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We have simulated exchange of inner-sphere and bulk water molecules for different siz&<ad)Adlusters,
Al(H,0)s" + nH,O for n =0, 1, 6, or 12, with ab initio and molecular dynamics simulations, in order to
understand how robust the ab initio method is for identifying hydrolytic reaction pathways of particular
importance to geochemistry. In contrast to many interfacial reactions, this particular elementary reaction is
particularly simple and well-constrained by experiment. Nevertheless, we find that a rich array of parallel
reaction pathways depend sensitively on the details of the solvation sphere and structure and that larger clusters
are not necessarily better. Inner-sphere water exchange*ia8) may occur through two LangfordGray
dissociative pathways, one in which the incoming and outgoing waters are cis, the other in which they are
trans to one another. A large majority of exchanges in the molecular dynamics simulations occurred via the
trans mechanism, in contrast to the predictions of the ab initio method. In®@J&H + H,0, the cis mechanism

has a transition state of 84.3 kJ/mol, which is in good agreement with previous experimental and ab initio
results, while the trans mechanism has only a saddle point with two negative frequencies, not a transition
state, at 89.7 kJ/mol. In addition to the exchange mechanisms, dissociation pathways could be identified that
were considerably lower in energy than experiment and varied considerably between 60 and 100 kJ/mol,
depending on the particular geometry and cluster size, with no clear relation between the two. Ab initio
calculations using large clusters with full second coordination spheresl) were unable to find dissociation

or exchange transition states because the network of hydrogen bonds in the second coordination sphere was
too rigid to accommodate the outgoing inner-sphere water. Our results indicate that caution should surround
ab initio simulation of complicated dynamic processes such as hydrolysis, ion exchange, and interfacial reactions
that involve several steps. Dynamic methods of simulation need to accompany static methods such as ab
initio calculation, and it is best to consider simulated pathways as hypotheses to be tested experimentally
rather than definitive properties of the reaction.

1. Introduction of ab initio simulation of transition states using clusters is
profound; time is eliminated from the problem, and the
properties can be identified from inexpensive static calculations,
corresponding to 0 K.

In this paper we examine the exchange of a water molecule
from around the A¥" ion in aqueous solution using various
approximations to the solvation shell. Our goal is a compre-
hensive examination of the dependence of the reaction structure
and energies on details of the simulation, with the idea that
similar dependencies will be present in the simulation of unseen
surface reactions. We choose to simulate thé"@lq) ion
g)ecause of the high quality of the experimental data and because
of its interest to geochemists. Hugi-Cleary etZaheasured the

The influential paper by GibBsled geochemists to use
guantum-mechanical models to interpret the pathways for
difficult interfacial reactiong14 The simulations correspond
to single elementary reactions; that is, to individual bond-
breaking or bond-forming events, often involving the movement
of a few atoms only, with the formation of an unstable transition-
state complex. The parameters extracted from the simulation
are usually the structure of the transition-state complex(es) (e.g.,
the metals and their coordinating ligands) and the activation
energy corresponding to a complicated overall reaction, which
is used to identify the reaction pathway. Because these reaction

are commonly impossible to probe experimentally, the appeal o .
y imp b b y PP rates and the activation parameters using both'fdeNMR

of the simulations to Earth scientists is strong. . ) S
S . , line-broadening method and B{O-injection. They reportke,?%8
Scientists in the mid-1990s began to attempt to estimate the_"; ,q ST AHF = 84.7 kJ/MOIAS = 41.6 J/molK, andAV#

:2:22828'[)2@”;?“”: ;{‘g Sﬁtwgﬁ\yrfefr?; tﬂgrzmgifto?;ag?;?ounsz 5.7 cn¥/mol, consistent with a dissociative interchangg (I
: ’ ge of. 9 b o R reaction mechanism (see also refs 23, 24).
with a water molecule in the bulk soluti&?! in recognition

that some experimental verifications were needed. The attraction Th? common meaning of the “mechamsm" of water exchange
reactions is the extent to which the first- and second-sphere

- S - waters move simultaneously in exchange, with the accompany-
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t Department of Geology. ing breaking and formation of bonds. In a pure dissociative (D)
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bond is broken) before a new water enters and the transition 1
state has a reduced coordination number. In a pure associative
(A) mechanism, the incoming water enters the first coordination -
sphere from the second (i.e., a bond is formed) before another & <
water leaves, causing the coordination number to increase. For A ¢
octahedral metals like At(aq), the incoming and outgoing steps :
occur with varying degrees of simultaneity to give associative I, - .
interchange @), interchange (1), or dissociative interchangg (| O e &
mechanisms. TheqImechanism that is assigned to water
exchange around At means that the reaction pathway involves ) f ) J
concerted motions of the entering and leaving water molecules, %
and both bond-breaking and formation occurring together, with O
bond-breaking dominant. Figure 1. Undistorted agueous cluster Al{8l)s*", with labels on the

In addition to this usual meaning of mechanism, we also first-sphere waters (see text).
consider the more specific details of how the first- and second-
sphere waters move during the exchange, particularly when thelabeled Q*, the oxygen atom on the negatiyexis Q,~, and
first-sphere waters are not symmetry equivalent. This is the caseso forth. When applying a continuous distortion to the cluster,
in the commonly used method of representing the whole secondsuch as increasing one-AD distance, the waters in the distorted
sphere by just a few (or one) representative wat®ers:21.22|n cluster are identified with the corresponding waters in the
such cases, there is likely to exist more than one patffay undistorted cluster.
a given type (D, A, |, etc.), with different transition states and
activation energies, where it is unclear which corresponds to 3. Results and Discussion

the exchange mechanism in the presence of a full second sphere. gocquse A is predicted to have an éxchange mechanism

. . . we began by dissociating a water ligand from bare gas-phase
2. Simulation Details Al(H,0)s3*. Next we added increasing numbers of spectator

Most reactions simulated were dissociation reactions where Waters during the dissociation, exploring as many relevant
a water from the first coordination sphere of3Alis moved ~ Pathways as possible, with the intent of obtaining an increasingly
into the second coordination sphere, using the @ldistance ~ better approximation of the effects of higher coordination
d(Al—0) as the reaction coordinate. Energy curves for the SPheres on the dissociation. Finally, we switched from ab initio
removal (or addition) of a first-sphere water were calculated t© molecular dynamics simulations with over 200 spectator
by optimizing the structure of Al(pD)e3" + nH,0, wheren = waters and periodic boundary conditions, simulating"Ah
0,1, 2, 6, or 12, with the desired AD distance frozen. Potential ~ Pulk water.
transition states were checked by performing a frequency 3-1. Dissociation of a Water from Bare Al(H0)e>". The
calculation and searching for a negative frequency. All ab initio first reaction relevant to water exchange in AiBJe**, without
calculations were performed in the gas phase approximationiNvolving second-sphere waters, is dissociation of AQH>"
using restricted HartreeFock (basis sets 6-31G(d) on all atoms) N the gas phase. We remove a single water to produce a five-
in Gaussian 035 We have made no attempt to compensate for coordinated intermediate:
the effects of the surrounding solvent, beyond extending the
cluster size. Gas-phase Hartreock calculations have been Al(H,0)>" — Al(H,0)°" + H,0 1)
shown to give reasonable geometries and energies for clusters
in SOIUtion, for ions with+2 or +3 Chal’ge, and clusters with The six waters are Symmetry equiva|ent, so we arbitrarily
neutral ligands and small permanent dipole monieri€ For remove the water labeled,Q The energy of the cluster as a
computational speed, we have not included any polarization function of d(Al—0,"), relative to the undistorted cluster, is
functions in the basis set, although they are recommended forshown in Figure 2. A local maximum occursd{Al —O, ") =
second-row atom&, however, our cluster geometries and 304 A, AE = 82.8 kJ/mol; a frequency calculation at this point
energies compare well with the results of Wassermann@t al. gshows a single negative frequency-6£03.7 cnt?, indicating

for Al(H20)e*" and Kowall et ak® for Al(H20)e*" + H20 at 4 transition state. (The normal mode corresponding to this
h|gher Ievels_ of theory. Reported energies do not include zero frequency is shown by the arrows in Figure 5A.) The local
point corrections. minimum atd(Al—Ox") = 3.41 A, AE = 79.0 kJ/mol would

Molecular dynamics (MD) simulations were performed with  correspond to a reaction intermediate in a purely dissociative
GROMAC®’ using CLAYFF interatomic potentiafs. The  exchange. The transition state (TS) and intermediate (Int.)
simulations were run with a constant temperature of 300 K and structures are shown in the inset of Figure 2.
constant pressure of 1 bar. As the A-O,* distance increases, the/O-Al—0O,~ angle

2.1. Nomenclature.Like many metal cations, At(aq) has decreases from 180n the undistorted octahedron to TOih
six water molecules in its first coordination sphere, organized the intermediate, as those protons on thé @&xd Q~ waters
in an octahedral geometry (Figure 1), for a cluster stoichiometry pointing in the direction of the departing;Owater are attracted
of Al(H20)e*". In the absence of any second-sphere waters, theby the Qt oxygen. In the intermediate, which has a trigonal
AlOg core hasOn symmetry, with an optimized AtO bond bipyramid structure with @ and Q* forming the pyramidal
length of 1.93 A. The Al(HO)s** cluster as a whole has a axis, the departing @ water has formed hydrogen bonds with
modified octahedral symmetry with point grodp. the nearest protons of the,Oand Q- waters. At AF-O"

We orient the undistorted Al(}0)e3" cluster as in Figure 1,  distances beyond the intermediate, thg™-@AI—O, angle
such that the octahedral axes lie along the coordinate axes anaontinues to decrease for a while as the-@i* distance
the waters whose oxygen atoms sit on thaxis lie in thexy increases, until repulsion between the"@nd Q~ protons
plane. Let the oxygen atom sitting on the positivexis be overcomes the attraction of the distagt ©@xygen, and the angle
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Figure 2. Energy profile for removing a first-sphere water{{Dfrom
Al(H,0)s*". Energies are relative to the starting cluster. The transition
state (TS) and reaction intermediate (Int.) are labeled with structures
shown in the inset.

1.8

begins to relax. In comparison, a bare Al(B)s" cluster (i.e.,

with no second-sphere waters) has a square-pyramidal structure

with an Q"—Al—-0O, angle of 173.

This dissociation process is the same as that described

previously by Wassermann et#lAt a higher level of theory,
they found a transition state of 96 kJ/mol at 3.0 A and an
intermediate of 79 kJ/mol at 3.5 A.

3.2. Al(H20)6®*" + H,0 Cluster. 3.2.1. StructureNext, we
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Figure 3. Al(H,0)s*" + H,O clusters with (A) single H-bond; (B and
C) double H-bond, without mirror plane symmetry (the minimum
energy configuaration); (D and E) double H-bond, with mirror plane
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examine how the geometries and energetics of this elementarysymmetry. Arrows in E show the imaginary mode.

reaction are affected by the addition of one water molecule,
Ow, in the second coordination sphere. The water forms
either one or two hydrogen bonds between its oxygen and
protons(s) on the Al(kD)s*" cluster. The single H-bonded
structure, the hydrogen bond betweeg &hd Q, is shown in
Figure 3A. The structure is symmetric through reflection in the
xy plane with point groufCs. The Al-O," bond shortens from
1.93 A in bare AI(HO)* to 1.87 A, while the other first-
sphere AFO bonds lengthen to 1.941.95 A. The A-Oy
distance is 3.95 A, and the+D distance in the hydrogen bond
is 1.54 A.

Two double H-bonded structures, withyGbonded to @"
and G, with very similar energies are shown in parts B of
Figure 3. The lowest in energy is a completely asymmetric
structure (point grou;), shown in Figure 3B and C, which is
4.4 kJ/mol lower in energy than the single H-bonded structure.
The H-0Oy, distances are 1.79 A on watexOand 1.83 A on
Oy*. The oxygen of the second-sphere water lies abovexhe
plane (i.e., withz > 0 in the coordinate system of Figure 1),
and the A-Oy distance is 3.73 A, significantly smaller than
in the single H-bonded structure. Similar to the single H-bonded
structure, the A+O bond lengths of those waters involved in a
hydrogen bond with @ are significantly shorter than those in
the bare Al(HO)s®" cluster, 1.91 A for AFO™ and A-0,*,
while the remaining A+O distances are slightly longer, 1:94
1.95 A. Because the asymmetric double H-bonded structure is
the lowest in energy of the three Al§B)s*+ + H,O structures,
it was used as the starting structure in each of the subsequen
dissociations.
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Figure 4. Comparing energy profiles for all symmetry-unique first-
sphere water dissociations of A§B):** + nH,O, n = 0 or 1. (A)
bare Al(H:O)¢**, (B) O,*, (C) O, (D) O« (E) ", Ci symmetry,
(F) O*, Cs symmetry, (G) G-

Figure 3D and E shows &s<symmetric double H-bonded
structure, which is the Al(bD)e*t + H,O structure used by
Kowall et all® It is 1.3 kJ/mol higher in energy than the

22 2.8 4.0
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(E)

(F)
Figure 5. Transition-state/local maximum structures for first-sphere water dissociation from@¥¥ + nH,O, n = 0 or 1; letters correspond

to the curves in Figure 4. (A) bare AlgB)s*" (from Figure 2), (B) @, (C) O, (D) O, (E) O*, C, symmetry, (F) @7, Cs symmetry, (G) G*.
Arrows show imaginary modes of vibration.

asymmetric structure. A vibrational frequency calculation shows

Evans et al.

(G)

3.2.2. Purely Dissociatie Exchange for the Al(D)e*" +

that the symmetric double H-bonded structure has a single H,O Structure.It has been shown both experiment&iland

negative frequency{100.9 cnT?), corresponding to motion of
Ow in and out of thexy plane (arrows in Figure 3E), while the

computationally®-2! that water exchange in Al3D)s*" is g,
more dissociative than associative. We simulate a purely

asymmetric structure has none. This suggests that the symmetridissociative (D) exchange by removing a first-sphere water
double H-bonded structure is a transition state between the(Ow') from Al(H,O)s*" by increasing the AFOy/' distance,

asymmetric structure and itg-plane mirror image. The At

Ow distance in the symmetric structure is 3.75 A, 0.023 A longer
than in the asymmetric structure. None of the other@l
distances differ by more than 0.004 A from those in the
asymmetric structure. Although thgOand G~ waters are in
plane with one another in bare Al{B):** and the single
H-bonded structure, in the symmetric double H-bonded
structure Q" is rotated 90 with respect to @~ (Figure 3E),
into the plane of the & water, so that the second-sphere water
sits in thexy plane. In the asymmetric structure,”Os only
rotated about 30with respect to @. This smaller twist of Q"

is likely the main reason for the difference in energy between
the two double H-bonded structures: ag @oves inward from
the Cs-symmetric single H-bonded structure, the cost in energy
for Oy" to twist by 30 while the unbound @ molecule moves
out of thexy plane in order to form an @-O," hydrogen bond

is less than the cost to keepyQOn the xy plane and twist
Oyt by 9C°. Simply, Gy is easier to move because it is
unbound.

forming a five-coordinated intermediate with two second-sphere
waters (Qv and Qy'):

Al(H,0)" + H,0— Al(H,0).*" +2H,0 (2
The principle of microscopic reversibility requires that the
process of bringing the @ water into the first coordin-
ation sphere should be a mirror image of the dissociation
of Ow'; therefore, the intermediate AlgD)s* + 2H,O
structure should be symmetric with respect taqy @nd
Oow'.
The addition of a second-sphere water to AtH3" breaks
the symmetry equivalence of the six first-sphere waters; thus,
at least six distinct dissociations are possible. Which of these
is the correct one leading to an exchange witly @ not
immediately obvious. Starting from the asymmetric double
H-bonded structure, we seek which dissociation leads to a
symmetric intermediate, and if more than one, which has the
lowest energy transition state.
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20 compares well with the experimental exchange enthalpy of 84.7
kJ/mol measured by Hugi-Cleary et @as well as the restricted
Hartree-Fock result of Kowall et al8 of 85.4 kJ/mol, using a
more specialized basis set. Hanauer et akport the same
mechanism for A" water exchange, derived from density
T functional calculations, albeit with a transition-state energy of
Int. only 48 kd/mol. Analogous D mechanisms for water exchange
o~ Al-Oy = Al-Oy = 3.867 A are reported for Nit®), Mn2+ and C3+(7, and G&(8),
63 During the dissociation, £ forms a single H-bond with water
O~ while the G~ —H bond lengthens ad{(Al —Oy") increases.
Aboved(Al—0,*) = 3.30 A, the Q@ hydrogen shows a strong
tendency to detach completely and bind withOresulting in
a Al(H,0)40H?* 4+ H30™ + H,0 system. This was avoided by
constraining the ¢ —H bond length to its length in thé(Al —
0,*) = 3.30 A structure for the subsequetfAl —O,") > 3.30
A optimizations. OtheR$32 have also reported that the Al-
(H20)s3" + H,0 system tends toward deprotonation in its strong
hydrogen bond between first- and second-sphere waters. This
deprotonation is an artifact of having only one water in the
. : : second coordination sphere.

1.8 22 28 30 sk a5 #e Figure 6 shows energy profiles for dissociation gf Grom
Al-O distance (A) both the asymmetric double H-bonded (squares) and single
Figure 6. Exchange process on removing thg"dirst-sphere water H-bonded (circles) starting structures. For-&y," distances
from Al(H20)e*" + H,0; squares are from asymmetric double H-bonded - greater than 2.1 A, the energy difference between the two curves
starting structure, and circles are from the single H-bonded starting j 055 than 0.05 kJ/mol. The difference in structures is likewise

structure. Forward movement on the curve corresponds to removing I d in both the final fi int diate is th
O, (AE vs d(Al—0,*)) while reverse movement corresponds to SMall, and in both cases the ninal reaction intermediate 1S the

80 |

70 A

60 4

AE (kJimol)

bringing in the second-sphere watety QAE vs d(Al—Ow)). The sameCgssymmetric structure. However, there is a significant
transition-state (TS) and intermediate (Int.) structures are labeled ondifference in the frequencies of the maximum energy struc-
the curve and shown in the inset. tures: only the maximum on the asymmetric double H-bonded

curve is a true transition state with a single negative frequency,
corresponding to motion of @ toward and away from the
cation. A normal mode corresponding to a twisting of the cluster
in and out of thexy plane (similar to the vibration shown in
Figure 3E), has a calculated frequency-68.8 cnt? in the
asymmetric structure but-12.3 cnt! in the Cssymmetric
structure, giving the latter two negative frequencies. The second
negative frequency in this case is likely too small in magnitude
to be significant. (By comparison, the smallest frequency is
—107.7 cnl in the asymmetric versus107.3 cnt! in the
symmetric structure.) The difference between a true transition
State and a higher-order saddle point is sometimes very small,
and the ability to distinguish one from the other may be sensitive

Energy curves for each of the unique first-sphere dissociations
are shown in Figure 4, along with the curve for bare A"
for comparison. The corresponding local maximum energy
structures are shown in Figure 5, with arrows indicating the
normal modes of vibration corresponding to their negative
frequencies. Not all of these local maxima are true transition
states with a single negative frequency. Local maximum energies
range from 64 to 93 kJ/mol, and intermediate (i.e., rd¢AL —
O) local minimum) energies from 43 to 80 kJ/mol. Only one
of the six dissociations represented in Figure 4 fits the
requirements for an exchange mechanism; however a second
not shown, was also found that does not use an@MHdistance

as a reaction cqordlnate. Details of the individual dissociation to small differences in the starting structure.
pathways are discussed below.

A full list of first- and second-sphere AIO distances and As discussed above, the actual exchange mechanisms for
relative energies, for all Al(bD)* and Al(H0)63* + H,O octahedral ions in aqueous solution virtually always involve a
starting structures, transition states, and intermediates is givenconcerted motion of both inner-sphere and outer-sphere waters,
in Table S1 in the Supporting Information. pathways that are neither purely A notDAs Rotzingeté notes, _

3.2.3. Exchange through Dissociation of thg"Water.In an ly mechanism for exchange of water arognp! a splvate;d on
Figure 4, the Al(HO)s*t + H,0 dissociation curve whose local like Al(H20)s>" has never been seen in ab initio simulations,
maximum is nearest to that of bare AKB)s*+ (curve A), at even in cases where experlmental e_vm_ience_ for it is clear. He
d(AlI—0) = 3.04 A andAE = 82.8 kJ/mol, is that which suggests _that the cause pfthls might lie in the mcomplete sgc.o.nd
corresponds to removing wategO(curve B), which we shall coordlnatlpn sphere, which we address below in larger ab initio
refer to as the ¢ dissociation curve. The full curve is shown ~@nd MD simulations.
in Figure 6, with the transition-state (also shown in Figure 5B) ~ 3.2.4. Dissociation of the O Water. Aside from the Q*
and intermediate structures shown in the inset. The intermediatedissociation, none of the Al(®)s** + H-O dissociations have
structure is symmetric with respect to the incoming and outgoing an intermediate structure symmetric with respect to outgoing
waters, and so @ dissociation is a potential exchange mech- and incoming waters and thus do not lead directly to mecha-
anism. In fact, this is the mechanism for*Alwater exchange  nisms for water exchange. However, study of the @issocia-
identified previously by Kowall et &l tion leads to a closely related distortion pathway which is a

The second-sphere waters in the intermediate structure arePossible exchange mechanism, with the reaction coordinate not
single H-bonded to a square-pyramidal Ai®)s3* entity, with an Al-0 distance, but an ©Al—-0 bond angle.
second-sphere AIO distances of 3.87 A. The transition-state The full O, dissociation curve, curve C in Figure 4, is shown
energy is 84.3 kJ/mol (relative to the asymmetric double in Figure 7 (circles, labeled curve 7-1), with its intermediate
H-bonded starting structure) adfAl—0,*) = 3.12 A, which structure (Int.) inset. In the intermediate, s single H-bonded
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Figure 7. Energy profile for dissociation of water,Ofrom Al(H,0)s**

+ H20 (curve 7-1, circles), with the intermediate structure (Int.) shown
in the inset. The Al(HO)s*" + 2H,O structurePl is similar to the
intermediate except that,Ois double H-bonded to the Al¢D)s**
instead of single H-bonded. Curve 7-2 (square points) showPthe
cluster energy relative to undistorted AB)s*" + H,0O asd(Al—Oy")

is reduced.
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Figure 8. Energy profiles on opening the O-Al—0O,* angle in
various Al(H:O)s*t + 2H,O structures related to yO dissociation.
Curves 8-1 (triangles) and 8-2 (diamonds), from angular distortion of
the Q- dissociation intermediate (Int.); curve 8-3, from angular
distortion of structuré2 (shown in Figure 9); curve 8-4, from angular
distortion of structuré?l (shown in the inset of Figure 7).

d(AlI-0,7) < 2.9 A relaxed back onto the original ,O

to O. The transition-state energy is 72.7 kJ/mol, and the dissociation curve during optimization. Any stable transition
intermediate energy is 51.8 kJ/mol, both values considerably state for curve 7-2 lies higher in energy and lowerd{Al —

smaller than those in the ,© exchange process. Neither the

Oy7) than the @ transition state of curve 7-1.

intermediate nor the transition-state structures are symmetric 3.2.5. Bond Angle Distortion in the O Intermediate and
with respect to the incoming and outgoing waters, so the Related Structureslf the bond angle(O,T—Al—-0Oy") is

unmodified Q~ dissociation is unlikely to be a step in either
an ly or D exchange mechanism.

Those structures on the,Odissociation curve to the right
of the transition state, that is, with{Al—0,~) > 3.01 A, show

increased in the square-pyramidglGntermediate, so that,®
moves into the hole left by O, then the oxygen in @ is
gradually exposed to the high charge on the cation, andyso O
is drawn inward. Figure 8 shows the results of applying this

a strong tendency to relax onto the second curve shown in Figuredistortion to the @~ intermediate and structuriél, through
7 (curve 7-2, squares) during optimization unless the starting energy curves as a function of the bond angle. In each curve

structure iSCs symmetric with respect to they plane. In these
relaxed structures, O is double H-bonded to O and either
O;" or O;. The version of this structure witd(Al—0O,")

shown, the AFOyw distance decreases monotonically as
0(Oy"—Al-04") increases.
In the case oP1 (curve 8-4, squares), beyond a bond angle

unconstrained is the left-hand endpoint of this curve, labeled of 114° the resulting structure is similar to those in thg O

P1, which has a much lower energy than thg @termediate

dissociation (curve D in Figure 4), 15 kJ/mol lower in energy.

(21.3 kJ/mol). In this respect, structures on the second half of For the Q™ intermediate, however, the bond angle distortion

the Q~ dissociation curve, including the intermediate, are
actually unstable.

A frequency calculation on theOintermediate shows that
it actually has a single negative frequency90.6 cntl)
corresponding to a twisting ofyO in and out of thexy plane,
that is, toward the nearby ©or O,~ waters, similar to that

could be continued all the way to 180resulting in theCs
symmetric double H-bonded Al@®)s>" + H,O structure with
Ow in the Q. position and @ in the second coordination
sphere. However, the energy profile of the distortion is not
continuous: a§l(O,t—Al—-0O,") increases, the energy initially
follows curve 8-1, jumps to curve 8-2 around 22and then to

shown in Figure 3E. This is a normal mode distinct from that curve 8-3 above 137 The discontinuities in both energy and
of the transition state’s negative frequency, shown in Figure structure are small, and at a sufficiently low angular resolution

5C. As in the case of the undistortégi-symmetric double
H-bonded Al(HO)s>" + H,O structure, this result suggests that

the path appears continuous; however, it has no transition state,
or even a higher order saddle point, at its maximum energy.

the G~ intermediate is actually the transition state between the On curves 8-1 and 8-2,,0is single H-bonded to O, whereas

two mirror imageP1 structures, with @ double H-bonded to
Oy« and Qf, orto Q¢ and Q.

The P1 structure is symmetric with respect to the incoming
and outgoing waters, witl(Al —Oy~) = d(Al—Ow) = 3.70 A,
and so a continuous distortion pathway from Al(¥s*+ + H,O
to P1 (or its reflection in thexy plane) would constitute a

on curve 8-3, @ is double H-bonded to © and Q. The
structural differences between curves 8-1 and 8-2 are even
smaller, simply the orientation of the;Owaters, as shown in
Figure 9C and D.

If curve 8-3 is pushed backward, that is, to angles lower than
137, then we find that it goes through a smooth maximum of

possible D exchange mechanism. We were unable to find such89.7 kJ/mol at 131.8 labeledP2 TS in Figure 8 and shown in

a pathway or its transition state becal®E structures with

Figure 9B, to a local minimum at 90labeled structur®2, an
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L @, (dashed line), bare Al(}0)s%*; curve 10-1 (triangles), © from Al-
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Figure 9. Structures from Figure 8. (A) Structuré2 — double (H20)*" + H:0; curve 10-3 (circles), © (asymmetric) from
H-bonded Al(HO)s*" + 2H,0 structure, which is an intermediate in ~ Al(H20)s*" + H:0; curve 10-4 (diamonds), © from Al(H,0)s** +
exchanging watersand G . (B) P2 TS— “transition-state” structure 2H,0 (energy relative to undistorted cluster). Its transition state is shown
for P2 path of water exchange (curve 8-3). Arrows show the two in the inset with arrows showing the imaginary mode.

imaginary modes. (C and D) Structures with anglg-©Al—O,* equall

to 122 from curves 8-1 and 8-2, respectively, in Figure 8. sphere waters. We show below that tRi&/bond angle mech-
anism is also important in MD simulations of water exchange.
Al(H20)s** + 2H,0 structure withCp, symmetry (Figure 9A). 3.2.6. Dissociation of the © Waters.None of the remaining
The P2 structure is symmetric with respect to its outgoing and waters (Q* and G%), on dissociation, lead to transition states
incoming waters; @ is double H-bonded to © and Q*, and or intermediates that are symmetric with respect to incoming
Oy~ to Oc* and Q. Its energy is 28.0 kJ/mol, considerably and outgoing waters; that is, their dissociations do not lead to
lower in energy than any stationary Al8)s*" + 2H,O an exchange mechanism. These dissociations are still interesting,
structure we observed other thid. however, in their relation to the other AlgB)s*" dissociation

From the symmetry o2, if the local maximunP2 TS has paths.
one negative frequency, then curve 8-3 would be a possible Figure 10 shows the energy dissociation profiles for waters
dissociative water exchange mechanism, following the curve Ot and Q. The Q- dissociation, curve D in Figure 4, is
from Cssymmetric double H-bonded Al@D)s*t + H,O at shown as curve 10-1 in Figure 10. The transition-state structure
O0(Oy"—Al—=0O") = 180° to P2, the intermediate, df(Oy"— is shown in Figure 5D; the transition-state energy is 63.5 kJ/
Al—0,") = 90°. The barrier height of 89.7 kJ/mol is relatively mol, and the intermediate energy 47.3 kJ/mol. It is a true
close (as compared with the other transition-state energies intransition state with a single negative frequeneyt29.0 cn1?)
Figure 4) to that of the @ mechanism discussed above, and corresponding to motion of the,Otoward and away from the
considering the relatively simple level of theory, is also a good cation (arrows in Figure 5D). The dissociation mechanism is
approximation to the experimental enthalpy. However, we find identical to that in bare Al(kD)s®", with the second-sphere
that theP2 TS structure has two negative frequencies, one (at water Qy relegated to the role of spectator (compare TS
—138.4 cm'!) corresponding to bending ai(Oy"—Al—-0Ox") structures A and D in Figure 5).
and inward motion of @ (motion 1 in Figure 9B), and a second Two mechanisms were found for dissociation of watgr.O
(at —48.7 cnth) corresponding to twisting of the mirror-  Starting from theCe-symmetric double H-bonded structure leads
symmetric @* waters and flexing in and out of they plane to a dissociation mechanism (curve F in Figure 4, curve 10-2
(motion 2 in Figure 9B). Nevertheless, it would be injudicious in Figure 10) analogous to that of thg Owater and of bare
to dismiss it as a higher order saddle point irrelevant to water Al(H,0)e*". The maximum of the energy profile is 92.6 kJ/
exchange. As discussed above, if the starting point of e O mol, and the intermediate energy is 80.0 kJ/mol. The structure
exchange is th€s-symmetric double H-bonded structure, which at the maximum is shown in Figure 5F. It has two negative
itself has a negative frequency corresponding to vibration about frequencies, one<{122.8 cnt?) corresponding to motion of ©
the plane of symmetry, then the negative frequency persists totoward and away from the cation (motion 1 in Figure 5E) and
the transition state, transforming it into a higher order saddle the other -124.7 cn?) to vibration in and out of the plane of
point with a structure nearly identical to the true transition state symmetry (motion 2 in Figure 5E). This second “extra” negative
obtained from the asymmetric double H-bonded structure. frequency is analogous to that found in other dissociations
Similarly, there may be a truB2 transition state nearby that starting fromCs-symmetric structures in they©and G~ cases.
we have been unable to find. Alternatively the second negative If we start from the asymmetric double-H-bonded structure,
frequency may disappear with the inclusion of additional second- then we can find a suitable asymmetrigt@issociation (curve
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10-3 in Figure 10) with only one negative frequency on its local
maximum; however, the structure is not stable dphl —Oy*)
> 2.5 A. Beyond this point, the ®—O hydrogen bond rotates
during optimization so that @lies in theyzplane and is double
H-bonded to @ and Qt, a structure that (with waters
relabeled) occurs in the © dissociation. To prevent this
rotation, we restrict the dihedral anglg'G-Ow—Al—Oy" to
its d(Al—Ox™) = 2.5 A value for subsequent points.

In the Cs-symmetric dissociation, the outgoing/Oremains
equidistant between the;,Oand Q~ hydrogens, whereas in the
asymmetric case, ,O starts out slightly closer to the ;O

Evans et al.

in the intermediate for the @ dissociations with second-sphere
waters, but 3.044 A and 3.413 A, respectively, for the bare
Al(H,0)s" dissociation.

Despite similarities in structure, the dissociation energy curves
in Figure 10 are widely separated in energy, with local maxima
at 82.8 kJ/mol for bare Al(kD)s*" (curve 10-0), 63.5 kJ/mol
for O, (curve 10-1), and 92.6 kJ/mol for® (curve 10-2).
The intermediate energies of bare A}B)e>" andCs-symmetric
O™, however, are very similar, 79.0 and 80.0 kJ/mol, respec-
tively, while that of Q™ is again much lower at 47.3 kJ/mol.
The dissociation curve for Al(}D)s3" + 2H,0 lies between

hydrogen, and is attracted in that direction as it moves farther the Q. and Q" dissociations in energy, as one might expect.

away from the cation, forming a hydrogen bond. The curve
reaches a maximum a{Al—O,*) = 3.08 A, 0.1 A later than
in the Cs-symmetric dissociation, with energy 91.2 kJ/mol, only

The main contribution to the energy of the bare A"
transition state is the breaking of the covalent-8L* bond.
In the Cs-symmetric Q" dissociation of Al(HO)#™ + H,0,

1.4 kJ/mol lower than that in the symmetric case. This structure the hydrogen bond betweenGand Gy is also broken; it seems

(shown in Figure 5E) has only one negative frequeneyq1.0
cm™1) corresponding to motion of ® away from the cation,
so the maximum is a true transition state.

Aboved(Al—0O,") = 3.2 A, a further dihedral angle must be
frozen (Q*—0O,"—Al—-0Oy~ at its d(Al—Ox*) = 3.2 A value)
to again prevent the structure from relaxing to a structure on
the lower energy & dissociation curve (in this case, by rotation
of the O;t—0O4*" hydrogen bond allowing @ to form a second
hydrogen bond with (7). The final highly constrained inter-
mediate structure ha{Al—O,+) = 3.92 A andAE = 75.8 kJ/
mol. The AFO,* distance is 0.5 A longer than that in the
symmetric intermediate, a result ofObeing single H-bonded
rather than double H-bonded.

3.2.7. Geometry of @ Dissociation Complexes and Al-
(H20)6*" + 2H,0. We have seen that,® and Q- in the Al-
(H20)6*" + H,0 cluster each have a dissociation mechanism
similar to that seen for bare AlgD)s*" (momentarily ignoring
the second negative frequency in tBesymmetric Q" case),
where the outgoing water remains equidistant betwegra@d
O, and the intermediate has a trigonal bipyramid structure. (All
of the other Al(HO)s*" + 2H,O dissociation intermediates,
including asymmetric ¢J, are closer to square-pyramid struc-
tures.) The structures at the local maxima (Figure 5A for bare
Al(H,0)s%", 6D for O, and 6D forCs-symmetric Q") differ

reasonable to assign the majority of the 8.4 kJ/mol difference
between theCssymmetric Q* local maximum and the bare
Al(H,0)6*" transition state to the energy to break this hydrogen
bond. After the maximum in each case, there is a formation of
hydrogen bonds between Oand the G* waters, hence their
similar intermediate energies.

If the formation and breaking of bonds were all there was to
dissociation, then we would expect thg Qlissociation curve
in Figure 10 to be very similar to that of bare AB)®".
Nevertheless, the ;O curve is anomalously low, 19 kJ/mol
lower than bare Al(HO)s3t at the transition state and 32 kJ/
mol lower at the intermediate, even though flays no apparent
role in the dissociation.

3.2.8. Dissociation of the © Waters.The Q;t and Q™ waters
are equivalent irCs-symmetric Al(HO)e*" + H,0 cluster but
not in the lower energy asymmetric cluster. When starting from
the asymmetric cluster, the;Oand Q~ dissociation curves
remain separated by less than 2 kJ/mol ug(tsl —O*) = 2.7
A. Above this distance, the structures optimize to mirror images
of one another with identical energies. Because the difference
between dissociation of the ligands is negligible, we will
consider only the © dissociation.

The QO dissociation curve is labeled curve 11-1 (squares)
in Figure 11. As the @ water is removed, it moves toward

primarily in the position or absence of the second-sphere water and forms a hydrogen bond with thg Qwater. The maximum

Ow.

If we include an additional second-sphere water double
H-bonded to @ and QF, then the @ are once again
symmetrically equivalent, and a dissociation of either will have
structural features of both thesOand Q dissociations with
1 second-sphere water. Curve 10-4 is the AQ> + 2H,0

at d(AlI— 0,7) = 2.99 A andAE = 63.3 kJ/mol is a true
transition state with a single negative frequeneyt23.8 cnt?).
Up to the transition state, the outgoing water remains irnythe
plane, but ati(AlI—0O,") > 3.4 A the G~ -O,~ hydrogen bond
begins to rotate out of the plane towarg"OAt d(Al—0,") =
3.85 A, near the intermediate , Ois close enough to the,®

dissociation, and the transition-state structure is shown in the hydrogen that during optimization the structure relaxes to the
inset. The local maximum has an energy of 86.4 kd/mol and is lower energy curve 11-2 (circles), wherg, Os double H-

a true transition state with one negative frequency-&20.9
cm™L (This latter point demonstrates that adding additional

bonded to @ and G~. To find the local minimum of curve
11-1, we restrict the @0y —0O,*—Oy dihedral angle to its

second-sphere waters can in some cases remove extra negativerevious stable value. This intermediate structure is shown in
frequencies and turn higher order saddle points into transition Figure 12A.

states.) The intermediate structure occurs at has an energy of The minimum on curve 11-2 is the structure labeRg] an

71.2 kJ/mol.

The Al(H,0)®" + 2H,0 dissociation has more in common
with the Q; andCe-symmetric Q" dissociations in Al(HO)s3*
+ H,O than that of bare Al(kD)s*". The outgoing water in
the former three drops below the equatorial plane of the
remaining first-sphere Al(kD)s*", moving toward @, while
in bare Al(H0)s*", it remains in the plane. The,Ois thexz
plane mirror image of @ in the bare Al(HO)s** dissociation,
but rotated 99to O, in the other three. Finally, the AIO*
distances are al+2.9 A in the local maxima and 3.438.47 A

Al(H20)s%t + 2H,0 structure with @ double H-bonded to &

and Qf, and Q~ double H-bonded to © and G~ (Figure
12B). The intermediates in both,Oand asymmetric &
dissociation optimize to this structure when all bond distance
and dihedral angle constraints are removed (albeit with a
different labeling of oxygens in the,© case). Structur®3 is

8.2 kJ/mol lower in energy than the curve 11-1 intermediate,
and it is symmetric with respect to the incoming and outgoing
waters withd(Al—0, ") = d(Al—Ow) = 3.66 A. Structuré3’s
lower energy is predominately due to both second-sphere waters
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O, alone; such a pathway appears to require a more complex
reaction coordinate. Varying the AD, distance fromP3
produces curve 11-2. As,Omoves toward the cation in this
configuration, the A+O,~ bond tilts upward with respect to
the plane defined by @Oy —Al—O,*. The dissociated water
stays mostly in this plane, and grows closer tg @s d(Al —
O,") decreases (Figure 12C). Bel@fAl—0,) = 2.90 A, the
structure relaxes slightly during optimization and jumps from
point C on curve 11-2 to point D on curve 11-3. Although there
is a significant difference~7 kJ/mol) in energy between these
points, the two structures (Figure 12C and D) are very similar,
differing primarily in the orientation of the protons on,Q
0., and Q. Curve 11-3 is actually the,O dissociation curve
again, with the waters relabeled. Increasing the @}~ distance
leads to point E, which is the ,© intermediate (Figure 12E).
The apparent close relation between the @nd O, dissocia-
tion paths may be the reason that their respective transition-
state energies are nearly identical at 63.4 kJ/mol.

3.2.9. Summary: Al(bD)s* + H,0. Despite its simplicity,
we have seen that the dissociation of a first-sphere water in the
Al(H0)6*" 4+ H,O system can follow at least five distinct paths
with a wide range of transition-state energies. The link between
energy and geometry for the transition states and intermediates
is far from clear. The remaining five-coordinate structure may
be either square-pyramidal, as in the 0 Q,~, O* or
asymmetric Q" dissociations, or trigonal-bipyramidal, as in the
Oy~ dissociation. No energy preference is shown either structure
because ¢ and Q* have almost identical transition-state
energies although the two are of different five-coordinate
geometries. Comparisons between like structures are not
significantly more revealing; it is not apparent why thg O
transition state is so much lower than the bare A@H®" or
Al(H,0)s*" + 2H,0 transition states. It is not apparent why
the Q7 transition state is lower than,Q when in each case
one hydrogen bond is formed and none are broken in a square-
pyramidal structure.

A few specific conclusions are possible. The first is that a
structure where a second-sphere water is hydrogen bonded to
two adjacent first-sphere waters, that is, a double H-bond, is
lower in energy than an equivalent structure where the second-
sphere water hydrogen bonds to only one other water, that is,
a single H-bond. The second-sphere—Al distance is also
significantly smaller in the double H-bond, around -3%7 A
compared to 3.94.0 A in the single H-bond.

Second, the breaking of one hydrogen bond appears to
contribute~10 kJ/mol to the transition state (or local maximum)
of a dissociation. This may account for the difference between
the Q" dissociation and bare Al@D)s*" (breaking the hydro-
gen bond betweenpand G in the former), and the difference
between the ¢ and G~ dissociations (where a bond between
Oy" and Qy is broken in the former and none in the latter).

Most importantly for our original goal of studying water
exchange, we have identified two possible mechanisms for
exchange, the @ dissociation, withd(Al—Oy") as reaction
coordinate and thB2 dissociation (curve 8-3 in Figure 8) with
the O(O,"—Al—0O4") bond angle as reaction coordinate, both
with similar transition states (ignoring again the second negative
frequency for the latter process, which we believe would
disappear with a full second coordination sphere). The funda-

being double H-bonded, and it may be the preferred intermediatemental difference between the two mechanisms is that in the

for O, dissociation.

We were unable to find a continuous pathway fré® to
either the @ transition state or undistorted AlgR)e*T + H,O
by varying the A0, distance or any bond angle involving

Oy dissociation incoming and outgoing waters are cis to one
another, while in the other, incoming and outgoing waters are
trans to one another. We shall use the cis and trans labels to
refer to the two mechanisms in subsequent discussions.
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3.3. Clusters with Larger Second-Hydration SpheresThe Al-O distance (A)
small size of the Al(HO)&** + H,O model introduces an  Figure 14. First-sphere water dissociation from AB)s3* + nH,0
artificial distinction to the simulation. Some first-sphere waters clustersn =0, 1 or 6. Curve 14-1 (squares), ABl)s*" + 6H;0 (6W
are hydrogen bonded toj2and others are not, and those others Structure); curve 14-2 (triangles), bare AY®)6*"; curve 14-3 (circles),
differ from one another in their spatial relationships with,0 &y dissociation from Al(HO)>" + H,O; curve 14-4 (diamonds), Al-
- L . H,0)s*" + 6H,0, alt-6W structure, relative to undistorted 6W. An
and as has been demonstrated, this creates significant difference pansion of the region shown in the dotted box is shown in the inset.

in the processes of dissociation and exchange. Yet, in an ideal

static model of a solution, each first-sphere water in the ®
equilibrium structure of Al(HO)s** should be equivalent; each S
should be hydrogen-bound to the same number of second-spher: 4 o ] 4
waters in the same configuration. The simplest way to model D frj}sj Camg 9

this, given two sites for H-bonding on each water, is with each @& 2 P

first-sphere water H-bonded to either one or two second-sphere-(j:b ( o e é -~

waters, that is, with Al(HO)e>" + nH,O for n = 6 or 12. :@ ,é, 5 @ fef%C & -
A full list of first- and second-sphere AIO distances and &&—gr }‘ﬁ O . = © | O

relative energies, for all Al(bD)s*" + nH,0 starting structures, | % :

transition, states and intermediates whare 1, is given in _,j@,,\ @

Table S2 of the Supporting Information. b
3.3.1. Exchange through Dissociation in AjB)s>" + 6H,0. @) @ .;

Figure 13 shows the optimized structure, which we will refer ® (®) -

to as 6W, for Al(HO)®™ + 6H,0, where each first-sphere water

is single H-bonded to exactly one second-sphere water. There L

are no secondary H-bonds between the second-sphere waters ] @ -

The undistorted structure has point group symme&k;ywith lf_?'@ &

the second-sphere waters arranged in layers above and belov F.

the first coordination sphere. The first-sphere-8l bond length v _, 9

is 1.91 A, shorter than that in bare AE)s>*, while the second- -0 e o

sphere AFO distance is 4.08 A, slightly longer thaifAl— - %

Ow) in the single H-bonded Al(bD)s*" + H,O cluster (3.95 @

L

T
-

©

Q ®
A). The central AIQ octahedron is flattened slightly normal to @ o
the cluster’s threefold axis of symmetry, with a flattening angle o ¢
of 55.0° (as compared with 54.74n an ideal octahedron). The ®
equilateral triangles formed by the second-sphere waters are O
rotated 22.6with respect to the adjacent triangle of first-sphere
waters. When dissociating a first-sphere water, we designate

the removed water as®and label the other first-sphere waters

#]
f")

(©) 5

Figure 15. Transition-state (A and B) and intermediate structure (C)
for dissociation of a first-sphere water (@ from Al(H,0)s** + 6H0,
6W structure. The second-sphere water that exchanges withisO

accprdingly. ) o ) labeled Qy; the water labeled &? is H-bonded to @ and is pushed
Figure 14 compares dissociation profiles for the 6W structure out of the second sphere. Arrows in B show the imaginary mode of
(curve 14-1, squares) with bare AKB)*" (curve 14-2, vibration.

triangles) and ¢ in Al(H20)e3" + H.O (curve 14-3, circles).

The 6W dissociation is essentially the same as thg O inFigure 15, with the incoming water, H-bonded tg"Clabeled
dissociation in Al(HO)*" + H,0, with the outgoing water ~ Ow. For d(AI—Oc") > 2.9 A, the dihedral angle ©—0, —
single H-bonded to the central Al¢R)s*, cis to the incoming O,—0w is constrained to zero to prevent a rearrangement of
water. The transition-state and intermediate structures are showrthe second-sphere waters during optimization involving the
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Figure 16. Alternate configuration for Al(HO)e** + 6H,0, structure

alt-6W. (A) Undistorted; hydrogen bonds are shown as dotted lines,
and second-sphere waters rearranged from structure 6W are labeled :

and 2. (B) Transition state for dissociation offOArrows in B show
the imaginary mode of vibration.

formation of double H-bonds, which drops the structure onto
the lower energy curve 15-4. The unrestricted dihedral angle

decreases from 20 Tn the undistorted 6W structure t60.05
atd(Al—O") = 2.9 A,

The transition-state energy of the 6W dissociation is 81.2 kJ/

mol atd(Al—O,") = 3.381 A (negative frequency37.7 cnid),

a much higher distance than any of the transition states for Al-

(H20)s*" + H0, which tend to cluster around 3.0 A (see Table
S1 in the Supporting Information), the highest being @t 3.12

A and the lowest @ at 2.84 A. The intermediate energy is
78.3 kd/mol, at(Al—O.") = 3.84 A. Unlike the Q" intermedi-
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Figure 17. Al(HO)¢*" + 12H,0 structures. (A) 12W-T, with protons
on the second sphere waters hidden for clarity; (B) structure 12W-S6,
top view; (C) structure 12W-S6, side view.

(A)

water 2, formerly single H-bonded to yQ is now
double-H bonded to © and Q'. The undistorted alt-6W
cluster is 22.7 kJ/mol lower in energy than undistorted
B6W.

Curve 15-4 has a transition state of 56.5 kJ/mol (relative to
undistorted alt-6W) at an AtO," distance of 3.11 A (negative

ate, the 6W intermediate is not exactly symmetric with respect frequency—58.9 cntY); the structure is shown in Figure 16B.
to the outgoing and incoming waters because of the arrangementr,q intermediate occdrs at 53.7 kJ/mobighl —0,*) = 3.721

of the five spectator waters in the second sphere. For example,z aAs in the 6W dissociation, the energy difference between

d(Al—Ow) in the intermediate is 3.89 A, slightly longer than
d(Al=OH).

the transition state and the intermediate state is small, only 2.8
kJ/mol. The intermediate and transition-state structures, as well

As O¢" moves farther from the cation, the second-sphere a5 the transition-state energy, are very similar to those of the

water to which it is H-bonded (labeledy® in Figure 15) is

O;* dissociation for Al(HO)*™ + H,O, with O acting as

carried with it and is pushed out of the second sphere, t0 5.510,+ and water 1 (Figure 16A) as @ Near the alt-6W

A from the aluminum in the intermediate. It forms a second
H-bond with another spectator water but remains linked,to O

intermediate, there is a strong tendency for the outgoing water
to tilt downward and form a double H-bond (in this case with

because of the stiffness of the hydrogen bond. The dissociationo,- and Q") in an analogue of the1 structure (inset of Figure
of a water from the first sphere requires a reorganization of the 7), not theP3 structure (Figure 12B) as in the/odissociation.

second and higher coordination spheres.
Although the dissociation mechanism resembles the ¢is O

The 6WP1 analogue has an energy of 6.0 kJ/mol relative to
6W, 28.7 kJ/mol relative to alt-6W. Despite the initial symmetry

dissociation, from the inset of Figure 14 we can see that the of the first-sphere waters in the 6W structure, there is as much
energy scale for 6W more closely resembles the dissociationpotential for alternative dissociation pathways here as with

of bare Al(HO)s*". The small difference between the 6W

Al(H,0)*"™ + H,O, due to the many different ways of

transition state and intermediate state, 2.9 kJ/mol, makes thisreconfiguring the hydrogen-bonding network of the six second-

portion of the energy curve particularly flat. This flatness may
in part be due to the dihedral constraint. In most of the Al-
(H20)e®™ + H,0 dissociations, this difference is @0 kJ/mol.

If the Oy"—0O, —0O; -0y dihedral is unconstrained above
d(Al-0Oc") = 2.9 A, then the formation of double H-bonds
during optimization drops the structure onto curve 15-4,
over 30 kJ/mol lower in energy. The minimum of curve 15-4
is the structure shown in Figure 16A, which we label the

sphere waters.

3.3.2. Dissociation in Al(pD)s*t + 12H,0. In the Al-
(H20)6*" + 6H,0 clusters, each of the six first-sphere waters
had one “open” hydrogen not involved in a hydrogen bond. In
Al(H0)s3t + 12H,0, all first-sphere waters are fully hydrogen
bonded.

Two different structures were found for undistorted
Al(H,0)s®" + 12H,0. The first is shown in Figure 17A, with

alt-6W structure. The first-sphere water being dissociated, the second-sphere hydrogens hidden for clarity. This structure,
Oy, is clearly no longer equivalent to the other first- 12W-T, has tetrahedral() point group symmetry, with the 12
sphere waters. Two of the second-sphere waters, labeled 1 andecond-sphere waters arranged into four truncated-tetrahedral
2 in Figure 16A, have formed additional hydrogen bonds “faces”. Each face resembles one of the second-sphere water
in a rearrangement of the top layer of waters in the 6W struc- layers in the 6W structure (compare Figure 13). All second-
ture (compare Figure 13). Water 1, formerly single H-bonded sphere waters are single-H bonded to one first-sphere water,
to O,", drops below the upper plane of second-sphere waterswith Al—O distances of 4.14 A. The first-sphere-AD bond

and is now double H-bonded to,O and QF, while length is 1.91 A.
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110 The existence of a transition state and intermediate depends
on the outgoing first-sphere water finding a position in the
second coordination sphere and forming one or more hydrogen
bonds with other waters; the outgoing water is attracted by a
hydrogen not involved in a hydrogen bond, as seen in the various
Al(H0)e*" + H,0O dissociations. In both the 12W-S6 and
12W-T structures, there is no available space in the second
coordination sphere because all available hydrogen-bonding sites
are occupied. The problem is that the existing network of static
hydrogen bonds in these structures is too rigid to allow a
dissociating water to enter the second coordination sphere. This
problem can be alleviated by allowing thermal motion of the
second sphere to break up the rigidity of the hydrogen bond
network, that is, by switching to molecular dynamics simula-
tions.

3.4. Molecular Dynamics.Ab initio structure optimizations
are essentially static and can only give limited amounts of
information about dynamic processes like dissociation or water
exchange. A prerequisite for dissociating a water ligand from
the aluminum cation’s first coordination sphere is the existence
of a hole in the second coordination sphere into which the
dissociating ligand can move. In the static ab initio simulations,
the network of intra-second-sphere and first spheecond
sphere hydrogen bonds is too rigid to accommodate the
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Figure 18. First-sphere water dissociation from A{B)s>" + 12H,0

clusters. Curve 18-1 (circles), the 12W-S6 structure; curve 18-2
(squares), the 12W-T structure; curve 18-3 (triangleg),dssociation

from Al(H,0)*" + H.O. dissociating water ligand without an energetically discontinuous
rearrangement of the second coordination sphere.
The second undistorted Alg)s3" + 12H,0 structure, 12W- In a molecular dynamics (MD) simulation, however, the

S6, has point group symmet8, and is lower in energy than ~ molecules in the second and outer coordination spheres are in
the 12W-T structure by 12.6 kJ/mol. The structure is shown in constant thermal motion and can more readily reorganize to
Figure 17B and C. All 12 second-sphere waters are arranged inaccommodate the outgoing water. Another advantage is the
a narrow layer (Figure 17C), with the central Al@olyhedron ability to have many more molecules in the system (a full outer
slightly flattened compared to a true octahedrgn=f 55.9). coordination sphere transitioning into bulk water, given a small
Each second-sphere water is double H-bonded to one first-sphere&nough core system and a large enough box for the simulation)
water and one other second-sphere water. There are twothan in an ab initio simulation. However, structures obtained
inequivalent groups of second-sphere waters, with-@l from MD (e.g., intermediate or transition-state structures, the
distances of 4.042 and 4.067 A, which alternate along the structure of the second coordination sphere) are in one sense
perimeter of the structure. Each first-sphere water is hydrogen more approximate than those from ab initio calculations, being
bonded to one of each group. The first-sphere @lbond length either averages over many time steps or snapshots from a single
is 1.91 A, similar to the 12W-T and 6W structures. All six first-  time step deemed representative, rather than energy-minimized

sphere waters are equivalent in both 12W structures. structures.
These two structures for a 12-water second coordination More extensive MD simulations on water exchange Al
sphere have been found previo#di#3° for both APT and with CLAYFF, using sampling and weighted histogram analysis,

Mg2*. In each case, the 12W-S6 structure is the lowest in have been performed previousfyyielding a calculated ex-
energy. The lower energy and second-sphere@ldistances ~ change enthalpy for Al(kD)s*" of 101.5 kd/mol.
in 12W-S6 are consistent with our previous observations about  The aluminum cation was fixed in the center of a bet8.5
double H-bonded versus single H-bonded second-sphere watersA per side, with periodic boundary conditions, and filled with
Although the 12W-S6 structure is lower in energy, the distinct 215 water molecules. Each simulation was run for 1000 time
flatness of the structure introduces a special direction, the axissteps over 1 ps. Dissociation of a first-sphere water was
of threefold symmetry normal to the plane. (12W-S6 has this simulated in a way similar to that of the ab initio simulations,
in common with the 6W structure.) For #l(aq) in the bulk by gradually increasing the fixed AlO distance for a chosen
liquid, we expect that with thermal motion the second and higher first-sphere water. For each -AD distance, the simulation was
coordination spheres will be isotropic on average, suggesting repeated 2000 times.
that the undistorted 12W-S6 structure may be more appropriate |n the unconstrained simulation (i.e., with no fixed-AD
as a section of a solid rather than a solution. distance) the average geometry of the AN cluster is
Figure 18 shows energy profiles for dissociation of a first- octahedral, with no significant difference between the six
sphere water from each 12W cluster, along with thg" O ligands. Figure 19A shows the partial radial distribution function
dissociation in Al(HO)s*™ + H,O for comparison. We were  (RDF) for oxygen atoms with the origin at the aluminum cation,
unable to find a transition state or intermediate for either starting derived from a single 1 ps simulation. The sharp, high peak
structure. At AFO distances above 3.0 A for 12W-S6 and 3.5 corresponds to the AIO bond length in Al(HO)s3*, with peak
A for 12W-T, a water is ejected from the second sphere for a value 1.85 A, mean 1.87 A, and standard deviation 0.03 A. This
discontinuous drop in energy. At the curves end points the bond length is considerably shorter than that in any of the ab
energies are already larger, 93 kJ/mol for 12W-S6 and 101 kJ/initio clusters (1.93 A in bare Al(kD)s3*, 1.91 A in 6W and
mol for 12W-T, than previous exchange or dissociation barrier the two 12W structures), which is an artifact of CLAYFF.
energies. The octahedron is not flattened as in the 6W or 12W-S6
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Figure 19. (A) Radial density function (RDF) of AtO distances in GROMACS MD simulation, undistorted A®)**. (B) Forced dissociation
of a first-sphere water (&) and its subsequent replacement by a second-sphere wajgr (O

structures. The first coordination sphere is stable over the length  Figure 20A shows the fraction of simulations in which an
of the simulation, and no spontaneous exchange between theexchange occurred sometime during the simulation’'s 1 ps
first and second coordination spheres was observed. duration, as a function of the constrained-A),' distance. Each

The second coordination sphere, however, was relatively fluid, data point represents 2000 simulations. The number of ex-
both in structure and membership. The second sphere can bechanges increases the fartheg'Gs held from the cation; the
seen in Figure 19A as the small broad peak between roughlylarger the hole in the first sphere, the greater the chance that a
3.5 and 4.5 A. (The second coordination sphere peak is noisysecond-sphere water will be able to fill it. The dependence is
because of the short simulation time.) Unlike between the first well fit by a sigmoidal function
and second coordination spheres, there is no sharp edge between
the second and higher coordination spheres. NexchangeNiota = LA 1 + exp[—(X — Xo)/Ax]} 3)

In general, however, there are 12 waters hydrogen bonded
to the first sphere and few waters closer to the cation that are where NexchangesiS the number of simulations where a water
not, in agreement with previous simulatiéhshat show 12 exchange occurred out of a tothlly Simulations,x is the
waters in the second coordination sphere. The second sphereonstrained A-Oy,/ distance, and, and Ax are parameters.
has neither a 12W-T or 12W-S6 structure but is much more The fitted values of the parameters in Figure 20A &je=
disordered, although most waters are single rather than H-2.946(6) A,Ax = 0.074(5) A, withy? = 0.0008. Bothx, and
bonded, like the 12W-T structure. Although double H-bonding Ax are expected to have some dependence on the length of the
is energetically preferred in ab initio simulations, it is not often simulation.
seen in MD simulations because the energy difference between The parametexg is the AI-Oy/ distance where an exchange
single and double H-bonded configurations is of similar will occur in exactly half of the simulations and is quite close
magnitude to the thermal energyT = 2.4 kJ/mol at 300 K, to 3.0 A. Many of the dissociation and exchange mechanisms
while ab initio AE between single and double H-bonded Al- observed in the ab initio simulations had their transition states
(H20)e*" + H0 is 3.1 or 4.4 kd/mol, depending on double or local maxima near 3.0 A. It is thus tempting to identifyas
H-bonded symmetry. thed(Al—Oy/') of a D or |y exchange transition state. However,

Figure 19B shows the result of a sequence of consecutivethis supposes that this hypothetical transition-state structure has
simulations where the fixed AO distance for a water originally —a 50% probability of proceeding forward to a completed
in the first sphere (Q') is increased gradually. Here the final exchange (@ moving in to replace @), or slipping back to
state of each 1 ps simulation is used as the initial state of theits starting configuration (& moving back into the first sphere),
next simulation with increased{Al —Ow'), while in subsequent  that is, that the transmission coefficient is 0.5. Although this is
simulations, each simulation was started from the same initial an attractive picture, it is known that the transmission coef-
state. The curve labeled/Qis the Al-Oy/' distance over time. ficients for exchange processes, as calculated by the reactive
Eventually, the hole left in the first sphere by thg,/Os large flux method, are generally much smaller than 839 In
enough that one of the second-sphere wateyg, Which has addition, althoughxy appears to matcd(Al—Oy,/') of the ab
been keeping between 3.5 and 4.5 A from the aluminum, takesinitio transition states, the fact that the equilibrium-4D bond
its place. lengths in Al(HO)s*>" are about 0.1 A smaller in the MD
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Figure 21. Al(H,0)s*" + H,O structures from MD simulations, all

with d(Al—Oy/') fixed at 3.0 A. (A-C) Steps in the exchange between
second-sphere water and a trans first-sphere water (A) before exchange,
(B) when d(Al—Ow') = d(Al—0Ow), (C) after exchange; (DJi(Al—

Ow') = d(Al—0w) structure in a cis exchange.

midpoint structure (Figure 21D) resembles thansition state
seen previously for ¥ and F&+(16) as well as thejltransition
state seen for Gr(*?); the trans midpoint resembles thg |
transition states of Mit and C#(17) seen previously, as well
as higher orderjlsaddle points for ¥ and CE*(16),

A large majority of the water exchanges seen in our MD
simulations were of the trans type. Figure 20B shows the number
cis exchanges as a fraction of the total number of exchanges,
as a function of the A+Oy/' distance. The cis fraction initially
increases withd(Al—Oy/'), with an apparent peak near 3.0 A
(possibly corresponding ), then decreases again as the total
exchange fraction nears 100%. The cis fraction is never greater
than 4%; in absolute terms, 49 cis exchanges out of 1376 total
exchanges, out of 2000 simulations witpAl —Oyw') = 3.0 A.

3.4.1. Discussion: cigersus trans Dissociate Exchange
for AIRt. The fact that the trans exchange is the dominant
mechanism of water exchange in the MD simulations runs
counter to previous experience. Kowall ef&have identified

simulations suggests that a similar difference might be expectedthe G exchange, that is, the cis exchange, as the mechanism

in the Al-O distances of a transition state or intermediate.
Examining the actual individual water exchanges, we find

two different mechanisms, one trans, like #2Q,~ exchange

in Al(H,0)s*" + H,0 (Figure 8, curve 8-3, and Figure 9), and

one cis, that looks the {® exchange (Figure 6). Representative

for water exchange in Al(bD)s>", with a transition-state energy

in good agreement with the experimental results of Hugi-Cleary
et al?! In our own simulations, we found the cis exchange to
have a lower energy barrier than the traR2 O,~ bond angle
mechanism), with 84.3 kJ/mol versus 89.7 kJ/mol; so based on

examp|es of the two mechanisms as seen in MD are shown inthiS criteria, the cis exchange should be favored over the trans.

Figure 21, each for a simulation with fixetf{Al—Ow') = 3.0

A; the waters are labeled ® O,", O,~, and so forth to
correspond with the equivalent mechanism in the AQS"

+ H,O ab initio simulations. Figure 21AC shows the first
sphere immediately before, during (when bd{al—0O,~) and
d(Al—Oy) are 3.0 A), and after the trans exchange, while Figure

The energy barrierfoa D exchange process, however, and
the energy barrier of the equivalent éxchange may not be
equal. Because of the extra negative frequency of the ab initio
trans exchange maximum, we know that it should be treated as
exchange barrier energy only cautiously. Thedns transition
state, with only one negative frequency, may well be lower in

21D shows the first sphere during the cis exchange (again, whenenergy than, and thus favored dynamically over, thei$

both d(Al—0,*) and d(Al—Ow) are 3.0 A). Both these mech-
anisms are of the intermediatg type rather than the purely
dissociative D type, seen in the ab initio simulations. The cis

transition state. Although At is known experimentally to have
an ly exchangél! an ly mechanism has never been produced
for it by ab initio simulationd® Our current results
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may suggest that although a cis exchanged is favored in the Dof a full, dynamic second coordination sphere, the extraneous
process a trans exchange is favored for thprocess. negative frequency disappears and the D high-order saddle point
In our MD simulations, the AFO distance of the outgoing  becomes an 4l transition state. A dynamic calculation of
water was fixed so that the outgoing water did not have the transmission coefficients for cis and transnechanisms is
option to move back into the first sphere. Therefore, what the necessary to determine which is actually the dominant exchange
low fraction of cis exchanges seen shows is that the trans pathway in solution.
mechanism dominates when the exchange reaction is forced to  This project was motivated by the need of geochemists for a
go forward. If the transmission coefficient of the cis mechanism rigorous examination of ab initio methods of identifying reaction
is much higher than that of the trans mechanism, then cis could pathways. Through this analysis, we show that uncritical

still be the dominant exchange mechanism. application to geochemical problems is dangerous. The results
are strongly affected by details of the molecular cluster, and
4. Conclusions similarity of the calculated barrier energy to an experimental

) . .. value alone is not sufficiently convincing evidence that the

We thoroughly examined the processes of first coordination coprect pathway has been identified. More convincing are
sphere water dissociation and exchange in A@)*" with molecular dynamics methods, particularly if coupled to experi-
various models in ab initio and molecu_lar dynamics simulations. - ants at the same scale. Although ab initio methods can identify
Using a model cluster of Al(bD):*" with one second-sphere  ,qsiple pathways and calculate their energy barriers, molecular
water, as in previous simulatio$,'® a dissociative (D)  gynamics methods are needed to determine how these pathways
mechanism where the second-sphere spectator water canye actually relevant to the dynamic reaction under investigation.
exchange with an outgoing water cis to it was found, having a
trangition-state_energy of 84.3 kJ/moI, in good agreement with  Acknowledgment. Support for this research was from the
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