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Density-functional theory methods were used to investigate the structure of dimeric aluminum~III !
water complexes as a function of bridging group. The possibilities of oxygen, water, and hydroxyl
bridge ligands and a variety of structural arrangements, such ascis/trans, with respect to the relative
position of hydroxyl ligands, were considered. Within the limit of our computational level, we found
that electrostatic repulsion between hydroxyls is important in deciding the polyaluminum structure.
Although the structures of aluminum-hexaaquo predominate, species with small number of charges
or a large number of hydroxyl ligands have a tendency toward a five-coordinate trigonal bipyramidal
configuration. Because water is electronically neutral, it cannot provide enough negative charges as
a bridge ligand to stabilize two Al~III ! molecules. The energy differences among many
configurational isomers of hydroxyl Al are so small that they may coexist and convert into each
other easily at room temperature. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1778133#

I. INTRODUCTION

The aluminum~III !-water complex plays an important
role in environmental chemistry.1 It has many industrial ap-
plications that range from pharmaceutical design to the puri-
fication of water, and it can easily penetrate plants and cause
Al ~III ! toxicity in both of them and in humans.2,3 However,
the structure and configuration of polyaluminum has con-
fused scholars for more than 100 years and has greatly hin-
dered the progress of Al environmental chemistry and the
industrial application of polyaluminum.1 One of the intrigu-
ing problems about polyaluminum is the stability of candi-
date bridge ligands—including hydroxyl, oxygen, and
water—and their configurationally isomerism. Although the
results of previous experiments have indicated that the six-
coordinate structure of hydroxyl aluminum should
predominate,4,5 it is hard to demonstrate in the experimental
setting whether the first hydration sphere should be octahe-
dral, trigonal bipyramidal, or square pyramidal.6 However,
the study of hydrated gas-phase metal ions can provide a link
between the intrinsic chemistry of the isolated ion and its
chemistry in solution by the aid of cluster calculations.7,8

Density functional theory calculation andab initio molecular
dynamics simulation have provided a theoretical perspective
in understanding bridge structures in the Al~III !-water com-
plex. So far, extensive theoretical studies have concentrated
on the behavior of monomeric Al~III !, especially the simplest
species Al(H2O)6

31.9–14 They can provide important but
limited information on bridge groups and the configuration
of polynuclear Al. In this present paper, all possible configu-

rations of monomeric Al and bridge structures in dimeric
Al-water complexes with different charges were considered.
Within the limit of our computational level, we found that
electrostatic repulsion between hydroxyls is important in the
decision of polyaluminum structure. Although the structures
of aluminum-hexaaquo predominate, species with small
number of charges or large number of hydroxyl ligands have
a tendency toward a five-coordinate trigonal bipyramids con-
figuration. The electronically neutral water cannot provide
enough negative charges as a bridge ligand to stabilize two
Al ~III !. The energy differences among many configurational
isomers of hydroxyl Al are so small that they may coexist
and convert into each other easily at room temperature.

II. COMPUTATIONAL DETAILS

The model complexes that were used in the present
study include @Al(H2O)6#31, @Al(H2O)5OH#21,
@Al(H2O)4(OH)2#1, @Al(H2O)3(OH)3#0, @Al(OH) 4#2,
@Al2(OH)2(H2O)8#41, @Al2(OH)3(H2O)7#31,
@Al2(OH)4(H2O)6#21, @Al2(OH)5(H2O)5#1, and
@Al2(OH)6(H2O)4#. All possible configurations, with their
corresponding hydroxyl, water, and oxygen bridge ligands,
were calculated for comparison. Optimizations and fre-
quency calculations were performed using theGAUSSIAN 98

program15 with density functional theory~DFT! at the
B3LYP/6-31G1(d,p) level.16,17 Where possible, single
point calculations using second-order Møller-Plesset~MP2!
perturbation theory at the MP2/6-31G1(d,p) basis set
were calculated for the purpose of comparison.18 A Berny
algorithm using redundant internal coordinates was used in
the geometry optimization.19 Atomic charges were calculated
from natural population analyses~NPA!, and wave functions
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were analyzed using natural bond orbitals.20,21 The stability
of all optimized species are confirmed by positive eigenval-
ues yielded in frequency calculations.

III. RESULTS AND DISCUSSION

A. Monomeric Al: The basic unit of polyaluminum

Monomeric hydroxyl Al~III ! water complexes have con-
figurational isomers because of the different relative posi-

tions of their hydroxyl ligands. For thecis/trans isomers of
@Al(H2O)4(OH)2#1 with respect to the relative position of
hydroxyl ligands, differences in bond length for the AluOH
and AluOH2 bonds are much smaller than those among
various monomeric Al~III ! species with different charges~see
Fig. 1!. Their total energy difference is only 0.003 21 Hartree
~8.44 kJ/mol!, which indicates that they could easily convert
to each other through protonation and deprotonation at room
temperature. Figure 1 also shows that the bond lengths of
AluOH and AluOH2 are shortened almost linearly after an
increase in the charge of complex, with the exception of the
five-coordinate@Al(H2O)3(OH)3#0. The atomic charge of
the ligating oxygen is larger in hydroxyl than it is in water
~see Fig. 2!, which may result in a stronger coordination
interaction and affect their bridging properties during Al~III !
polymerization. The optimized geometrical parameters and
the total molecular energies for the selected model complex
of the six monomeric Al~III ! species are listed in Table I, and
their optimized structures are shown in Fig. 3. The bond
length of AluOH in @Al(H2O)6#31 is the same as Bock has
reported at the same computational level.6 The results of
Hessian calculations yielded all positive eigenvalues at the
optimized geometry and confirmed that their structures
are minima. The harmonic frequencies ofcis/trans
@Al(H2O)4(OH)2#1 are shown in Table II.

FIG. 1. The comparison of bond lengths and atomic charges between iso-
mers and different species.

FIG. 2. The comparison between the atomic charge of liganding oxygen in
hydroxyl and in water.

TABLE I. Optimized geometry parameters and the total energies of monomeric Al~III ! complexes at the B3LYP/6-31G1(d,p) level.

Configuration

Geometrical parameters NPA charges

Energy~hartree!R(Al-OH)/(Å) R(Al-OH2)/(Å) qAl

qO

OH H2O

tet-@Al(OH) 4#2 1.792 N.A. 2.056 21.253/21.250 N.A. 2699.472 634 19
@Al(H2O)3(OH)3#0 1.773 1.940 2.069 21.254/21.263 21.017/21.040 2699.472 634 19
cis-@Al(H2O)4(OH)2#1 1.768 2.030 2.031 21.273 21.024/21.017 2699.835 464 44
trans-@Al(H2O)4(OH)2#1 1.765 2.020 2.038 21.272 21.015/21.016 2699.838 671 92
@Al(H2O)5OH#21 1.719 1.975 2.049 21.274 21.035/21.037/21.043 2700.052 298 27
@Al(H2O)6#31 N.A. 1.942 2.076 N.A. 21.064 2700.117 727 49
@Al(H2O)6#31a N.A. 1.942 2.076 N.A. 21.063 N.A.

aThe data obtained by Bock at the same computational level~Ref. 6!.
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The structure of monomeric hydroxyl Al~III ! complexes
is strongly related to the number of its hydroxyl ligands. The
octahedral structure of monomeric Al~III ! is stable with no
more than two hydroxyl ligands. A large number of coordi-
nating hydroxyls, such as in@Al(H2O)3(OH)3#0, distorts the
geometry from its initial octahedron, with one water ligand
leaving the first hydration sphere, followed by the monomer
converting into a five-coordinate trigonal bipyramidal struc-
ture during the geometry optimization. This reduces the re-
markable electrostatic repulsion between the hydroxyl
ligands @see Fig. 3~a!#. This result is a little different from
those obtained at the HF/3-21G level. However, if one takes
into consideration the second hydration sphere, such as in the
molecular cluster@Al(OH) 3#•9H2O, the trigonal bipyrami-
dal structure is produced during the optimization process at
the same theoretical level, with a very short bond length.22

B. Dimeric aluminum complexes as a function
of bridging ligand

1. The oxygen bridge

Oxygen bridged Al~III ! dimers are proposed to exist in
molten glass and in some extreme conditions such as in very
basic solutions and at high temperatures.23 To clarify the
properties of the oxygen bridge group, both Al~III ! atoms in
each initial model dimer are octahedrally coordinated, and
one of the two bridge ligands is simply an O22, while the
other remains an OH2 ion. The calculated atomic charges of
bridging oxygen ions in every cluster is listed in Table III
and shown in Fig. 4. The initial and optimized geometries of
the three complexes are shown in Fig. 5. Because the bridg-
ing oxygen has a high atomic charge of more than 1.4e, it is
inclined to attract a proton through a hydrogen bond from
one of the water molecules in the hydration sphere, while
one of the water ligands is pushed out from the first hydra-
tion sphere of Al~III ! during the structure optimization be-
cause of the strong electrostatic repulsion caused by the oxy-
gen bridge group. Similar to the optimized monomeric
Al ~III ! cluster @Al(H2O)3(OH)3#0, which has a high hy-
droxyl coordination number@see Fig. 3~a!#, Al~III ! clusters
with an oxygen bridge ligand also appear to have trigonal
bipyramidal geometry in all three dimeric complexes. This
demonstrates that at a point when the electrostatic repulsive
forces between its ligands become larger, the Al~III ! water
complex will prefer the trigonal bipyramidal geometry to an
octahedral structure, to minimize this repulsive effect and
stabilize itself.

FIG. 3. Optimized structures of monomeric Al~III ! water complexes at the
B3LYP/6-31G1(d,p) level.

TABLE II. Calculated harmonic frequencies~in cm21) for the cis/trans @Al(H2O)4(OH)2#1 at the
B3LYP/6-31G1(d,p) level of theory.

cis @Al(H2O)4(OH)2#1 trans @Al(H2O)4(OH)2#1

102,141,145, 179, 182, 213, 224, 248, 267,
277, 279, 287, 297, 314, 355, 363, 389,
397, 404, 517, 545, 597, 614, 626, 658,
666, 674, 687, 710, 795, 834, 1613, 1615,
1624, 1631, 3674, 3678, 3743, 3745, 3842,
3844, 3860, 3860, 3935, 3937

122, 134, 142, 187, 190, 208, 227, 268,
275, 286, 296, 308, 313, 318, 348, 350,
387, 401, 431, 480, 544, 576, 600, 603,
622, 652, 654, 684, 710, 896, 1600, 1601,
1612, 1617, 3719, 3719, 3765, 3767, 3866,
3866, 3883, 3884, 3955, 3955
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2. The water bridge

For comparison we have examined four dimeric model
complexes that are bridged by water, a water and hydroxyl
unit. These include@m-H2O•m-OH•Al2(OH)5(H2O)3#0,
coplanar-@m-H2O•m-OH•Al2(OH)2(H2O)6#31 ~in the ini-
tial structure of this model complex, the three hydroxyl

FIG. 4. Comparison of NPA charges for the oxygen atom at bridging
position.

FIG. 5. Optimized structure of dimers with one oxygen ion bridge at the
B3LYP/6-31G1(d,p) level.TA
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ligands are on the same plane!, perpendicular-@m-H2O
•m-OH•Al2(OH)2(H2O)6#31 ~in the initial structure of this
model complex, the three hydroxyl ligands are perpendicular
to each other!, and@m-H2O•m-OH•Al2(OH)(H2O)7#41. In
the dimers with a single bridging water, optimization re-
vealed that they are not able to maintain their initial configu-
ration and the broken water bridge becomes a ligand of the
octahedral Al~III ! ion. The low atomic charge of the oxygen
in the ridging water indicates that it cannot provide enough
negative charge to stabilize two Al~III !. The optimized
@Al2(H2O)(OH)6(H2O)3#0 complex @see Fig. 6~a!# has a
highly asymmetric configuration, with one Al tetrahedrally
coordinated by four hydroxyls and the other remaining octa-
hedrally coordinated. Meanwhile, we demonstrated again the
formation of trigonal bipyramidal geometry for Al~III ! with
high hydroxyl coordination number in coplanar-@m-H2O
•m-OH•Al2(OH)2(H2O)6#31 @see Fig. 6~b!#, perpendicular-
@m-H2O•m-OH•Al2(OH)2(H2O)6#31 @see Fig. 6~c!#, and
@m-H2O•m-OH•Al2(OH)(H2O)7#41 @see Fig. 6~d!#.

3. Double hydroxyl bridges

Previous studies have shown that the hydroxyl is the
most important bridging ligand for polyaluminum. The low-
est energy dimeric Al~III ! water complexes, with charges of
0, 1, 2, 3, and 4, are shown in Fig. 7. The hydroxyl ligand is

shown to be a very stable bridging ligand, because of its low
electron density compared with the oxygen ion and its suit-
able coordinate ability compared with the electronically neu-
tral water~see Figs. 4 and 6!. The trigonal bipyramidal ge-
ometry of five-coordinate Al~III ! is again obtained in the
optimized~Al2-4w-0c-5 and Al2-5w-1c-5! structures, which
have high hydroxyl coordination numbers@see Figs. 7~a! and
7~b!#.

To compare the stability of all possible isomers with two
OH2 bridges, we considered the different arrangements of
hydroxyl ligands with respect to the relative position of one
another. The selected isomers were optimized at the
B3LYP/6-31G1(d,p) level. Their calculated energies are
listed in the Table IV. The results of Hessian calculations

FIG. 6. Optimized dimeric Al~III ! water complexes with one water bridge in
the initial.

FIG. 7. Optimized structure of the minimum energy isomers with double
hydroxyl bridging at the B3LYP/6-31G1(d,p) level.
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yielded all positive eigenvalues at the optimized geometry
and confirmed that their structures are minima. The harmonic
frequencies of all complexes shown in Fig. 7 are listed in
Table V. From the optimized results shown in Table IV and
Fig. 7, it is observed that those complexes with more hydro-
gen bonds are generally more stable~see Fig. 7!. Moreover,
those complexes whose negative hydroxyl ligands are in
close proximity are generally more unstable from an energy
perspective. This allows us to infer that the hydrogen bond is
preferred in the stable isomers and that the electrostatic re-
pulsive forces between hydroxyls are important in the forma-
tion of the polyaluminum structure. Our results also support

Hem’s experimental conclusion that polyaluminum shares
only one doubly bridged OH group in a given plane.24 Be-
cause the energy differences are less than 20 kJ mol21, these
configurational isomers could coexist at room temperature
~see Fig. 8!.

We have also calculated the optimized geometries of
OH-bridged polyaluminum isomers with negative charge.
However, none of these maintained an octahedral structure.
Some of them dissociated and divided into two separate Al
anions during the geometry optimization.

C. Comparison of DFT and MP2

For the purpose of comparison, we performed several
single-point MP2 calculations. To address this problem more
clearly, only those structures with many hydrogen bonding
were selected. In Table VI and Fig. 9, we show that the DFT

TABLE IV. Optimized energy for double hydroxyl bridged dimeric Al~III !
isomers using B3LYP method together with the 6-31G1(d,p).

Complex charge Configuration E ~hartree! DEa (kJ mol21)

0 Al2-4w-0c-1 21 246.064 585 60 80.63
0 Al2-4w-0c-2 21 246.088 833 19 16.97
0 Al2-4w-0c-3 21 246.063 233 79 84.18
0 Al2-4w-0c-4 21 246.087 676 62 20.00
0 Al2-4w-0c-5 21 246.095 296 93 0
1 Al2-5w-1c-1 21 246.479 935 81 7.828
1 Al2-5w-1c-2 21 246.479 654 27 8.567
1 Al2-5w-1c-3 21 246.478 950 70 10.41
1 Al2-5w-1c-4 21 246.476 343 48 17.26
1 Al2-5w-1c-5 21 246.482 917 17 0
1 Al2-5w-1c-6 21 246.476 631 69 16.50
2 Al2-6w-2c-1 21 246.739 771 62 0
2 Al2-6w-2c-2 21 246.735 574 82 11.02
2 Al2-6w-2c-3 21 246.738 560 94 3.179
2 Al2-6w-2c-4 21 246.726 648 59 34.454
3 Al2-7w-3c-1 21 246.851 109 86 53.87
3 Al2-7w-3c-2 21 246.871 628 37 0
4 Al2-8w-4c-1 21 246.853 479 68 0

aDE is the energy difference between the isomer and the most stable com-
plex with the same charge.

TABLE V. Calculated harmonic frequencies~in cm21) for all complexes shown in Fig. 7 at the B3LYP/6-31G1(d,p) level of theory.

Al2-4w-0c-5 Al2-5w-1c-5 Al2-6w-2c-1 Al2-7w-3c-2 Al2-8w-4c-1

60, 77, 83, 91, 119,
143, 147, 170, 179,
195, 198, 213, 227,
253, 255, 261, 270,
296, 298, 322, 325,
340, 352, 364, 380,
395, 409, 432, 482,
490, 518, 523, 530,
540, 558, 569, 591,
608, 635, 650, 685,
708, 737, 738, 753,
762, 823, 852, 878,
882, 917, 942,
1152, 1184, 1657,
1667, 1671, 1720,
2206, 2925, 3145,
3557, 3801, 3852,
3856, 3869, 3873,
3881, 3908, 3929,
3942, 3947

47, 62, 79, 99, 128,
136, 146, 162, 177,
185, 203, 221, 227,
240, 242, 254, 256,
267, 282, 289, 294,
310, 322, 327, 342,
354, 360, 383, 397,
414, 433, 472, 477,
491, 511, 534, 563,
583, 589, 597, 613,
643, 650, 663, 672,
699, 740, 769, 776,
813, 847, 916, 947,

1018, 1231, 1572,
1608, 1616, 1634,
1717, 2517, 3149,
3603, 3738, 3759,
3839, 3855, 3859,
3880, 3880, 3882,
3884, 3919, 3922,
3955

76, 78, 107, 141,
167, 171, 174, 186,
215, 216, 221, 223,
242, 250, 257, 275,
287, 300, 311, 324,
325, 339, 346, 359,
366, 367, 397, 405,
406, 434, 451, 487,
512, 553, 565, 577,
579, 590, 598, 610,
633, 635, 659, 661,
675, 690, 697, 727,
733, 805, 864, 946,
976, 1630, 1633,

1633, 1634, 1657,
1660, 3674, 3675,
3688, 3690, 3697,
3698, 3802, 3802,
3823, 3824, 3831,
3832, 3901, 3911,
3945, 3947

76, 96, 100, 124,
134, 155, 157, 174,
191, 198, 201, 209,
212, 221, 251, 261,
272, 290, 303, 307,
318, 328, 336, 344,
355, 362, 381, 387,
392, 412, 435, 442,
448, 452, 465, 477,
481, 485, 492, 499,
531, 542, 562, 602,
613, 625, 649, 657,
677, 694, 707, 721,
858, 880, 987,

1005, 1302, 1460,
1642, 1645, 1648,
1651, 1670, 1671,
1870, 3719, 3722,
3723, 3726, 3740,
3746, 3802, 3806,
3810, 3815, 3818,
3832, 3841, 3852,
3854, 3856

36, 65, 66, 104,
106, 140, 149, 160,
168, 172, 178, 192,
204, 208, 212, 231,
241, 243, 254, 262,
268, 289, 305, 319,
325, 329, 352, 355,
364, 370, 410, 438,
444, 449, 452, 467,
493, 495, 518, 519,
531, 538, 545, 551,
561, 565, 579, 637,
661, 666, 674, 699,
718, 728, 732, 758,

1029, 1069, 1671,
1672, 1679, 1681,
1685, 1685, 1689,
1694, 3672, 3686,
3687, 3698, 3699,
3703, 3708, 3740,
3741, 3755, 3755,
3776, 3776, 3789,
3789, 3806, 3841

FIG. 8. The comparison of the total energy for all calculated Al~III ! water
complexes with double hydroxyl bridge groups.
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and the MP2 methods produce quite similar results. There-
fore, B3LYP should be a suitable method for this problem.

IV. CONCLUSION

Although it has been demonstrated that density Func-
tional Theory can produce good results for the simulation of
metal ions in water using cluster calculation,7,8 it is better to
apply continuum models of solvation at MP2 level, which
can calculate the proton transfer phenomena better, in order
to simulate the behavior of polyaluminum. However, it is
unrealistic to apply such a high theoretical level at present
time. Within the limit of our computational level, we have
achieved the following findings:

~1! Although the octahedral structures of hydroxyl alu-
minum predominate, the species with a smaller amount of
charge or a large number of hydroxyl ligands has a tendency
toward a five-coordinate trigonal bipyramid configuration.

~2! The electronically neutral water cannot provide
enough negative charges to serve as a bridging ligand to
stabilize two Al~III ! ions.

~3! Even though so many configurational isomers of hy-
droxyl Al exist, their energy differences are limited, such that
they may coexist and convert into each other easily at room
temperature.

A figure for the optimized geometry of other dimeric
aluminum water complexes can be found in EPAPS.25
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TABLE VI. The comparison of density functional theory and MP2.

E~B3LYP! ~hartree! E~MP2! ~hartree!

@Al(H2O)3(OH)3#0 2699.472 634 19 2696.579 586 05
@m-O•m-OH•Al2(OH)1(H2O)7#21 21246.701 136 69 21241.756 554 76
coplanar-@m-H2O•m-OH•Al2(OH)2(H2O)6#31 21246.842 376 12 21241.912 075 30
Al2-8w-4c-1 21246.853 479 68 21241.939 334 98

FIG. 9. The comparison of density functional theory and MP2.
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