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Abstract: The hydration of some of the alkaline earth divalent metal cations and first row transition metal
cations is considered within the quasi-chemical theory of solutions. Quantum chemical calculations provide
information on the chemically important interactions between the ion and its first-shell water molecules. A
dielectric continuum model supplies the outer-shell contribution. The theory then provides the framework
to mesh these quantities together. The agreement between the calculated and experimental quantities is
good. For the transition metal cations, it is seen that the ligand field contributions play an important role in
the physics of hydration. Removing these bonding contributions from the computed hydration free energy
results in a linear decrease in the hydration free energy along the period. It is precisely such effects that
molecular mechanics force fields have not captured. The implications and extensions of this study to metal
atoms in proteins are suggested.

I. Introduction As those idiosyncratic details are better established, it is expected
that classical simulation models will be revised to describe better
the chemical details of ion hydration.

Part of the challenge of statistical mechanical treatments of
these ion-hydration problems is that iewater interactions are
strong on a thermal energy scale; this is exacerbated for divalent
ions compared to monovalent ions. Those interactions are as

trong as chemical bonds, are responsible for chemical changes
such as hydrolysig? and otherwise exhibit chemical intricacies.
The environment of a protein, with a richer suite of ligating
possibilities, offers more complexity yet. Nevertheless, an
appropriate characterization of metglrotein interactions can
begin with a molecular description of ion hydration in an
aqueous milieu.

A satisfactory molecular-scale description in aqueous elec-
trolyte solutions, thus, should include appropriate treatment of
both chemical and thermal energy scales. Recognizing the strong
ion—water interactions, intuitive approaches have treated ion
hydration by optimizing successive shells of water molecules,
assuming convergence to a bulk-like water structure around the
ion, and to the corresponding hydration thermodynamics. Aside
from the drastic approximations implied for the temperature and

Many biological processes depend on the presence of metal
ions as cofactors or as active participants (for example, refs
1-3). Biologically significant metals include¢he alkali metals
Li, Na, and K; the alkaline earth metals Mg and Ca; and
transition metals, notably Fe, Mn, and Cu. In addition, molecules :
designed to contain metal ions as key components are becomin
increasingly prevalent as diagnostic or therapeutic agents to trea
a wide variety of diseases and metabolic disor8etic, for
example, is critically important in the gene-regulatory zinc-finger
proteing” and is the principal target of the molecular theory of
this report.

Here we apply quasi-chemical theory to the hydration of
divalent ions of biophysical significance. At the same time, we
collect recent results, not previously published, of quasi-chemical
treatments of other common ions. An important issue for
clarification as quasi-chemical theory aal initio molecular
dynamics calculations get worked out, is that the hydration of
these common ions in aqueous solution is typically idiosyncrati-
cally different than that assumed in classical simulation models.
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I L B = and the divalent ion B&.° The Supporting Information collects
o L e information on hydration numbers and solution structure that
& 100 Z Ea /o’/ i affects the present thermodynamic calculations. Fdr Nat,
E g/’ K*, and B&", we have the density distribution of water around
3 ] the ion fromab initio molecular dynamics simulations. For'Li
£ -150 7 and Bé*, the solvation shell is sharply defined physically, and,
g 1 therefore, the coordination number, which is a fundamental
% 200 i guantity in the quasi-chemical theory, is unambiguously estab-
o lished. For Na and K", the density distributions are progres-
. ] sively less sharply defined physically. Yet, as will be seen, a
20T A T satisfactory coordination number can be defined, and it leads
L to a reasonable estimate of the hydration free energy. The
250 200 -150  -100  -50

agreement with experimentally offered hydration free energies
) . . . for both mono- and divalent cations is fair. More primitively,

Figure 1. 1. Hydration free energy of monovalent cations calculated within . . . .

the quasi-chemical framework. The most probable coordination numbers the trends in relative hydration free energies are correctly

are as in Table 1. For the dielectric calculations, a cavity of radius 1.9, 2.3, described.

and 2.7 A was centered on'LiNa", and K', respectively. For H, a cavity For the transition metals, a principal focus of this work, the

of radius 1.172 A was used. Small changes in these values do not changen dration free energies do not show a simple, monotonic trend
the computed result substantially. This is an example of the variationally Yy ’

constrained character of the theory. The experimental results are from ref &Cross the period. This is also seen experimentally (for example,
34, refs 25, 26). This lack of monotonicity is a consequence of the

subtle interplay of electron distribution in orbitals and changes
that is, quantum mechanically, and are usually coupled with a in the physical size of the cation. It is the latter quantity that is
dielectric continuum model for the remaining medium (for readily modeled in classical simulations. The former, for
example, ref 11). In ref 11, it was argued that the inclusion of transition metals, involves the consequences of the splitting of
a second solvation shell is necessary for divalent and trivalentd-orbitals in the field due to the surrounding ligands. The
cations. Closer scrutiny of that wdrlemphasized that a lack  particular distribution of the electrons in these split d-orbitals
of a statistical mechanical foundation limited those approaches, has an energetic stabilizing effect, the ligand field stabilization

Quasi-Chemical (kcal/mole)

but that effort has now led to important progress.

energy (LFSE). Subtracting the LFSE readily gives the expected

Indeed, the recently developed molecular quasi-chemical monotonic decrease in the hydration free energy across the
theory of solutions has achieved a level of sophistication that period. These ligand field effects affect the differential binding

makes it well-suited for such calculatio?rsl?12-24 This ap-
proach was designé&é2° to subsume the intuitive cluster

of transition metal cations and Znto zinc-finger proteins. Our
ability to describe these effects theoretically, in bulk solution,

approaches indicated above, but was founded on well-establishedjives us a basis for pursuing studies on mepabtein systems.

principles of statistical mechanics. Approximations necessary

for practical calculations are then readily identified for scrutiny
and improvement.

Il. Methods: Quasi-Chemical Approximation (QCA)

In the quasi-chemical theoty;1420the region around the

In the report below, we present the bare essentials of the solute of interest is partitioned into inner- and outer-shell
theoretical methods we use (see, for example, refs 14, 20, 23).domains. In the present study, the inner shell, where chemical

We then apply it to the hydration of Mg, Ca*, the divalent
transition metal ions from Mn to Cu, and to Zn For

effects are important, is treated quantum mechanically. The
outer-shell contributions have been assessed using a dielectric

completeness, we also present (Figure 1) comparable resultsontinuum model. In principle, a variational check of this

from studies on the monovalent ions"HLi*, Na", and K"
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2003 380, 530.

1286 J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004

partition is availablé’23 It has been argued that when the
variational check of the partitioning is satisfied, the inevitable
approximations are well-balanced.

The inner-shell reactions are

M%* + nH,0 = M[H,0],"*

The free energy change for these reactions was calculated using
the Gaussian suite of prograffsThe clusters were geometry
optimized in the gas phase using the B3LYP hybrid density
functionaf® and the 6-3%G(d,p) basis set. Frequency calcula-
tions confirmed a true minimum, and the zero point energies
were computed at the same level of theory. Single point energies
were calculated with the 6-33#15(2d,p) basis set. For the open-
shell transition metals, the unrestricted formalism was used.
(Using the unrestricted formalism for the closed-shell systems

(25) Orgel, L. E.An Introduction to Transition-Metal Chemistry: Ligand-field
Theory Methuen & Co.: London, 1960.

(26) Shriver, D. F.; Atkins, P. W.; Langford, C. fthorganic ChemistryW. H.
Freeman and Co.: New York, 1990.
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leads to insignificant changes in the energy.) The transition metal Table 1. Free Energy AG® for Forming the Defined Clustir from
ions and their water complexes were modeled in the high-spin O€ Cation and n Water Molecules in the Ideal Gas State

state. Thus, we have B¢dY), Ti¢H(d?), V2T(d®), Cr2T(d*), Mn?*- cluster AG° I u Hexp
(), F&+(d?), Co?(d7), Niz+(cB), and Cd+(c®) in the high- H.0 77
spin states. [Note that water is typically a weak-field ligand H,[HZO]f+ —183.9 775 —254.6 —254.3
(for example, refs 25, 29) and a high-spin complex is expected. h'g?ﬁ%j‘4+ :471(7)'% :gg'g 7_132'5 7_132'3
The small magnitudes of the field splitti#f® validate this K[H ,0]4+ ~301 —58.7 —752 —74.6
choice for the metals studied in this WOI'k.] Be[H20]2* —350.4 —230.2 —567.0 —576.5
For estimating the outer-shell contribution, the ChelpG  Mg[H;0]6*" —254.2 —199.5 —433.3 —441.2
method® was used to obtain partial atomic charges. With the  Ca[Ol&** —-1838  -191.3 3547  —364.0
radii set developed by Stefanovich et®#lsurface tessera were Sc[H0]¢** —215.2 —195.2 —390.0
then generate# and the hydration free energies of the clusters \T/'[;‘Zg]gz: e TS e
were calculated using a dielectric continuum md8a\ith this C[r[szo]i;H 5517  —1080  —4293  —a46.4
information and the binding free energies for the chemical  Mn[H,0]e2* —240.5 —196.7 —416.8 —424.9
reactions, a primitive quasi-chemical approximation to the excess ('::e[ﬂz(c))]szg+ —g%g —igg-g —2251’-2 —igi-g
chemical potential of the metal ion M(aq) in water is Nic[’l[-|220]]§2+ 5926 2006 4726 _a79.4
Cu[H0]e2* -292.9 -201.1 —473.6 —483.7
Bus ~ _|n[Kanzon] 1) Zn[H,0]e" -279.2 -199.3 —458.1 —-471.1
i 7/4* is thede>|<cgss hchemica_ll ;r)]otentialll of the cluster ofbtr?inﬁddvia_ the
K — ex ex : -
where Ky = Ki® expl-flipoy — nuioll- Kn® is the G e Cormesponding metai ings (he experimental vaiue |
equilibrium constant for the reaction in an ideal gas stats, from ref 34, which has been adjusted to correspond to a transfer from 1 M

the most probable hydration number, ghek 1/kgT. The density (ideal gas) ® 1 M (ideally diluted) solution.
factor pp,0 appearing in eq 1 reflects the actual density of liquid
water, and its effect is included by a replacement contribution
of —nkgT In(pn,0/p0) = —nksT In(1354), wherepp,o = 1 gm/
cm?, andpp = 1 atmRT. (A discussion on standard states and
this replacement contribution can be found in ref 19.)

The more general theory involves a logarithm of a sum over
inner-shell compositions; in eq 1. Yet limiting that sum to
the most probablen makes a negligible difference in these
situations (for example, ref 24). There are two reasons for that.
The first is succeeding terms in such a sum reflect chemical
energy differences. A slight advantage in energy on a chemical
scale for one term means that it dominates all others on a thermallil. Absolute Hydration Free Energies

energy scale. The second. reason 1 only a finite, and ;mall, Table 1 lists the free energy of forming the defined cluster
number of terms are contained in the full sum, so there is not .

. . =~ " ""in the ideal gas state and the excess chemical potential of those
a chance to accumulate a significant entropic contribution in

. . clusters.
thrat |W aly ) t';m eﬁm?rl]e, |frtwonierr]ms| mttvl?/e glgnirtalilsur:n \r/\rlerr?n This information, the excess chemical potential of water, and
tphecfsey €sa ‘fZT Ie pzeseh. heg ec ci_u 'ble ara 'te do the proper account of standard states readily gives the excess
€ lree energy oks 1 In =, WhICh 1S a Negigible Magnitude -, o ey potential of the cations. Consideration of the chemical
here. A more significant entropic contribution is the temperature

dependence of the densitiesufo) that are displayed in eq 1. contribution to the hydration is cation-specific. For the transition

Th int lies t | ffects. It should metals, the contribution is about 60%; for the alkali metals, this
€ same point applies to pressumdiume efiects. 1t should ranges from about 40% (for# to 60% (for Li*); and for the
be emphasized, however, that eq 1 does assume primitive

Lo o alkaline earth metals, it ranges from about 50% (fof'Gao
approximations for outer-shell contributions, and a broader

. fqati fth ai ins for fut K about 60% (for B&"). Not surprisingly, for H, local chemistry
investigation ot those approximations remains 1or future Work. 5 -ounts for about 70% of the hydration free energy. Although

(27) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.; Scuseria, G. E.: Robb, M. details of the solvent structure around the cation do influence

e.; I(:_Zhe;sem?nj J(.:R.b Zakrz_e\rz]vsgi,vm_cl‘?.; M%nt%imgw,_J-lA-)grB Stlr(at[jnann, the net hydration free energy, the local chemical effects
. E.; burant, J. C.; Dapprich, S.; Ilam, J. ., baniels, A. D.; Kudin, - .

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, dommate the hydration phenomena. . .
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Figures 13 compare the calculated hydration free energies

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; . . .
Rabuck, A. D.: Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, tO the values offered in ref 34. Several points need emphasis,

J. V.; Stefanov, B. B, Liu, G; Liashenko,_A.; Piskorz, P.; Komaromi, I.;  |est the good agreement mask the Cha”enges in the phySiCS of
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, . . . .
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. w; ~cation hydration: (a) the experimentally suggested hydration

Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, i i ianifi inti
M Replogle, £. 5.+ Pople, J. Acaussian 98 revision A.2: Gaussian, free energies likely have significant uncertainties, and (b) they

We will denote this primitive quasi-chemical approximation by
QCA.

A further aspect of the theory is its variational character (for
example, refs 17, 23). One consequence of this character is the
computed excess chemical potential of the metal ion is insensi-
tive to modest changes in the radii parameters used in the
dielectric continuum calculations. The general efficacy of this
simple QCA for ion-hydration free energies has been the subject
of validation calculations utilizing classical simulations with
conventional force fields; for example, see ref 10.

Inc.: Pittsburgh, PA, 1998. also very likely include some aspects of the potential of the
(28) Becke, A. D.J. Chem. Phys1993 98, 5648. iy disti ;
(29) Figgis, B. N.; Hitchman, M. AlLigand Field Theory and Its Applications _phase,_ a quantlty distinct from the absolute h_ydratlon of the
Wiley-VCH: New York, 2000. ion of first interest. Issues relating to the potential of the phase
(30) Breneman, C. M.; Wiberg, K. Bl. Comput. Chem.99Q 11, 361. have been discussed recerifyBecause the dielectric models

(31) Stefanovich, E. V.; Truong, T. NChem. Phys. Lett1l995 244, 65.
(32) Sanner, M. F.; Spehner, J.-C.; Olson, ABibpolymers1996 38, 305.
(33) Yoon, B. J.; Lenhoff, A. MJ. Comput. Chen99Q 11, 1080. (34) Marcus, Y.lon Sobation; Wiley: London, 1985.
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-300 0 ] T T T y Table 2. Hydration Free Energy u of the Cations?@
€ 7’
o Mg 1 metal ion u“w S LFSE A u'

3500 A Ca Vil
o v  Zn A Ca —354.7 0 —354.7
g , Sc —390.0 1/2 —3/5
S or Ti —409.5 1 =%
2 r /7 \% —431.0 3/, —5/5 36.0 —387.8
E -450 - I Cr —429.3 2 —35 39.7 —405.5
°E> 3 Y Mn —416.8 5/, 0 22.3 —416.8
5 500 F y Fe —439.3 2 —2s 29.7 —427.4
s | Co -4514 ¥, —4s 266 —430.1
i . Ni —472.6 1 —b/g 24.3 —443.4

S0 s Cu —4736 Y, —3g 360  —452.0

[ Zn —458.1 0 —458.1
-600 AN NI WU I R
-600 -550 -500 -450 -400 -350 -300

Quasi-Chemical (kcal/mole)

Figure 2. Hydration free energy of alkaline earth metal cations calculated
within the quasi-chemical framework. Zn is included to depict better its
relation to the biologically important closed-shell cations@¥ignd C&".

A cavity of radius 2.2 A defined the inner shell. Small changes in these

aSis the net spin on the cations. LFSE is the ligand field stabilization
energy in terms ofA. Spectroscopic estimates Afare from ref 254" is
the hydration free energy with the LFSE removed. All energies are in kcal/
mol. Note that experimental values farfor S+ and T#+ are unavailable
in ref 25 (or ref 29).

values do not change the computed result substantially. The rest is as ingplitting between these levels can be characterized pbihe

Figure 1.

-380 T

| | Sc ' i
o Ti /'
5 00| oV A
@ o Cr ’
E A  Mn ,'Er
T 420| Ao Fe " .
g v Co A
= >4
€ v Ni V4
g 40 + “a 7
g #* Zn e °
’
S 460 ”
460 | . .
i} Y
Vi *
480 F 'y 4
4
’, 1 +. 1 1 1 1

-480 -460 -440 -420 -400 -380
Quasi-Chemical (kcal/mole)

Figure 3. Hydration free energy of first row transition metal cations
calculated within the quasi-chemical framework. A cavity of radius 2.2 A
defined the inner shell. Experimental estimates are not available for Sc
Ti2*, and \2*, and for graphing purposes, the theoretical value is assumed
for experiments as well. The rest is as in Figure 1.

are parameterizétlagainst similar experimental values, they
also include this potential of the phase. Recent stdfifés
suggest that this potential is negative and abeil® kcal/(mol
e) in value. Further, as shown in ref 10, a more sophisticated
model for outer-shell contributions can give results that are in
good agreement with the unambiguously determined solvation
free energies of neutral pairs. However, the dielectric model is
still worthy in describing the relative free energy of cation
hydration correctly. Thus, the more distinguishing and nontrivial
aspect of Figures-13 is the correct description of experimental
trends for both the monovalent and the divalent cations. This is
especially important in understanding, for example, competition
experiments of two different metals binding to a given protein
(for example, ref 7).

(A) Ligand Field Effects. The transition metal ions studied
in this paper are all predicted to be hexa-hydrated, and the
structure of these clusters shows nearly octahedral symmetry.
(Note that we avoided imposing symmetry in our geometry
optimizations, and clusters involving €rand C@d", most
notably, show JahnTeller distortion effects, as expected, ref
25.) From the theory of ligand fields, it is known that in the
octahedral field the metal d-orbitals split into a lowgy(set of
three orbitals) and an uppey &set of two orbitalsy>2° The

(35) Sokhan, V. P.; Tildesley, D. Mol. Phys.1997 92, 625.
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ligand field splitting parameter. Because we know how the
electrons distribute among the levels, we can compute the ligand
field stabilization energy (LFSE). Briefly, the nominal energy
of the d-orbital prior to introduction in the ligand field is given
a value of zero. The lower threg,rbitals each get a weight
of —?/5, and the upper gets a weight #£. (See also ref 25.)
Some examples help clarify this concept. Fora¥rwith five-
half-filled orbitals, the ligand field stabilization (as a fraction
of A) is =25 x 3+ 35 x 2= 0, for F&", the LFSE is—?%/s x

4+ 35 x 2= —?[5; and for Zr¥*, the LFSE is—?/5 x 6 + 35

x 4 =0 (Table 2).

TheseA values can, in principle, be calculated from quantum
chemical calculations. For high-spin systems, this, however, is
a separate area of research, and realistic calculations are
challenging, especially for protein systems that are of primary
interest (R. L. Martin, personal communications). We have
therefore taken spectroscopic values of the splitting parameter.
We must emphasize that ligand field stabilization is not solely
responsible for stabilizing influences. Jahifeller effects, most
clearly revealed for Cr and C@", also contribute to the
stability. (For example, for the hexa-hydratec?Cand C@T,
four of the bonds to water are shorter and two are longer as is
expected for these ions in an octahedral environn#nt.)
However, LFSE is expected to be the principal stabilizing
component.

Table 2 lists the hydration free energies of the cations, the
ligand field stabilization contributions, and the hydration free
energy with the LFSE removed. (Observe that there is no ligand
field stabilization for M@*(d®) and Zr#+(d9).) Table 1, Table
2, and Figure 4 emphasize the fact that much of the discrimina-
tion between the transition metal ions comes from the local
chemical effects.

Figure 4 highlights the local chemical (or bonding) effect in
the hydration of the transition metal ions. Removing the ligand
field stabilization term from the computed hydration free
energies reveals a clear monotonic decrease in the hydration
free energy as we proceed along the period. This is expected
because the atomic number and the electronegativity iné%ase
and the atomic radius is expected to decrease (for the catfons).
Specifically, for the radius, one expeatsd 1/(Z — S (for
example, ref 36), whereis the cationic radius is the atomic
number, and is some shielding constant that accounts for the
effective nuclear chargeS{vould be the shielding due to the
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Ca Sc Ti V Cr Mn Fe Co Ni Cu zZn tions are necessary in applying the theory to practical cases,
i ' ' ' ' ] these approximations are well-defined and therefore open to
1 scrutiny and improvement.

Many of the transition metals studied in this paper are
biologically important. So far, however, a theoretical description
of their hydration has been unsatisfactory. The quasi-chemical
approach illuminates the dominance of local chemical effects
in the hydration phenomena. These effects that pose an immense
challenge to the development of realistic classical parameters
for metal atom simulations are facilely handled within the quasi-
chemical approach.

The ligand field effects that have a subtle effect on the
Fioure 4. Hydration f  the transiti +als with and without hydration of transition metals are also at the heart of whiZn
e o e o hou. binds the tetrahedral sites of zinc-finger proteins bette than the
of the hydration free energieg, u' = u — LFSE = u — oA, where the transition metals considered in this papéi-or Zr?, there is
factora is the fourth column in Table 2. The dashed line is a straight line no loss of ligand field stabilization as it binds to the finger
fit (R = 0.98) to'. environment, but the other, perhaps equally readily available,

orbitals up to and including 3P and would have the same value ransition metal ions, such as #¢ do lose this stabilizing
for Ce2*+ to ZrP*.) Without consideration of azimuthal quantum ~ contribution and hence are not as strongly bound a&"2n
numbers, that is, angular momentum effects, this proportionality Interestingly, this tetrahedral coordination of?Zreppears to
will not hold directly for the extent of the d-orbitals. Once also suppress catalytic/hydrolytic activity seen in zinc enzymes
account is taken of the effects specific to the d-orbitals (here having only three coordinating groups. (See ref 6, for example.)
the LFSE), it is reasonable to expect that a spherically sym- More importantly, our results highlight the importance of
metrical ion results and this proportionality holds. By the Born understanding cation hydration in water in interpreting cation
model, one then expect$ U 1/r, and hence/ 0 (Z — 9). The binding to proteins. Having established our ability to model
obtained linear trend (Figure 4) supports this expectation. realistically the bulk solution properties of these important
Thus, specific details of the electronic structure mask the metals, we are thus better prepared to treat those systems
periodic trends. (Note that this is not a new resf but the theoretically.
salient aspect is that these results have a significant and
nontrivial theoretical component.) It is precisely these local —Acknowledgment. We thank R. L. Martin (T-12, LANL) for
bonding effects that classical models are ill-suited to describe his critical reading of the manuscript and for his helpful
accurately. Although attempts have been made to describecomments and guidance on many aspects discussed in this paper.
transition metal atoms in proteins classically (see, for example, The work at Los Alamos was supported by the U.S. Department
ref 37), rigorous validation and broader applicability of the ©f Energy, contract W-7405-ENG-36, under the LDRD program
parameters are unresolved matters. Finally, the consistency ofat Los Alamos, LA-UR-03-5548. This work was funded in part
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