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We have studied the solvation of divalent copper by water and ammonia through the optimization of the
structures of [Cu(kD),]?" and [Cu(NH).]?*, n = 3—8, by static density functional theory and ab initio
molecular dynamics simulations. We found that as the number of solvent molecules increases to more than
four, the additional ligands prefer to be hydrogen-bonded to the planar tetragonal primary hydration shell of
[Cu(solvent)]?" instead of filling the vacant axial position. The energetic preference of water is abeut 20

35 kJ/mol for the hydrogen bond compared to the axial position, whereas ammonia shows preference of only
a few kJ/mol. Dynamical simulations were successful in reaching the lowest energy conformations. Especially
remarkable is the dynamics of [Cuf@))g]?", which has evolved from an eight-coordinate structure to a planar
structure with four primary and four secondary solvent molecules in a short 10 ps simulation. Both [Cu-
(H20)g]?" and [Cu(NH)g]?" prefer a quasi-planar structure with a total of eight hydrogen bonds between the
solvent molecules in the first and second solvation shells. Each secondary water and ammonia is hydrogen-
bonded to two adjacent molecules in the primary solvation shell. It is remarkable that ammonia can form two
hydrogen bonds with only one lone electron pair. The strong network of hydrogen bonds stabilizes the tetragonal
planar primary hydration shell. These calculations indicate that the high kinetic stability of the eight-coordinate
clusters in previous mass spectrometry experiments is related to the stabilization of the planar primary solvation
shell by the network of hydrogen bonds. We found a correlation between experimental ion signals in the gas
phase and the planarity of the first solvation shells.

Introduction Some metals have a strong energetic preference for a particular
The preferred number of coordinating ligands and the coord@nat@on mode, While_other metals can assume more diverse
coordination geometry exhibit a large diversity for metal ions. coordination structures without a large energetic penalty. At one
The number of coordinating ligands ranges from four to nine, €Nd of the spectrum of coordination modes is the divalent
and each coordination number has more than one corresponding@lcium, which is most often coordinated to six to nine ligands
solvent structure. These coordination preferences often play a@nd has a strong preference for oxygen donors. Including the
significant role in the biological functions of metal-containing Substrate, calcium is coordinated to eight ligands in the crystal
enzymes. The metal-specific binding sites of proteins achieve structure of the C-type mannose binding protein complexed with
their selectivity by providing a coordination environment an oIigosaccharidéAb initio calculations have shown that the
preferred by only one element naturally found in the living net energy penalty for changing the number of water molecules
systems. Some metals that are not naturally occurring in thein the primary solvation shell of divalent calcium between six
food chain owe their toxicity to their ability to coordinate to eightis very small, which is consistent with its coordination
strongly in the binding sites of biologically important methls.  preferences in biological systerhs.
The release and capture of metal ions at the metal binding site  Ap initio calculations have shown that divalent beryllium
are aiso controlied by a mechanism that changes the coordinatiorhrefers a tetrahedral coordination of water moleculghile
environment between st!rongly and Weakly blnd!ng.coordlnatlon divalent magnesium prefers octahedral coordinaiicfhe
modes. The coordination site of calcium-binding enzyme gnergetic preference of beryllium and magnesium between the

Icalmodullndh%sbthe ﬁb'“ty totﬁllmlnate ct:alcu];lrtrr]]wg_eré_lt IS Q[O tetrahedral and octahedral alternatives is as much as 22 and 34
onger needed by changing the geometry of the binding’site. kcal/mol, respectively. In contrast, the ab initio energies of

Solvation studies of metal ions often give insight into the Zn[H;0]2+2H50, ZNn[HO]s>+Hs0, and Zn[HOJ&?* differ by
preferred coordination modes of metals in biological systems. less than 1 kcal/mdland the preferred coordination depends
t Current address: Eastman Chemical Company, Building 1508, Lincoln ©N the phosen conditiorfsThe solvation of diyalent zinc by
Street, Kingsport, TN 37662-5150. ammonia does not show a clear energetic preference for
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octahedral or tetrahedral coordination, similar to the divalent study the most stable coordination modes of [C4@i]2* and
zinc—water clusters. [Cu(NH3)n]2*, n= 3—8. In this study we describe the optimized

Recent experimental measurements of the incremental bindinggeometries and energies of these divalent coppelvent
energies of water to divalent metal ions has shown that Ni ~ clusters with particular emphasis on comparing alternative
has a much |arger b|nd|ng energy for the sixth water than for structures with different numbers of solvent molecules in the
any additional ones, indicating its preference for six-coordina- Primary solvation shell. Our most extensive dynamical study
tion. The same experiment was not conclusive regarding the Was of the conformations of [Cug@)g]“*, which we discuss
coordination of divalent calcium to watét. in detail.

Zinc, nickel, and alkaline earth metals have been extensively ) )
studied both by experimental and theoretical methods. On the COmputational Details

other hand, divalent copper has been an unsolved challenge static DFT Calculations. The reported static calculations
experimentally until recently. Stace and co-workers have were carried out with the Amsterdam Density Functional (ADF)
succeeded in producing doubly charged copper coordlnated_ Oprogram system, version 2.3, derived from the work of Baerends
solvent molecules in the gas phase and studied the distributiongt 5124 gnd developed at the Free University of Amster&&adf

of these ions by mass §pectrome*t%9?The distribution of the and at the University of Calga®-32 All optimized geometries

ion intensity as a function of the number of solvent molecules cgiculated in this study are based on the local density ap-
gives insight into structures of mefaéolvent_complexes. Many  proximatiorf® (LDA) augmented with gradient corrections to
of these measurements showed correlation between the mosihe exchang¥ and correlatio?f potentials. These calculations
intense ion signal and the primary solvation unit in solution jnclude quasi-relativistic corrections to the Hamiltonian intro-

phase'®"1" The experiments of Stace and co-workers found that guced by Snijders et &.Schreckenbach et al. have implemented
Cu** complexed to water, ammonia, and methanol have shown the analytic energy gradients of the quasi-relativistic correc-

maximum intensity for the eight-coordinated clustérThese  tions37 All open-shell calculations were spin-unrestricted.

data imply that the six-coordinated metalolvent complexes, The atomic orbitals on copper were described by an uncon-
[Cu(H20)e]?" and [Cu(NH)g]*", are not the most stable forms  acted tripleg Slater function basis s@twhile a doubleZ Slater

in the gas phase and may not be the primary solvation units asfnction basis set was used for nitrogen, oxygen, and hydrogen:
it is most often assumed. Calcium can accommodate eight 5 single¢ polarization function was used on all atoms. The 1s
water molecules in its first hydration shell; thus, the possibility configuration of nitrogen and oxygen and theé2s82pf con-

of coordination by eight solvent molecules would not be figyration of copper were assigned to the core and treated by
unprecedented. However, the ionic radius of copper is smaller ihe frozen-core approximatidAThe electron density was fitted
than that of calcium and the most common coordination number 4 g set of s, p, d, f, g, and h Slater functions centered on all
of copper is four, five, or six. There is also some uncertainty nyclei to calculate the Coulomb and exchange potentials
about the relationship between solvent shell development a”daccurately in each SCF cycd@Gradient-corrected DFT calcula-

ion intensity dis_tribution in the mass spectrum. Considering_the tions were repeatedly shown to provide exceptionally good
strong energetic preferences of certain metals for a given energetics for transition metal systeffis.

coordination mode, the correlation between the most intense Dynamical DFT Calculations. Dynamical DFT calculations

ion signal in the mass spectrum and the primary solvation unit \yare carried out with the projector augmented wave (PAW)
can be rationalized. However, since these measurements do NOfhethod of Blehl 4! which is an implementation of the CGar

correspond to equilibrium conditions, this empirically found pgrrinelio type ab initio molecular dynamits.All PAW
correlation has not been clearly understood. The intriguing .ajculations were spin-unrestricted. Carloni; &g and Par-
results_ of Stace et al. have prompted us to carry out molecular jnaiio applied PAW to calculate the spin splitting of a Cu(ll)
modeling of [Cu(HO)\|?* and [Cu(NH),]*", n = 3-8, based  omplex that has an electronic structure similar to that of the
on density functional theory (DFT). We are interested in fqrcoordinate solvent clusters described in this p&p@his
determining the structures of the clusters, in particular with eight ,ethod uses an augmented plane wave basis set that allows us
solvent molecules, which may shed light on the outstanding {4 gescribe the full all-electron wave function. The description
intens_e signal these clusters produce in the mass spectrometrys the core wave function takes advantage of the frozen core
experiments. approximation. The plane wave energy cutoff is 30 Ry in the
The number of different coordination modes and conforma- present calculations. Periodic boundary conditions were used
tions can reach several hundred for the largest system of thiswith a unit cell defined by lattice vectors ([0.0 10.0 10.0] [10.0
study. The large variety of possible structures poses a problem0.0 10.0] [10.0 10.0 0.0]) A. All calculations employed the
for theoretical calculations, since it is difficult to tell apriori exchange correlation functional of the generalized gradient
which conformations are worth studying. Cd&arrinello mo- approximation with the local potential of Perdew and Zufger
lecular dynamic¥ (CPMD) offers an alternative for finding the  augmented by the gradient corrections to the exchange and
most energetically preferred conformation by constant temper- correlation of Becke and Perdew. To prevent electrostatic
ature molecular dynamics simulations. Parrirféfidand Kleir#223 interactions between periodic images, a charge isolation scheme
and their co-workers used CPMD to study solvated metal ions. is used** To achieve an evenly distributed thermal excitation,
As long as the barrier between the starting conformation and the nuclei were brought to a temperature of 300 K by applying
the lowest energy conformation is not too high, the dynamical a sequence of 50150 sinusoidal pulses of excitation vectors
trajectory will populate the lowest energy conformations after orthogonal to the already excited modes. A temperature of 300
a long enough simulation time. These dynamical simulations K was maintained for all simulations by a Nab&rmostat>46
are limited to about 10 ps for the systems of our interest, which which creates a canonic@l{/T) ensemble. The fictitious kinetic
is too short to find the most stable conformation by starting energy of the electrons was controlled in a similar fashion by
from any randomly selected conformation. For this reason, we a Nosethermostat? To span large portions of configuration
used a combination of geometry optimization by static density space in a minimum of time, the true masses of the nuclei were
functional method and CatParrinello molecular dynamics to  rescaled to 5.0 (Cu), 2.0 (O and N), and 1.5 (H) amu. Together



Solvation of Cé@" J. Phys. Chem. A, Vol. 103, No. 48, 1999695

TABLE 1: Symmetry, Electronic State, Average Binding TABLE 2: Symmetry, Electronic State, Average Binding
Energy (kJ/mol), and Sequential Binding Energy (kJ/mol) of Energy (kJ/mol), and Sequential Binding Energy (kJ/mol) of
[Cu(H20)n]2" [Cu(NH3),]2*
electronic average sequential relative electronic average sequential relative
conformer symmetry state BE BE energy conformer symmetry state BE BE energy
la Cs 2A 380 0 7a Cs 2A' 478 0
1b Cs 2A 380 1 8a Cy, A 405 188 0
1c Cy, 2A; 377 9 8b C 2A 405 188 0
2a C: 2A 329 175 0 8c C, 2A 405 187 1
2b C: 2A 329 175 0 8d C 2A 404 183 5
2c Cs 2A' 328 174 1 8e Cs 2A' 404 183 5
2d C, 2A 327 170 5 8f Co, 2A 404 182 6
2e Cy, 2A; 324 155 20 9a C 2A 344 97 0
2f Cy, 2A; 320 142 33 9b C 2A 343 95 2
3a C: 2A 292 144 0 9c C 2A 343 95 2
3b Ci 2A 284 107 37 9d C 2A 343 93 4
3c C: 2A 284 105 39 10a C 2A 302 95 0
4a Cy 2A 263 122 0 10b Cy 2A 301 89 6
4b Ci 2Ag 262 109 13 10c C 2A 301 89 6
4c Cy 2A 259 93 29 10d Cy 2A 295 58 37
4d C 2A 251 51 71 10e C 2A 284 -8 103
5a C 2A 242 116 0 1lla C 2A 270 76 0
5b C 2A 234 51 65 11b C 2A 268 61 15
5c C: 2A 230 28 88 1llc C 2A 262 17 59
5d C: 2A 228 15 101 11d C 2A 261 10 66
6a C: 2A 224 99 0 11e C 2A 256 -19 95
6b Con 2Aq 223 86 13 12a C 2A 245 74 0
6C C: 2A 222 76 23 12b C 2A 245 69 5
6d C, 2A 189 N/A 285 12c C: 2A 244 64 10
12d C 2A 234 —15 89
with an integration time step of 7 au (0.17 fs), this choice ensures ~ 12e C 2A 234 -21 95
12f C 2A 201 N/A 355

good energy conservation during the dynamics simulation
without computational overhead due to heavy atomic nuclei.
Since we do not discuss time-dependent properties and sinc > ;
configurational ensemble averages remain unchanged under A[Sl»*""mS where M is the metal and S is the solvent.

rescaling of the masses, this technique is appropriate. Since the | N€ interaction of the doubly charged copper ion with water
nuclear velocities scale wit2/2, the sampling is sped up by ~ °f @mmoniais mainly an electrostatic chargipole interaction.

secondary shell. The same structure is sometimes referred to as

a factor of 1.5-2. The water molecules are oriented with one of the two lone pairs
on the oxygens pointing in the direction of the -©0 bond.

Results The Cu¢*t cluster with three water molecules assumes an
. . essentially planar trigonal structuréa—1c) with significant

The structures of various isomers of [Cy®)]* and [Cu-  gistortion from the regular triangle. The rotation of one water

(NH3)n]?" clusters are shown in Figures 1 and 2, respectively. fragment around the GtO bond does not change the energy
These figures include some of the most significant interatomic significantly. However, restricting the geometry of the oxygen,
distances, the CuN bond lengths, the length of hydrogen copper, and two hydrogens in the same plane (L@ raises
bonds, and in some cases some nonbonded distances that akge energy by 9 kd/mol. The addition of the fourth water
@mportant.for the interpretation of the figures. Bgnding angles molecule yields some planad, 2c, and 2d) and some
in these figures normally refer to-€@Cu—O bending angles  onplanar 2b, 2f, and26) conformations. The two most stable
where the two oxygen are in the trans position unless it is clearly -onformations of [Cu(H0)4]2+, 2a and 2b, are essentially
marked otherwise. The binding energies and sequential bindingjspenergetic and planar. The tetrahedrally distorted isoRIBr (
energies of [Cu(kO)]" are listed in Table 1 and those of [CU-  h55 the trans water molecules in a bent position characterized
(NH3))]? in Table 2. The average binding energies were py 170 O—Cu—O bending angles. The planar conformation
calculated on the basis of the reaction energy corresponding t°(2a) has one of the trans oxygen pairs in a near-linear
1 ot 1 ot arrangement, while the other trans ligand pair is bent but remains
(TIM™" 4+ H,0— (/)[M(H,0),] (1) in the plain and is characterized by a 17—Cu—0 bending
angle. The G-Cu—O0 bending angle close to 17 a recurring
The incremental binding energies correspond to the reactionfeature in many of the larger clusters. In the two most favorable
energy of conformations, the oxygen lone pairs are staggered (gauche)
with respect to the neighboring coppeyxygen bonds to
[M(H 2O)n_l]2+ + H,0— [M(H ZO)n]ZJr (2) minimize bond-lone pair repulsion. A large number of different
conformations are possible depending on the relative orientation
where the most stable isomer of the- 1 cluster is taken as a  of the water molecules. Structures with the hydrogens on the
reference unless otherwise stated in the text. Zero-point cor-trans oxygen atoms in staggered positions have the highest
rections were not determined, since these require calculationsenergy.
of vibrational frequencies, which is prohibitively expensive for The fifth and any additional water molecules can assume
the largest clusters. There are different notations in the literatureeither an axial position3p) or a hydrogen-bonded position to
for distinguishing between the different binding modes of one or two of the water molecules in the first hydration shell
solvent-metal clusters. Therf'+ m" notation refers tan solvent (3d). The most energetically preferred position is the double-
molecules in the primary solvation shell andsolvents in the hydrogen-bonded position where the two lone pairs of the fifth
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Figure 1.

ligand are directed toward the hydrogen atoms of two adjacentis responsible for the unusually large strength of these hydrogen
water molecules of the first hydration sheBaj. This double bonds. The binding energy of the fifth water molecule to the
hydrogen bond is characterized by a binding energy of 144 kJ/ axial position in tetragonal planar geometry is 107 kJ/mol, which
mol and hydrogen bond lengths of 1.67 and 1.69 A. The water is 37 kJ/mol less favorable compared to the energy of the double
molecules of the first hydration shell are highly polarized, which hydrogen bond. Binding in the axial positioBi(and3c) further
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Figure 2.

distorts the trans ©Cu—0O bending angle from linearity to  hand, the conformation with two hydrogen-bonded water mole-
about 160. On the other hand, the double hydrogen baa) ( cules on opposite sides of the tetragonal fradi® bas higher
ensures a near-planar structure for the four water molecules ofenergy by 13 kJ/mol. This energetic cost is likely related to the
the primary hydration shell. planar structure of the first hydration shell, which is not as favor-

[Cu(H20)g]?" can assume structures with fodia( 4b), five able as the nonplanar. The sequential water binding energy is
(40), or all six @d) ligands in the primary hydration shell. The 122 kJ/mol in the hydrogen-bonded positiote) and 93 kJ/
lowest energy structurel§) has four water molecules directly  mol in the axial position directly bonded to Cddj. The octa-
bonded to copper, and two water molecules are doubly hedral structure with all six water molecules in the primary
hydrogen-bonded to the water in the primary hydration shell. hydration shell4d) is 71 kJ/mol higher in energy than the most
There is an energetic preference for the structure with the two stable conformation. The local geometry around the copper is
hydrogen-bonded water molecules on two adjacent sides of thedistorted from octahedral to tetragonal bipyramidal with the axial
tetragonal frame4@). This structure allows for one of the water bonds being 0.30.4 A longer than those in the equatorial
molecules to be somewhat distorted from the plane. On the otherposition.
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11d 66 kJ/mol

12d 95 kJ/mol& 12e 355 kJ/mol

Figure 2. Continued.

The sequential binding energy of the seventh water molecule hydration shell water molecules, and this structure is strongly
in the doubly hydrogen-bonded position is 116 kd/mol with a favored in terms of energy over other possibilities. The energetic
corresponding structure for all water molecules in the same planecost of moving one water from the second layer to the axial
(58). The structure derived from the most stable conformation position 6c) is 23 kJ/mol.
of [Cu(H0)e]*" by adding one water molecule into the axial ~ Most of the structures described in this section were
position 6c) is 88 kJ/mol above the most stable structure and determined by a combination of static and dynamical density
represents only 26 kJ/mol sequential binding energy for the axial functional theory calculations. We demonstrate on an eight-
water molecule. Another structure with a water molecule in the coordinated structure how we found the most stable conforma-
axial position d) is 101 kJ/mol above the most stable tion by dynamical simulations. The dynamics trajectory started
conformation with a corresponding sequential binding energy from a structure with all eight water molecules in the primary
of only 15 kJ/mol. In this structure one of the water molecules hydration shell §d) and converged to the conformation corre-
in the outer shell is bound by a single hydrogen bond to the sponding to the most stable conformatioga) in 10 ps
water in the primary shell. An unusual structubol has one  simulations. Normally, a 10 ps simulation time is too short to
of the water molecules partly bonded to the metal in the axial find stable geometries significantly different from the original
position and partly hydrogen-bonded to one of the first hydration starting conformation. In this case, however, the energetic
shell water molecules. preference for the lowest energy conformation is so significant

We have tried to optimize [Cu@#®)g]>" with all eight water that the final conformation is reached relatively quickly. Starting
molecules in the primary hydration shell. Most of these the dynamics from a high-energy conformation also ensured
calculations resulted in an immediate rearrangement of the waterthat the trajectory did not get stuck in a local minimum on the
molecules with some ligands moving out of the first hydration potential surface. Figure 3 shows the evolution of hydrogen bond
shell. Only the calculation with symmetry restriction could yield length as a function of simulation time during the dynamics of
a final structure with eight water molecules bound to the copper [Cu(Hz0)g]?" starting from the high-energy structure with eight
(6d). This structure is, however, 285 kJ/mol above the lowest water molecules in the primary hydration shell. The final
energy structure6@). The most favored structuréd), on the structure with a total of eight hydrogen bonds is reached in 10
other hand, has only four water molecules in the first hydration ps. When the dynamics was started from different conforma-
shell, and all four other water molecules are double-hydrogen- tions, the trajectory did not always reach the most stable
bonded to the primary shell water molecules. In this structure structure within the 10 ps simulation time. For example, starting
the number of hydrogen bonds is maximized with four primary the dynamical trajectory from the axially bonded conformation
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[Cu(Ho0)g]2* only one lone pair as opposed to water, which has two, it cannot
———————— form two strong hydrogen bonds to two ammonia molecules in
the first hydration shell. Despite this difference, the structure
with two hydrogen bonds connecting the secondary ammonia
to the primary solvation shel®g) gives the most stable structure
similarly to the analogous water cluster. However, the tetragonal
pyramidal structure with the fifth ammonia in the axial position
(9b) is only 2 kJ/mol above the most stable structure. The
sequential binding energies of the fifth ammonia in the
hydrogen-bonded and axial positions are 97 and 95 kJ/mol,
respectively. Thus, the axial binding energy to [Cu@gWf+ is
I of comparable strength to that of the hydrogen bond. A trigonal
2 4 6 8 10 bipyramidal structure9c), which is likely to be the transition

Simulation time / ps state between two equivalent tetragonal pyramidal structures,

Figure 3. Evolution of hydrogen bond in dynamical simulation. is within 0.5 kJ/mol in energy compared to the tetragonal

pyramid @b). The close energetics of these structures suggest

(6¢) did not reach the lowest energy conformation in 10 ps. the possibility of a fluxional behavior with the axial and
Most likely there is a significant barrier between the axially €duatorial ammonia constantly changing positions.
bound and the hydrogen-bonded conformations. The ammonia in the second hydration shell can be either

As these and previous examples from the literature show, bonded with a single hydrogen bond to one primary ligedj

the energetic preferences of metals for one particular solvation©r With two hydrogen bonds to two primary ligandsa). The
configuration is often very strong. For this reason, ab initio length of the single hydrogen bond is 1.78 A, whereas those in
molecular dynamics may be the ideal way to study the structuresthe double-hydrogen-bonded structures are 1.98 and 2.05 A.
of these clusters. In the case of a high-energy conformation, The single-hydrogen-bonded structure is only 4 kJ/mol above
the trajectory could lead to a more stable structure within a short the energy of the double-hydrogen-bonded structure, indicating
simulation time. If the structure does not change drastically in @ comparable strength for the single and the double hydrogen
the first few picoseconds of the dynamical simulation, other bonds. This is a significant difference from water, which has
structural alternatives have to be tested. Another example of atwo lone pairs and a strong energetic preference to form two
structure that was found by analyzing the dynamical trajectories hydrogen bonds.
is the cluster with seven water molecules with one water partly The most stable structure of [Cu(N}d?" has a planar
hydrogen-bonded and partly axially bond&8)( Such structures  tetragonal primary hydration shell with two ammonia molecules
may represent a transition state of moving the axial ligand into doubly hydrogen-bonded to ilQa). The two ammonia mol-
the second hydration shell. ecules in the second hydration shell are on opposite sides of

During the construction of the initial structures with ammonia the tetragon. This is different from the water analogue, which
as a solvent, we started from the structure with water and shows a preference for binding the two water molecules on the
replaced one of the lone pairs with hydrogen atoms. This two adjacent sides (i.e4a). The energetic difference, however,
strategy has worked remarkably well for all structures without is not very significant, only 6 kJ/mol between these two most

a solvent molecule in the second solvation shell. The structuresstable structureslpaand10b). The sequential binding energy
without secondary ammonia are remarkably similar to their in the doubly hydrogen-bonded position of the most stable
water-solvated analogues. The?Cgluster with three ammonia  structure is 95 kJ/mol, which is only 6 kJ/mol stronger than
solvent assumes a trigonal planar conformation with significant binding in the axial position{0g. The energetic preference
distortion from the ideal triangl&7@) with the largest N-Cu—N for the hydrogen bond and axial binding is similar to that in
bending angle of 158 The Cu-N bonds are 1.97 and 2.03 A,  the five-coordinated clusters. We found two alternatives for the
which is longer than the CuO bond in the water analogue. octahedral structures: one with long axial (2.48 and 2.90 A)
On the other hand, the average binding energy of ammonia isand short equatorial (2.62.10 A) bonds 10d) and another
478 kJ/mol, which is 100 kJ/mol above that of water in the with short axial (2.06 A) and long equatorial (2:38.39 A)
analogous cluster. bonds (0€. The former is lower in energy by 66 kJ/mol and

Four ammonia molecules prefer to bind to?Cin a distorted has a sequential binding energy of 58 kJ/mol. These results
planar tetragonal geometn84—8f). The distortion toward  Suggest that the binding energy of the first axial position is
tetrahedral geometry is similar to that of the water analogue Stronger than the second one, which is also reflected in the large
with a typical trans N-Cu—N bending angle of 166168. We inequality in the Ct+N bond length in the axial positior1Qd).
found six different structures within 6 kJ/mol energy separation,  The most stable conformation of [Cu(NJd?" has a quasi-
which is a further indication that the potential number of planar structure with four ammonia molecules in the primary
different conformations is large. The separation between dif- hydration shell {18). The corresponding sequential binding
ferent conformations was more significant in the case of the energy is 76 kJ/mol. The second most stable structure is based
water solvent, which has an electron pair that does not participateon a tetragonal pyramidal core with two ammonia molecules
in the bonding. As a significant difference between water and single-hydrogen-bonded to two equatorial liganti$h). The
ammonia, [Cu(NH)4]2" prefers nonplanar conformations while  second solvation shell molecules are far out-of-plane of the

[Cu(H:0)4]?" prefers planar ones. Although one of the confor- equatorial ligands. Those structures that have the secondary
mations Be) is essentially planar, it is likely to be a transition solvent molecules in quasi-planar positionsl¢ 119 are
state between two nonplanar structures. significantly higher in energy. The highest energy conformation

The fifth ammonia molecule can assume the axial position iS based on the octahedral primary solvation shell.
of the tetragongb) or it can be hydrogen-bonded to one of the The analogous water and ammonia clusters with eight solvent
ammonia in the first hydration shel®4). Since ammonia has  molecules around Cti are similar in their preference for a

g!" I‘ {
ML
T

O-H distances / A
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quasiplanar structure with primary and secondary solvation first and second solvation shell and much weaker than the
shells of four solvent molecules in bota and 12a The equatorial binding energy. Consequently, in solution phase, the
difference lies in the energetic cost of moving one solvent from axial position is occupied and the solvated Cu(ll) ions have a
the hydrogen-bonded position to the axial position, which is 5 distorted octahedral core with fluxional axis orientation. There-
kJ/mol for the ammonia clustet2ato 12b) but 23 kJ/mol for fore, the usual formulas of [Cu@®)e]?t and [Cu(NH)g]2"

the water clusterss@to 6b). This is consistent with the general  correctly describe the first solvation shell in solution. As this
trend that ammonia has similar bond strength in the axial and example shows, the gas-phase shell development does not reflect
hydrogen-bonded positions, while water has a strong preferenceproperly the structure of the solvation shell in solution phase
for hydrogen bonds. Partial symmetrizationléfayields 12¢ when only a limited number of solvent molecules are considered.
which is 10 kJ/mol higher in energy. The conformation with Water has a strong preference in the second hydration shell
octahedral core1@d) is 89 kJ/mol above the most stable to be bound to two water molecules of the primary shell. For
structure. The structure with eight water molecules in the first ammonia, the strength of one or two hydrogen bonds is com-

solvation shell {26 has very high energy. parable and the double-hydrogen-bonded structure is preferred
only by a few kJ/mol. This difference between water and
Discussion ammonia is understandable, since water has two lone pairs while

ammonia has only one. In fact it is surprising that ammonia

The nature of the stationary points of structures obtained by ;4 pyild two hydrogen bonds in a bridging position with only
geometry optimization is not always known, but most likely, gne one pair. Tuckerman and co-workers reported a similar
the majority of the structures described here are minima on the gy ation related to the ab initio simulation of proton transfer in

potential surface. However, some structures have features, 4ior48 They found that OH prefers to be hydrogen-bonded

indicative _of a transition state, like the trigonal bipyramidal . tur water molecules despite the number of lone pairs being
conformation of [Cu(NH)s]?" (9¢), which seems to connect only three.

the ligand exchange between the first and second hydration |1 tarms of preference between oxygen and nitrogen donors,
shells of "4+ 1" structures. We have studied water exchange ¢ p+ pag g clear preference for nitrogen coordination. This is
between the first and second hydrano;rshell by constrained abgqsistent with the fact that Cu prefers to be coordinated to the
initio molecular dynamics of [Cu(kD)g]*" and found that the nitrogen donor histidine or to sulfur donor cystein in enzyriies.

transition state of water exchange has a trigonal bipyramidal Ajthough copper is coordinated to an oxygen donor, glutamic
core. _Thls cpnflrms thadc is a probable transition state _acid, in azurines, the binding of oxygen ligands to copper is
ass_omated with the solvent exchan_ge process. The structure Nisually a reversible process. In fact, copper plays a significant
which one of the water molecules is partly b_onded a>_<|ally 0 role in the reversible binding of dioxygen as an oxygen carrier
the metal and partly hydrogen-bonded to the first solvation shell ; hemocyanin or in the catalytic activation of dioxygen in

(5b) is also a likely candidate for a transition state for the ligand , ;5sinase or multicopper oxidas&sThese functions require
exchange process. In this case, however, this is an exchange %at oxygen-based substrates can bind reversibly to copper,

the p‘?Si“O” of one ligand from the pr.imary to the secqndary which can be achieved only if copper has only a modest affinity
solvation shell, as opposed to the previous process that involves,, jying oxygen donors.

the exchange of two ligands between the primary and secondary - oy griginal quest was to explain the maximum ion intensity

solvation shells. _ _ in the MS spectrum of divalent copper water clusters at eight
These clusters are likely to have several dozen different go\yent moleculedt2The factors that contribute to the intensity
conformations depending on the relative orientation of the g (j) the instability of smaller clusters with respect to electron
ligands. Itis possible that the structures we found do not always transfer from the solvent to the metal and (ii) the natural decline
represent the lowest energy structures. However, the majoriy jntensity that is common to most cluster distributions as a
determining factors of the solvation energies are (i) the number fnction of cluster size. From the consideration of the experi-
of primary ligands, (ii) the number of axial bonded ligands, and mental circumstances it is clear that the abundance in the mass
(iif) the number of hydrogen bonds. The binding energies of spectrum is not correlated to thermodynamic stability but rather
both the axial and hydrogen-bonded positions show a consistentq the kinetic stability of the clusters. The most important

trend throughout the series of clusters. For this reason, ourconsideration is the electron-transfer-induced fragmentation
limited set of clusters is a consistent representation of the Processes

different types of bonding and gives a good basis for assessmen
for the binding energies. 2+ _, + +
The strength of the hydrogen bond is likely to be somewhat (M(HO)) MH )y ma] + MHO+HO™(3)
overestimated by density functional theory. However, the 5.4
preference for the hydrogen bond over axial binding is so strong
in the case of water that such a preference cannot be an artifact 2+ + +
of DFT methods. It is not as clear in the case of ammonia, which M(H-0)J [MOH)(HZOh-m-l ™ + mH,O + H0
has only a minor preference for the hydrogen bond over the (4)
axial position. Water prefers the hydrogen-bonded position in It is not feasible to calculate the barrier of electron transfer
Cu(Il)—water clusters by about 285 kJ/mol compared tothe  between the ligand and the metal, which would give insight
axial position throughout the cluster series, as opposed tointo the reasons for the high kinetic stability of [Cu®)g]?*
ammonia, which shows the analogous preference by only a fewand [Cu(NH)g]2*. However, we find a correlation between the
kd/mol. The difference between axial and equatorial binding geometry of the first solvation shell of the most stable
energies is consistent with thé electron configuration where  conformation and the ion signal. The hydrogen bond network
the unpaired electron occupies the antibondiggye orbital. of the most stable conformations of [Cuf®)g]>" and [Cu-
The binding energy of the axial ligand to Cu(ll) is stronger (NHz)g]?" stabilizes the quasiplanar geometry of the primary
than the hydrogen bond between water or ammonia moleculessolvation shell. Planarity can be measured by the dihedral angles
in solution but weaker than the hydrogen bond connecting the of the four primary solvation shell ligands or that defined
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between three ligands and the central atom. It is absolutely  (6) Bock, C. W.; Kaufman, A.; Glusker, J. lorg. Chem 1994 33,
remarkable that the largest deviation from the plane measured419z7‘;2é-ock C. W Katz, A. K. Glusker. J. B. Am. Chem. Sod995
by these dihedral angles is 0.dnd 0.2 for [Cu(Hz0)g]*" and 117 3754-3765. e e '
[Cu(NHz)g]?*, respectively. By contrast, the most stable con- (8) Lee, S.; Kim, J.; Park, J. K.; Kim, K. S. Phys. Chem996 100,
formation of [Cu(NH)4]2* is significantly distorted from the  14329.

- - (9) Kim, K. S.; Lee, S.; Mhin, B. J.; Cho, S. J.; Kim, Ghem. Phys.
plane and characterized by a dihedral angle of aboutR6éth Lett 1993 216 300-312.

[Cu(NHs)4]2* and [Cu(HO),]?* prefer to distort from the 4-fold (10) Rodriguez-Cruz, W. E.; Jockusch, R. A.; Williams, E.JRAm.
symmetric structure. However, [Cuf8),]2" can distort within Chem. Soc199§ 120, 5842-5843.

the plane without energetic penalty, while a similar distortion 10%313(;22% J. A Walker, N. R.; Firth, 3. Am. Chem. S0d997 119,

of [Cu(NHs)a]*" is less favorable. For this reason, [CUBHF®  "(12) Walker, N. R.; Firth, S.; Stace, A. Ghem. Phys. Let1998 292,
adopts a nonplanar geometry in its most stable conformation 125-132.
while [Cu(H0)4)?* adopts a planar geometery in its most stable  (13) Woodward, C. A;; Dobson, M. P.; Stace, AJJPhys. Chenl996

. AP ; ) . 100, 5605.
conformation. This finding is consistent with the experimental (14) Dobson, M. P.; Stace, A. J. Chem. Soc., Chem. Comma896

ion intensity pattern, which shows a local maximum at [Cu- 1533,
(H20)4]?" but does not indicate any significant stability for [Cu- (15) Dobson, M. P.; Woodward, C. A.; Stace, A.JJ.Phys. ChemA

2+ ; ; 1997 101, 2279.
(NH3)4]4". Therefore, the planar primary solvation shell of (16) Dobson. M. P.: Stace, A. Iht. J. Mass Spectronon Processes

[Cu(NHg)g]?* is not an inherent property of the [Cu(NH]?* in press.

core but stabilized by the network of hydrogen bonds. (17) Cooks, R. G.; Beynon, J. H.; Caprioli, R. M.; Lester, G. R. In
Metastable lonsElsevier: Amsterdam, 1973.

Conclusions (18) Cotton, F. A.; Wilkinson, G. W. IMdvanced Inorganic Chemistry

Wiley: London, 1988.

The combination of static and dynamic density functional ~ (19) Car, R.; Parrinello, MPhys. Re. Lett. 1983 55, 2471.

- . ) . S (20) Ramaniah, L. M.; Bernasconi, M.; Parrinello, M. Chem. Phys
theory is an efficient way to find energetically significant ;9g¢70q 6839.

conformations of metatsolvent clusters in the gas phase. We  (21) Bruge F.; Bernasconi, M.; Parrinello, Ml. Chem. Phys1999
were particularly pleased to find the most stable conformation 110 4734. o .
of [Cu(H20)g)?* from a very unreasonable starting structure Tréﬁ?lgggg@dozﬁo}élgem’ M. L. Martyna, G. J. Chem. Soc., Faraday
within a short 10 ps simulation. These calculations suggest that  (23) peng, z.; Martyna, G. J; Klein, M. L1. Chem. Phys1994 100,
water has an energy preference of about-295 kJ/mol to be 7590. _
bound through hydrogen bonds to the primary solvation shell B0 22, ot Chie 2 0B BT 6 ector and Paalil
as opposed to OCCEJPV'”Q the axial position of a planar tetragonaIComputerste Riéle,. H. J. J., Dekker, Th. J., van de Vorst, H. A, Eds.;
structure. Ammonia also prefers the hydrogen bond over the Eisevier: Amsterdam, 1987.
axial position, but the energetic preference is only a few kJ/ Ch(26)lgg§rggt88r7, P. M.; te Velde, G.; Baerends, Elnl. J. Quantum
H : em. 3 .

mol. Water in the gecond hydration shgll prefers tq form two (27) te Velde, G. Baerends, E.dl. Comput. Phys1992 99, 84.
hy(_jrogen b_onds v_wth the two lone pairs connecting o tWO  (28) Fan, L.; Ziegler, TJ. Chem. Physl991 94, 6057.
adjacent primary ligands. It is remarkable that ammonia with  (29) Fan, L,; Ziegler, TJ. Chem. Phys1991, 95, 7401.
only one lone pair can also be involved in two hydrogen bonds, = (30) Fan, L. Versluis, L.; Ziegler, T.; Baerends, E. J.; Ravenek, W.
but the preference for such a double hydrogen bond is only a'™J; Quantum Cheri98g S22 173,

p , ! ydrog Y @ (31) Fan, L.; Ziegler, TJ. Chem. Phys1992 96, 9005.
few kJ/mol relative to a single hydrogen bond. The network of  (32) Fan, L Ziegler, TJ. Phys. Chem1992 96, 6937.
hydrogen bonds in the most stable structures of [GO(E]>* (33) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

2 ; (34) Becke, A. DPhys. Re. A 1988 38, 2398.
and [Cu(NH)g]** impose a planar geometry on the primary (35) Perdew, J. FPhys. Re. B 1986 33, 8822;1986 B34, 7046.

solvation shell, which gives high kinetic stability to these  (3g) (a) Snijders, J. G.; Baerends, E. J.: RosMBI. Phys.1978 36,

systems. 1789. (b) Snijders, J. G.; Baerends, E. J.; RosMBl. Phys 1979 36,
1969.
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