) 3(H20)3 27 [(Ma|0ﬁ7)2A| 3+(H20)2] 16 25
[AI(OH) 3(H20),] -8(H.0) 46 [(Malor?)sAlI3H] 9 2.5
[MAIO JB1Al 1(OH)24(H20)12) ™+ 62.9' [(HoMal)AIRH(H0)s] 6
[AI(OH) 4] ~+2(H0) 78 79.9 [(HMal~),Al3*(H,0),] 7
[AI(OH) 4] ~-9(H,0) 78 [(H:Mal™)AIRH(H20)4) 10
[Al (OH)*"(H20)g] 3 4.z [(H2Mal™),AI3T(H20),] 20
[Al (OH)3*(H,0)7] 7 [(HMal2")AlI3H(H0)3] - (H20) 33 8
[Al (OH)42"(H20)e] 14 [(Mal*)AI3*(H,0).] - (H20) 50
[Al 2(0H)5+(H20)5] 21 (Ma|3’)2[41A| 3+] 83 20
[Al 2(OH)s(H20)7] 26 unknown Al citrate 8
[(AcT)AIZH(H,0)s] 6 2¢ unknown Al(OH) citrate 10
[(Ac™)2AI3T(H,0)4] 10 [(H3Cit™)AIT(H,0)s) 6
[(Ac™)AIT(H0)4] 14 [(HsCit)AI(OH)?*(H20)4] 15
[(Ac™)2AIRT(H20),] 23 [(HCit?")AI3t(H20)4] 13
[(AcT)AI(OH)2* (H20)y]" 32 [(HoCit?")AI(OH)** (H20)q] 18
[(Ac™)Al(OH)**(H,0)g]f 7 [(HCit3")BIAISH(H,0),] - (H20) 24
[(Ac™)Al(OH),2T(H20)4]" 10 [(Cit*)AIPT(H,0)s] 29 1
[(HLact)AIZT(H,0)s] 5 6 [(HCit3")AI3F(H,0)3]* 16
[(HLact),AI3T(H20)4] 11 [(Cit*")AIZT(H0),] - (H20) 32
[(HLact)sAI3(H0)s) 7 [(Cit*)3Al 3(OH)E(H20)] 12,18(2)
[(HLact)AI®(H0)4]9 11 g [(Cit*)BIAIZF(OH)s] 58
[(HLact™)AI¥*(H0)4]f 10 [(HCat)AI3*(H;0)s] 8
[(H Lacf)zAI 3+(HZO)2]9 21 19 [(H ZCat)AI3+(H20)4] 2
[(HLact™)3Al]9 27 [(HoCat)Al(OH) " (H20).] 18
[(Lact)AI3t(H20)]9 25 g [(Cat")AI3*(H,0),] 24 11
[(LaCt27)2A| 3+(H20)2]g 35 15! [(Cat27)2A| 3+(H20)2] 32 26
[(Lact?™)sAl*]9 31 24 [(Cat™)sAI%] 28 31.3
[(HOXx™)AI®H(H,0)s] 6 [(Cat™),Al(OH)?*]+(H20) 58 32-41
[(HOX"),AI3(H,0)4] 8 [(Cat)AI(OH),*] 75 53
[(HOX)zAI3F(H,0)3] 16 [(Cat),Al3] 84 58.5
[(H20X)AI3+(H20)4] 3 [(HSal)AI*(H,0)s] 6
[(H zoX)zAl 3+(H20)2] 4 [(HSaF)AI 3+(H20)4]9 7
[(Ox?7)AlI3H(H0)4] 20 6° [(HSal)AIF(H0)4)" 16
[(Ox?7)AI3(H0),] 22 1z [(SaP)AIET(H0)4]9 16 3
[(Ox?)sAlI3%] 17 16 [(HSal)Al (OH)**(H20)g]f 8
[(Ox?)AI(OH)?"(H0)s] 23 [(HSa)Al(OH)2(H20)4]" 17

2 Defined.? Reference 23 Reference 54¢ Reference 22t Reference 224 Bonded through two oxygens on the same carboxylate gfdgpnded
through one carboxylate and one hydroxyl oxygeReference 19.Reference 60.Reference 24¢ Bonded through one oxygen on three carboxylate
groups.' Reference 21.

HF/6-31G*//3-21G** method, a larger variation was computed of this complex is highly distorted from octahedral symmetry.
with basis sets from HF/3-21G** to HF/6-3315(3df,2p)?’ On If present in solution, Al(OH)" might not be detectable with
the basis of this earlier work and excluding aiy(2Al) values NMR spectroscopy. If it is detectable, this species may
calculated with the smaller HF/3-21G** basis set, we estimate contribute to the peak observed near 11.6 ppm that has been
a maximum error of8 ppm (which probably exaggerates the assigned to “octahedral speci€d”Alternatively, the dimer
actual uncertainty) for our predictions 6f(2’Al) compared species [AJ(OH)42"(H20)¢] could also be responsible for the
to experiment. For most of the measured NMR peaks, this observed peak near 11.6 ppm. According to our calculations,
uncertainty will be acceptably small to distinguish among both the AI(OH¥" and the [AL(OH),*"(H,0)s] species could
possible complexes. contribute to the observed 3-8.7 ppm peak. However, recent

Al3* Hydrolysis. The 2’Al NMR spectra of ABt-bearing calculations with HF/6-31G* geometries and NMR shieldings
solutions are characterized by the following features: an intensePredict adiso(*’Al) of almost 9 ppm for the Al(OHj* specie$>
peak at 0 ppm corresponding to the3AH,0)s complex, a If this larger shift is correct, then the observed weak peak near
broadening of the 0 ppm peak and the presence of a weak peald-5—3.7 ppm would be due to the [ADH);** (H20)s]> species.
near 3.5-3.7 ppm for solutions with pH- 2, and a sharp peak ~ The more deprotonated species listed in Table 3 all have chemi-
at 62.9 ppm at pH> 5 assigned to the Ad complex. Another  cal shifts greater than 20 ppm. Except for [Al(QH)2(H;0),
peak around 11611.9 ppm is also observé#iThe contribution all these SpeCies with Iarge shifts are probably too distorted from
at 3.5-3.7 ppm has been assigned to Al(GH)AI(OH)",23 regular coordination geometries to be observed in NMR spectra.
and [AlL(OH)*"(H,O)g]>* species. The calculatedis(27Al) The effect of adding a second solvation shell aroundAl
values (Table 3) suggest that Al(Off)has a higher chemical on calculated?’Al chemical shifts was tested using the
shift than the observed peak at 4 ppm. In addition, the structure complexes [A}Y"(H20)g]-13(H:0), [Al(OH)3(H20),]-8(H-0),
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and [AlI(OH)] ~-9(H.0). The calculated chemical shielding for
the first complex changes by 7 ppm relative toJ&H,0)q].
Thus, explicit solvation can have a significant effect on the

[

(a) X\W):ﬁ.

absolute chemical shielding calculated. Chemical shifts calcu- // ?\\

lated for [AI(OH)3(H20),]-8(H.0) and [AI(OH)] ~+9(H-0) using

[AI3*(HO)¢] as the reference are 46 and 78 ppm. The latter / TR ¢
%\

(HLact )AI**(H ,0);]

value is the same as that calculated for [Al(GH)2(H20), so

a second solvation sphere does not affect the chemical shift in
this case. The value calculated for [Al(O¥H120),]-8(H20) is
significantly less positive than that predicted for the [Al(@H)
(H20)]-2(H.0) complex with only primary solvation. The
change is due to the difference in coordination state for these
two AI®* ions discussed above. This is not a direct effect of
the second solvation sphere however. If eight H-bonded H
molecules are removed from the [Al(O¥H,0),]-8(H.0)
cluster to form [AI(OH}(H20),] and no energy reminimization

is calculated, then the calculatég?’Al changes by 4 ppm
compared to the cluster including the second solvation sphere.
This small change in the calculatég2’Al due to a second
solvation sphere is not enough to significantly affect our
conclusions. Hence, we suggest that approximating the chemical
environment of At" and APT—organic complexes in solution
with only a primary solvation sphere will not fundamentally
change our interpretations of tA®&I NMR spectra as discussed
below.

Al3*—Carboxylate Complexation. Acetate and Lactate.
The 2 ppm shift observed for At—acetate complexé® is
consistent with the values calculated for a 1:1 monodentate
complex or possibly the bidentate bridging complex [(}c
Al,(OH),*"(H,0)6] (Table 3) suggested by lnans® These
results support our contention that our model calculations are
able to reproduceiss(>’Al) values within at least:8 ppm
because the most probable model species djiy€’Al) values
within 4—5 ppm of the measured value. Unfortunately, the NMR
results alone are not enough to distinguish these two assign-
ments. Vibrational spectra of Alacetate complexes in solution
would be useful in this regard to test if either of these complexes
produces vibrational frequencies consistent with measured values
as well as thé’Al chemical shifts.

Al3T—lactate complexation provides the opportunity to test
our methodology and previous assignments, because a number
of peaks have been detected at different Al/lactate ratios. A 6
ppm peak has been assigned to a 1:1 monodentéte-ctate
complex (Figure 2&Y, and our calculations confirm this
assignment within 1 ppm (Table 3). A second peak at 9 ppm
has been interpreted either as a [(HLa81 3" (H,0)4] (Figure
2b'9) or [(Lac®)AI3*(H,0)4] bidentate species (Figure28).
Calculated results in Table 3 are consistent with the former Figure 2. (a) [(HLact)AI*(H.0)]; (b) [(HLact)AI¥*(H0)4]; (c)
interpretation with the latter complex giving a model value of [(Lact?")AI®*(H20)4]; (d) [(HLact™)AI3*(H20)4] (bidentate 2 configu-
+25 ppm. Other species with calculated chemical shifts within ration); (e) [(HLact)Al**(H,0).]. Molecules drawn with the program
error of the experimental value of 9 ppm are [(HL3et Atoms/® H are black, O are white, C are light gray, and Al are dark
Al3+(H,0)4] (Figure 2d), [(HLact),AI3*(H,0)s (Figure 2e), I
and [(HLact)sAI3"(H20)s]. The first of these is unlikely to form  the difference is 20 ppm for the latter complex (Table 3). Last,
due to strain energy associated with forming th&"AlO—C—0O a peak at 24 ppm was observed by Thomas #Palnd assigned
ring 5" The latter two monodentate species are not prohibited to a [(Lac®)sAlI3*] complex. The calculatediso(2’Al) value
energetically and may form and contribute to observed NMR for this complex is in marginal agreement with the experimental
intensity near 9 ppm depending on the lactaté/Ahtio of the assignment (Table 3), so we cannot rule out this possibility.
solution. Within our error, the chemical shifts calculated at 11 Other candidates are the bidentate [(Baphl®™(H.O)4] (25
ppm could also be responsible for the observed 15 ppm peak.ppm), protonated bidentate [(HLagtAlI*™(H,O);] (21 ppm),
Karlik et all® assigned this band to a bidentate [(HL3st and protonated bidentate [(HLagsAl3*] (27 ppm) complexes.
AI®T(H,0);] species, whereas Thomas et?®l.suggested a  This last complex has been observed in crystals precipitated
bidentate [(Lact),Al3"(H,O),]. Our results are more consistent  from Al3*—lactate solution§® Without other constraints, such
with the former interpretation because the difference between as vibrational spectra, we cannot distinguish which of these
experiment and theory is 6 ppm for [(HLagzAl 3" (H,0),], but species is most probable.

[(HLact )AI**(H,0),]
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To summarize, the species proposed by Thomas %P td.
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the other hand, a larger cluster of fAt19(H,0)] predicts

explain the peaks at 6, 9, 15, and 24 ppm have calculatedaverage chemical shieldings of 325 and 303 ppm for the free

chemical shifts of 5 ppm ([(HLac)AI3+(H,0)s]), 25 ppm
([(Lact)AI3*(Hz0)4]), 35 ppm ([(Lact™)Al**(H0)]), and

31 ppm ([(Lact)3AlI3H]). Similarly, the species proposed by
Karlik et all® for the peaks at 9 and 15 ppm have calculated
shifts of 11 ppm ([(HLact)AI3"(H,0)4]) and 21 ppm ([(HLact),-
AI3T(H,0),]). On the basis of the current calculations, we assign
the observed peaks at 6, 9, 15, and 24 ppm to [(HDact
A3 (H20)s), [(HLact )2AI3*(H20)4], [(HLact ) AI¥* (H0)],

and [(HLact)sAl3"], respectively. However, the last assignment

and bound water molecules, respectively. Thus, the calculated
chemical shift for oxygen atoms in water molecules bound to
an AR* ion in this case is-22 ppm, perhaps fortuitously close

to the measured valifé As another test of the accuracy of these
calculations, thé’O chemical shift for carboxylate oxygens of
oxalate in solution are found at 253 pgfin the clusters
HOx+8(H,0) and OX~-8(H,0), the calculated chemical shifts
are 240-260 and 235250 ppm, respectively. Both of these
ranges are reasonably close to the measured value.

is the most tenuous of the three because other model complexes The calculated’0 chemical shift for bound water in

result in similar calculatedis,(2’Al) values.

Oxalate, Malonate, Malate, and Citrate.An accuracy test
of the HF/6-31G* calculations was performed in this study using
HF/6-31G(2d) and HF/6-31G** basis sets on the same
molecular structure for [(GX)AI3T(H,0)4 as presented in
Table 3. The larger basis sets gid&Al values of 22 and 25

[(Ox?)AlT(H20)4] (the assigned complex to the broad band
near 22 ppm) is 1815 ppm, but similar values are also
calculated for bound waters in the monodentate [(H®x
AlI3T(H,0)s] and protonated bidentate [(HO)AIS(H20)4]
complexes. Thus, we cannot distinguish among three 1:1 Al
oxalate complexes based on the peaks near 22 ppm. Two other

ppm, respectively, compared to the 20 ppm value calculated peaks were observed at 232 and 245 ppm and assigned to

with HF/6-31G*. Furthermore, density functional theory cal-
culations using the Becké exchange functional and the
Perdew-Wang?® gradient-corrected correlation functional and
the 6-313#-G** basis set on [AT"(H,0)g] and [(Ox)AI3(H,0)4]
predicted ad?’Al of 24 ppm. We conclude that the Al—

carboxyl oxygens in the bidentate [(®YAl3*(H,0)4 and
[(Ox?),AI3*(H,0),] complexes, respectively. However, cal-
culated chemical shifts for the oxygen atoms in the@-Al
linkages of these complexes are 148 and 175 ppm, respectively.
The only calculated’O chemical shifts that lie near the observed

carboxylate values calculated in this study would change by peaks at 232 and 245 ppm are from the monodentate Al

less thant8 ppm if a larger basis set were used to calculate

trioxalate species [(HOX3AI3"(H,0)z], and these range from

the chemical shieldings. Furthermore, these calculations with 219 to 246 ppm. This species also had a calcul&iicchemical
larger basis sets give the model-predicted values farther fromshift consistent with a measured peak at 16 ppm. The bidentate
the experimental value rather than closer to it. Since it was trioxalate species, [(3X)3Al3*], has a calculatet¥O chemical

demonstrated in Sykes et @lthat larger basis sets do not

necessarily result in more accurate chemical shift predictions,

we have decided to use the HF/6-31G* basis set &
chemical shift calculation and accept8 ppm uncertainty in
our results.

NMR spectra of At"—oxalate solutions have peaks at 6,
12222 and 16 pprf° depending on the Al/oxalate ratio. Peak
assignments are based on bidentat&" Abxalate species with
the above bands assigned to [fOMAI3T(H20)4], [(OXZ7)2-
AI3T(H,0),], and [(OxX7)3Al%T], respectively. Calculated chemi-
cal shifts for the first two model complexes (20 and 22 ppm,

shift of 204 ppm for the €0—Al oxygen atom, which is farther
from the observed value. Monodentate [(HQyAI3+(H,0)s]

is thus consistent with both theO and?’Al NMR spectra.
Protonated bidentate species are consistent witt¥lebut

not thel’O NMR spectra. Bidentate complexes have calculated
027Al and 6170 values that are consistent with neither spectrum.

Another check on our assignment of the NMR peaks can be
made by comparing model and observed vibrational spectra of
similar solutions. Raman spectra of-Abxalate solutions have
been measured by Jaber ef4in solutions that ranged from
Al/oxalate ratios of 1/3 to 1 and pH conditions &f0 to 6.3.

respectively) are outside the range of uncertainty compared with Observed peaks assigned to oxalate vibrations occurred at 1278,

the experimental values (Table 3). Monodentate [(HPx
AI®T(H,0)s] and [(HOx"),Al3T(H,0)4] species provide theoreti-

1408, 1423-1429, 1486 (pH 6.3 only), 16861698, 1723
1733, and 17461750 cntl. For comparison, the bidentate

cal chemical shifts much closer to the experimental values (6 complexes [(O%)AI3*(H,0)4], [(Ox27),AlI3*(H20),], and

and 8 ppm, respectively). Protonated bidentate;QjAI3*-
(H20)4] and [(H.Ox),Al3(H,0),] species also result in theoreti-

[(Ox27)3Al13%] have predicted frequencies of 1272299, 1308-
1332, 1386-1405, 1662-1679, 1716-1734, 1745-1760, and

cal chemical shifts more consistent with observed values (Table 1783-1798 cntl. Hence, there is reasonable agreement between

3). The third peak at 16 ppm could be due to either a
monodentate [(HOX)3Al3+(H,0)3] or bidentate [(OX)3Al3*]

the observed and modeled frequencies for the bidentate com-
plexes except for the observed 1423129 and 1486 cmt

species according to our results. The latter species is the stablgyands. Also, there are no bands observed near-13882 or

form upon crystallizatioft and thus seems the most probable.

To distinguish the correct assignment for these-étalate
peaks, we have also examined calculat&l chemical shifts
in relation to the observed values. Phillips et@aheasured’O
NMR spectra of At-oxalate solutions. These authors found a

1783-1798 that were calculated for the [(&YAI3T(H20),]

and [(Ox)AI3(H,0)4] complexes, respectively. In the model
monodentate complexes, predicted frequencies are 1261;,-1364
1388, 1425-1466, 1641, 16611678, 1694, 17661772, and
1806 cnt. The agreement between theory and experiment here

sharp peak and a broad peak both centered near 22 ppm thais similar to that found for the bidentate complexes. However,
were assigned to O atoms in water molecules of the complexescalculated bands at 1364388, 1641, and 1806 crhexist that

[Al3T-6(H,O)] and [(OxX)AI3H(H,0)4], respectively. Calculated
170 chemical shieldings using the HF/6-8G* (a diffuse
function, “+”, was added to this calculation to better describe

are not observed. Unobserved bands are simple to explain if
the vibrations are merely weak Raman scatterers. More difficult
to explain are the cases where bands are observed but none are

the electron density around the oxygen atoms) basis set averag@redicted as is the case for the 1408 and 372833 cntt bands

315 ppm for a (HO)g cluster and 317 ppm for [Af-6(H,0)].
This model chemical shift of-2 ppm is too small and in the
wrong direction compared to the measure22 ppm shift. On

missing from the monodentate complex calculated spectra or
the 1423-1429 and 1486 cmt bands missing from the bidentate
complex calculated spectra. Since these missing bands can be



912 J. Phys. Chem. A, Vol. 103, No. 7, 1999

Kubicki et al.

explained by a combination of the monodentate and bidentate8, 10, and 12 ppm, but only the 12 ppm peak was given a
complex spectra, it may be possible that a mixture of complexes definite assignment due to the number ofAlcitrate con-

exists in these solutions. Alternatively, some of the missing

figurations possible. The 12 ppm peak was assigned to a 1:1

bands may be explained by protonated bidentate species suct\l3"—citrate complex with the A" bound to two carboxyl

as [(HOx)AIPT(H20)4 and [(HOx)AI®T(H,0);] that have
model frequencies in the range of 1364372, 13911408,
1854-1856, and 18821887.

For Al"—malonate aqueous complexes, we know of only

oxygens and one hydroxyl oxygen, a configuration that has two
six-membered rings.

Two attempts were made to find a stable complex with this
configuration. During the energy minimization, the complex

one measured peak at 2.5 ppm. This has been assigned to botf(Cit*")AI3"(H,0)s] was driven into a quadradentate configu-

Al®T—dimalonate and Aif—trimalonate with bidentate con-
figurations?* Thermodynamic calculations predict that the
dominant species in solution changes fron¥"Atdimalonate
to Al3*—trimalonate over the pD range (pD 3.77 to 7.52) of
the NMR spectrd@* Hence, the authors concluded that both
species have the sand@’Al. Our results cannot rule out the
possibility that the A" —trimalonate species, [(Malén)zAl3*],
gives rise to the 2.5 ppm peak, but the monodentafe -Al
malonate species, [(HMaldnAl3*(H,0)s], does give somewhat

ration as the initially free COO group displaced a water
molecule from coordination around &l The calculated?’Al

for the quadradentate [(Cit)Al3T(H,0),]:(H20) is +29 ppm,

so this complex is unlikely to give rise to the 12 ppm peak.
Since the COO group in the citrate molecule that was initially
not bonded to A" caused displacement of the®|, a second
complex with this free COO group protonated ([(Cit)-
Al®T(H,0)3]) was also energy minimized. In this case, s&CH
molecule was also displaced and a pentacoordinate s

better agreement with experiment (Table 3). Furthermore, our formed. However, the carboxyl group in this case formed what

results suggest that it is unlikely that both théAtdimalonate
and APFT—trimalonate complexes have the sant@Al value
since the model results are separated by 7 ppm (Table 3).

As a check on out’Al calculations, we have also examined
the calculated@!3C values in light of the available experimental
spectr2* The 13C NMR spectra of the same solutions show a
+0.4 ppm difference between tlaé3C values for carboxylate
groups in all solutions over the range of aluminum/malonic acid
ratios in the study“ Our calculations show &5 ppm difference
between the C atoms in carboxylate groups of thé"Al
dimalonate and Ai"—trimalonate complexes. The difference
in the carboxylated*C values between the monodentate
[(HMalon)AIT(H,0)s] and the bidentate [(Maldn)Al3™(H,0)4]
species of 0.8 ppm is more consistent with & NMR spectra.
These two species also have calculaié@\l values somewhat

could be considered a long sixth bond at about 2.2 A, so this
complex could also be considered a highly distorted octahedral
coordination. Th&)?’Al calculated for [(Ci#)AIST(H,0),]-(H20)

was 24 ppm (Table 3), which is inconsistent with the measured
12 ppm value.

Feng et af> have proposed that the [(€i)3Al 337 (OH)(H,0)]
complex is a stable species in solution. The structure of this
large cluster is clearly described by Powell and Hé&tA
minimum energy configuration of this complex was found with
the HF/3-21G** basis set (Note: A force constant analysis was
not completed for this large cluster). NMR calculations with
the HF/6-31G* basis set predicté&’Al value of 12 ppm for
one ABT and 18 ppm for the other two. Thus, the former value
is in good agreement with the peak at 12 ppm measured for
Al3t—citrate complexes in solutioh.

closer to experiment and to each other (2 ppm); hence, both A complex that may explain the observed peak at 8 ppm is

the Z7Al and 3C NMR spectra can be more accurately
reproduced with these species rather than bidentate-Al
dimalonate and Air—trimalonate. These discrepancies could

the monodentate [(#Cit™)AI3T(H20)s] complex (Table 3). The
monodentate [(kCit~)AI(OH)2*(H,0)4], bidentate [(HCit2)AI3*-
(H20)4], or tridentate [(HCit")AI®T(H,0)3] species with cal-

be caused by errors in our computational methodology, errors culateds?’Al values of 15, 13, and 16 ppm, respectively, could
in modeling the thermodynamics of these solutions, or a lack give rise to the observed peaks at 10 or 12 ppm. All of these

of equilibrium between Atmalonate species in solution. This
last explanation seems the most likely. An*Al-dimalonate

configurations are different from what has been suggested
previously. There are no bonds through the hydroxyl oxygen

complex has a square planar configuration for the ligands with on the citrate ligand. Complexes that are bonded through the

two water molecules in axial positiod$.To form Al¥*—
trimalonate, one of the Almalonate bonds must be broken,

hydroxyl oxygen give much larger calculated chemical shifts.
Furthermore, these calculations suggest that-ADOH, groups

because a single malonate molecule cannot bond at the two axiakhould deprotonate before the hydroxyl group and the third

sites simultaneously. Lack of equilibrium in solution could be

carboxyl group because complexes such agJ)AlI3H(H0)g]

a common cause of misassignments for observed spectroscopigindergo proton transfers to become 4Gt )AI(OH)2+(H,0)4].
peaks particularly with strongly bonded ligands where activation These results suggest that a re-evaluation oftAtitrate

barriers may need to be overcome to form new species.
Experimental assignments f&fAl NMR spectra of APT—

complexation mechanisms would be worthwhile.
Catecholate and SalicylateNumerous’’/Al NMR bands due

malate aqueous complexes are based on bidentate and tridentatg Al3+—catecholate aqueous complexes are noted by Mhatre

specie$3 Model results predict chemical shifts that are signifi-

et al® In Table 3, each of these peaks and the corresponding

cantly larger than the observed values (Table 3). Monodentateexperimental assignments are listed and compared to calculated

[(H2Mal™)AI3H(H,0)s] and [(H.Mal™).Al3+(H,0)4] complexes
and a bidentate [(WMal")AI3"(H,0), complex are more

values for each proposed complex. The first peak at 11 ppm
was assigned to a [(CadAl3T(H,0)4 bidentate complex.

consistent with the first peak observed at 8 ppm (Table 3). A Model results predict a chemical shift of 24 ppm for this

bidentate complex, [(kMal-),AI3H(H,0),], with an ART—
(OH)—C linkage similar to that found in Figure 2b for &I

complex. Closer agreement is found with the [(HGAE3T(H0)s]
monodentate complex. The calculated chemical shift for the

lactate complexation, has a predicted chemical shift of 20 ppm [(Ca®)AI3*(H,0),] is actually closer to the second observed

that may be assigned to the observed peak at 20 ppm.

27Al NMR spectra of APt—citrate solutions have been
measured by Karlik et &P These authors noted three peaks at

peak at 26 pp’? (Table 3). A bidentate Af"—tricatecholate
complex also gives a model chemical shift close to this value
(28 ppm), but this assignment is less probable for the 26 ppm



Aluminum and Aluminum-Carboxylate Energetics

%ix L RN
CH
!

-
Wet”
Iy E\ [{HSal" JAL(OH)*(H ,0),]
A, A \\\\%
T

Pl e
“ =

L2 \\
N
e b
N

[

J. Phys. Chem. A, Vol. 103, No. 7, 199913

[HSaNAR'(H O}l o
@ S e b /

?
f \\ﬁg;/;’/fﬁ&\\
i h
{1 j’ﬁ
" \%// \\\\y .
[(HSal )JAI,(OH)7 (H O)e] |/ O

Figure 3. (a) [(SaF)AIH(H,0)4; (b) [(HSal)AI®t(H,0)4 (bidentate 2 configuration); (c) [(HSgAI(OH)2(H.0)4 (bidentate bridging
configuration); (d) [(HSal)AI**(H20)]; (e) [(HSal)AI3T(H.0)4] (protonated bidentate configuration); (f) [(HSEAI(OH),*"(H20)s] (bidentate
bridging configuration). Molecules drawn with the program Atofhkl are black, O are white, C are light gray, and Al are dark gray.

peak because it occurs at low catecholfAtatios®® A more
likely scenario is that the [(C&t),AlI3T(H20)z] (dcad?’Al) =
32 ppm) and [(C&t)sAl®*] give rise to the peaks at 31 to 32
ppm that are found at higher catechoffAlratios®® Peaks at
53 and 58.5 ppm have also been detected experimeiftatigl
assigned to the tetrahedral aluminum species J(Q4AI(OH),*]
and [(Cat)4AlI3*], respectively. Both of these tetrahedral

to the observed experimental value. Given the broad nature of
the observed band and tHe8 ppm uncertainty in our calcula-
tions with regard to reproducing experimental values, any of
these three complexes could be responsible for the observed
band.

To reduce the number of possible complexes assigned to the
NMR peak, we compared the observed infrared frequencies for

species have calculated chemical shifts closer to that of theaqueous At"—salicylate solutior8 to frequencies calculated

27Al NMR standard [AI(OH)]~ (Table 3). A complex with a

for the model complexes listed in Table 3 and shown in Figure

calculated chemical shift more consistent with the observed 53 3d—f. Figure 4 correlates these experimental frequencies and

and 58.5 ppm peaks is the pentacoordinate complexZ(zat-
Al(OH)2*], with a theoreticaldcad?’Al) = 58 ppm. To our
knowledge, pentacoordinate 3l has not been suggested
previously to explairf’Al NMR spectra of aqueous solutions.
However, we have also predicted a pentacoordinate ddnfig-
uration for the Al(OH) aqueous species (see Al Hydrolysis
Section) which has a similar calculated®() (Table 3).

One broad shoulder at 3 ppm has been reportetfAdNMR
spectra of acidic A"—salicylate solutiond?® These authors
assigned the peak to a bidentate 1:#*Alsalicylate complex

the model values for each complex. The closest fit to the
measured frequencies is provided by the monodentate [(hSal
Al3T(H,0)s] complex with a slope of 1.02 0.02, an intercept

of —40 + 36 cn1?, and anR? value of 0.996. Considering the
approximations made using a small basis set and comparing
gas-phase calculations to aqueous-phase experiments, this
agreement is excellent. Correlations of frequencies calculated
based on the bidentate complexes, [(H$al*"(H,0)4] and
[(Sal)Al(OH)*(H.0)g], with experiment result in slopes of
1.12 + 0.04 and 0.88+ 0.06, respectively, larger variations

with bonding through one carboxylate oxygen and one phenol from the ideal 1.0 value than the 1.02 value for [(HSal
oxygen (Figure 3a). Calculated results predict that this and otherAl3*(H,0)s]. In addition, the intercepts of these two correlations

bidentate complexes (Figure-3a) would havej(?’Al) values
equal to 16-17 ppm. In contrast, the monodentate [(HSal
AI3T(H,0)s], protonated bidentate [(HS3IAIST(H,O)4], and
bridging bidentate [(Sa)Al(OH),**(H.0)e] complexes (Fig-
ure 3d-f) have model chemical shifts of8 ppm, much closer

derived from bidentate complexes ard 73 + 62 and 152+

86 cnT?, respectively, significantly in error from 0. Hence, we
suggest that the monodentate [(H9AI3"(H,0)s] complex is

the best assignment for the observed NMR and IR spectra of
acidic Al—salicylate solutiong?v.67



914 J. Phys. Chem. A, Vol. 103, No. 7, 1999 Kubicki et al.

1800 difficult to remove and would not deprotonate at pH's where
O (HsahaiR+(H0)) [AI3T(H,0)¢] was a stable species.
'Tg 17004 <O [HSal)AR*(HL0) If equilibrium exists between the monodentate and protonated
s O [SalALOH)#H,00] bidentate species and deproton_at|on of this Iat_ter type of complex
3 16004 occurs as pH increases, then bidentate species Witligands
2 are likely to be stable at neutral pH's. Unfortunately, these
T complexes may not be detected with NMR because most NMR
® 1500 . . .
[ spectra of At*—carboxylic acid solutions are collected under
E acidic conditions{pH 3 or less) to prevent polymerization and
I 1400 precipitation of Al hydroxideg22Even wher?’Al NMR spectra
2 are collected at low total At concentrations to avoid precipita-
O 13001 tion?3 under neutral conditions, NMR peaks may not be detected
due to the highly distorted nature of the complex. As a general
1200 T r r T T rule, we would predict that complexes with two or more strong
1200 1300 1400 1500 1600 1700 1800 Al3*—0 bonds lengthen the remaining®Al-OH, bonds and
Experimental Frequencies (cm-) distort the complex from octahedral symmetry. If species such

as [(O%)3AlI3"] form however, octahedral symmetry is re-

Figure 4. Comparison of calculated vibrational frequencies for three . . .
9 P . gained because all six &l—0O bonds are equivalerffAl NMR

possible At-salicylate complexes to observed infrared peaks for Al

salicylate solution§’ spectra may detect these species, and our calculations predict
chemical shifts that are compatible with observed experimental
Discussion values. When a Ai"—tricarboxylate species is stable, such as
) [(Ox27)3Al%"], then these species may form even at low
To demonstrate the relevance of our calculations tc*tAe carboxylate/A¥" ratios. Once the 1:1 Af—carboxylate complex
NMR spectra of.A¥+ in solu.tlon, we have shown that model s formed in solution, the remaining Ai—(OH,) bonds
clusters with a single solvation sphere can rep_rO(_jucé%Fm lengthen, making their replacement by other ligands more
between the standards®Alg) and [A(OH)] ~@q Within reason-  fayorables? Thus, the 1:1 and 1:2 Af—carboxylate species

able accuracy. Furthermore, calculations on other model clustersmay not be detected in solutions where the 1:3 complex can
(e.g.,SBAI(OHf+(H20)5] and [Al(OH),*"(H20)g]) likely to exist form. However, this transition to bidentate species is complicated
in Al**-bearing agueous solutions also prediéfAl values by possible oligomerization at higher pH. Consequently, ad-

corresponding to observed peaks. In systems such #s-Al  gjtional spectroscopy, such as infrared and Raman, and model

acetate, where complexation mechanisms are readily interpreted:g|cylations may be necessary to unravel the ddrboxylate
due to the simple nature of the ligand, agreement is also goodgpeciation in aqueous solutions.

between experimental peak assignments and model calculations.
Our modeling results suggest that complexation mechanismsconclusion

involving bonding a B~ or L3~ ligand in a bidentate or tridentate ) )
manner to At results in chemical shifts that are generally larger ~ We have tested the methodology used in our modeling study

than those observed experimentally. In fact, the environment With & variety of comparisons to experimental data. In each case,
surrounding the A" cation can be highly distorted in this type  "€asonable agreement indicates that the calculations on small
of complex, which could make tH&Al difficult to detect with molecular clusters model the essential aspects dfadd AP —

NMR spectroscop§® Distortion is so high in some complexes carboxylic acid chemistry in aqueous solutions. Some discrep-

that coordination changes to either 5-fold or 4-fold coordination @ncies exist between the experimental interpretatiod’Af
is predicted. Thus, the chemical shifts would be found in the NMR spectra and model results based on bidentate and tridentate

range 50-80 ppm, well outside the broad bands generally Complexes. In most cases, these differences can be explained
observed from 0 to 30 ppm. by protonation of the carboxylate anion either forming a

Monodentate complexes or bidentate species with protonated™onodentate or protonated bidentate complex to lower the
Al3+—(OH)—C linkages (e.g., Figures 2a,b and 3d,e) generally calculated cher_nlcal shift. Large chemical shnftg due to the
have calculated’Al chemical shifts that correspond better to dgprotonated bidentate complexes should be C.|IffICU'|t to detect
observed values in At—carboxylic acid solutions. Calculated ~ With ’Al NMR spectroscopy due to the large distortions from
energy differences between these two types of complexes arePctahedral symmetry that occur with formauon of covalent
small with the monodentate configurations approximately 10 Ponds between Af and the carboxylate anions.
kJ/mol lower in potential energy. However, formation of the . .
bidentate species should lead to a positive entropy change as a “cknowledgment. The authors appreciate the time and effort
water molecule is released from coordination around*Al ~ Putinto the review process by Jack Tossell and an anonymous

Shock and Koretsk§ have suggested that thes for this type reviewer. S.E.A. and J.D.K. acknowledge the financi_al support
of reaction is approximately 70 J/(mol K). At 300 K, this ©f ONT and ONR. Computer resources were supplied by the
translates inte-21 kJ/mol of Gibbs free energy and would make D0D HPC initiative through the Space and Naval Warfare
the reaction from monodentate to protonated bidentate species>YStéms Center, San Diego, CA and the Aeronautical Systems
favorable by approximately-10 kJ/mol. Although the proton ~ Center, Dayton, OH.

in the AR*—(OH)—C linkage is acidic, calculated deprotonation
energies for these species can be higher than steps in the Al
hydrolysis series. For example, [(HLagAl3T(H,0)4] + H,0- (1) Vik, E. A.; Eikebrokk, B. InAquatic Humic SubstanceSuffet, .
8(H20) — [(Lact?")AlI3+(H,0)4] + H30'-8(H,0) (Table 2) is H., MacCarthy, P., Ed.; American Chemical Society: Washington, DC,

; 1989; p 385.
predicted to have AE of +22 kJ/mol. Compared t&-8 kJ/ . .
(2) Dempsey, B. A. InAquatic Humic Substancesuffet, 1. H.,
mol for [AI**(H20)g] + H20-8(H20) — [AI(OH)2*(H20)s] + MacCarthy, P., Eds.; American Chemical Society: Washington, DC, 1989;

H3O™-8(H,0), the proton in the &i*—(OH)—C would be more p 4009.
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