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Zinc is one of the most important biological metals involved in the catalytic 
site of many enzymes. SCF ab initio computations with good quality basis sets 
are reported for monoadducts of Zn n with various biologically significant 
ligands, and the fundamental features of the binding are characterized, using 
in particular energy decomposition scheme, population analysis and difference 
density curves. A test of the possibility of using pseudopotentials in this 
domain is also reported. 
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1. Introduction 

Zinc is one of the most important and most ubiquitous biological metals. Its 
better-known involvement is its presence at the catalytic site of many enzymes. 
In those of known structure it is often found in a more or less distorted tetrahedral 
environment, with histidines and water (or OH- )  among the ligands El]. Among 
these are carbonic anhydrase [2] (one water, three histidines), carboxypeptidase 
[3] and thermolysine [4] (one water, one glutamate, two histidines) and liver 
alcohol dehydrogenase [5] (one water, two cysteines and one histidine). Enzyme- 
bound zinc is an essential component of many DNA- [6, 7] and RNA- [8, 9] 
polymerases. The role of zinc in normal and leukemic leucocyte metabolism has 
been underlined recently [10]: quoting from Ref. [10] "Zinc is essential for the 
growth of all species. Growth arrest results from its deficiency and presumably 
reflects important roles of this metal at critical points of metabolism . . . The 
biological essentiality of zinc can be discerned at various steps of cell growth and 
development in both normal and neoplastic cells". We have thus deemed it 
worthwhile to start a large-scale quantum-chemical study of the interactions of 
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Zn + + with various biological molecules [11]. Aside from its pure theoretical 
interest, a detailed analysis of the intrinsic nature of the binding between zinc and 
its various ligands represents a necessary first step towards an understanding, at 
the molecular level, of the biological role(s) of the zinc ion. 

Very few theoretical studies of zinc compounds have been performed up to now. 
At the ab initio level, most previous calculations involving Zn deal with simple 
inorganic compounds such as zinc sulfide [12] or chloride [13, 14] or Zn(CH3) 2 
[15]. Very recently, calculations were performed on complexes of zinc with 
CzHzX 2 compounds for X =NH,  S, O [16]. 

In the presently reported work we concentrate on the ligands imidazole (ImH), 
water (OH2), carbon dioxide (CO2) and the anions imidazolate (Ira-) and 
hydroxyl (OH-).  In a preliminary report [11] we have centered our attention on 
two problems raised in connection with the possible mechanism of action of 
carbonic anhydrase, namely a) the effect of zinc-binding on the ease of deprotona- 
tion of its ligands water and/or imidazole [17], b) the ability of CO2 (the substrate 
of the enzyme) to bind to zinc as a more or less distant ligand [18]. It was shown 
that whereas free imidazole is less difficult to ionize than free water (in agreement 
with experiment), binding to the cation strongly facilitates the process for both 
species, but in such a way as to reverse the order, zinc-bound water being more 
easily ionized than zinc-bound imidazole. On the other hand, binding of CO 2 to 
Zn + + was found possible although less favorable than that of the other ligands 
studied. The implications of these results on the possible mechanism of action of 
carbonic anhydrase are being currently studied and will not be further dealt with 
here. In the present paper we concentrate merely on the fundamental aspects of the 
binding of Zn + + to the various ligands studied, discussing in particular the general 
nature of the binding and its variation according to the ligand, with the help of an 
energy decomposition scheme [19], of Mulliken population analysis [20] and of 
electron density difference plots. Furthermore in the final part of the paper, we 
utilize the results of our all-electron ab initio computations to test the possibilities, 
in this field, of valence-electrons-only computations using a recently developed 
pseudopotential technique [21, 22]. 

2, Method, Geometries and Basis Sets 

In order to avoid the doubts bound to the utilization of semi-empirical methods 
in a relatively unexplored field, we have chosen to work at the ab initio level. The 
complexes were treated as supermolecules using the SCF closed-shell molecular 
orbital method. The correlation correction to the SCF computed enthalpy of 
cation binding has been explicitly computed in the case of the system Li +...H20 
[23, 24] where it does not reach over 3 percent of the total binding energy. A 
GVB evaluation [25] in the case of Li+...NH3 and Li+-..OH2 indicates a 
correction of about 1 kcal/mole to the binding energies (40 and 36 kcal/mole 
respectively). Moreover a very recent calculation [26] of the systems Mg ++... 
H20 and Ca + +--.H20 yields correlation corrections of about 2 and 5~o respec- 
tively. One may hope that the correlation correction in the case of Zn ++ 
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complexes remains in a similar range. At any rate, an SCF computation is a pre- 
requisite to the evaluation of any correction to it and to an approximate under- 
standing of the nature of the binding. 

The geometries of the ligands were taken from the literature [27-29] except for 
OH-  where the OH distance was optimized, yielding do~ =0.98 •. A compilation 
of structures of imidazole and histidine transition metal complexes, made by 
Freeman [30] and recently extended [31], having shown that the bond distances 
in the complexed imidazole ring, be it neutral or anionic, do not vary much from 
those in the free ligand, we have adopted the experimental geometry of imidazole 
crystals for both ImH and Im-.  The bond lengths and angles utilized are sum- 
marized in Fig. 1. 

In all computations on the Zn § § .--ligand complexes the geometry of the ligand was 
kept frozen. For every complex, the distance Zn + § ...ligand was optimized first, 
then angular distortion (0, see Fig. 1) was allowed at the equilibrium distance. The 
approach of the cation was made as follows: for CO 2 towards the oxygen along 
the CO axis; for H20, towards the oxygen along the bisectrix of the HOH angle, 
for OH-  towards the oxygen along the HO axis; for imidazole towards the non- 
protonated nitrogen atom, along the bisectrix of the CNC angle, the same dis- 
position being kept for the approach to the imidazolate anion. 

Gaussian basis sets taken from the literature ([32] for Zn, [33] for the first-row 
atoms and [34] for hydrogen) have been suitably modified to yield the basis of 
Table 1, obtained as follows : for the Zn cation, as in Ref. [16], we deleted from the 
original basis the s, p, and d function of highest exponent, and also the three s 
functions of lowest exponents which become redundant when suitable d functions 
are present; this remaining zinc basis was supplemented by a set of diffuse p and d 
functions ( (=  0.2534 and 0.2313 respectively) to insure a good description of the 
3d, 4s, and 4p orbitals. (The utilization of two diffuse p functions of ~--0.4221 and 
0.1521 instead of one only of ( =  0.2534, led to an overrepresentation of the cation 
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with respect to the ligands in the basis set chosen, hence to a spurious charge 
transfer in tests performed for Zn + +...OH z and Zn + +...OH-.) The final 8s; 6p; 
4d fnnctions for the cation were contracted as 5,2,1 for s, 3,1,1,1 forp andS2,1,1 for 
d with the coefficients given in Table 1. With this basis, the totally symmetric 
combinations of our d functions (XX + YY + ZZ) form s functions of maximum 
radial amplitude appropriate to describe the Zn 3s and 4s atomic orbitals. Thus the 
final basis is equivalent to a 12s basis contracted into 6 functions. 

For oxygen we tested the Whitman-Hornback (Ss, 4p) basis [35] and the Roos- 
Siegbahn (7s, 3p) one, both contracted into 3s and 2p functions, and obtained 
essentially similar results for the complex Zn + + ...H20. Thus the (7s, 3p) basis was 

Table 1. Final Gaussian exponents c~ and contraction coefficients c 

O~ C O~ C 

Zinc Hydrogen 
s 12711.4 0.01277 s 

2919.19 0.06254 
836.851 0.21289 
277.916 0.43842 
100.822 0.38157 

Nitrogen 
26.4643 0.42031 

S 
11.2290 0.67925 

3.03908 1.0 

p 140.104 0.15575 
43.8249 0.45184 
15.4003 0.48964 

4.24035 1.0 

1.33289 1.0 p 

0.2534 1.0 

d 9.05781 0,30021 
2.73823 0.51677 

0.731228 1.0 Carbon 
0.231293 1.0 s 

Oxygen 
S 2714.89 0.004324 

415.725 0.032265 
91.9805 0.156410 
24.4515 0.447813 
7.22296 0.481602 

1.06314 1.0 

0.322679 1.0 

7.75579 0.129373 
1.62336 0.481269 

0.36503 1.0 

0.08 1.0 

19.24056 
2.899152 
0.653410 

0.177576 

2038.41 
301.689 
66.4630 
17.8081 
5.30452 

0.764993 

0.234424 

5.95461 
1.23293 

0.286752 

0.067 

1412.29 
206.885 
45.8498 
12.3887 
3.72337 

0.524194 

0.163484 

4.18286 
0.851563 

0.199206 

0.01906 
O. 13424 
0.47449 

1.0 

O.004479 
0.034581 
0.164263 
0.453898 
0.468979 

1.0 

1.0 

0.119664 
0.474629 

1.0 

1.0 

0.004813 
0.037267 
0.172403 
0.459261 
0.456185 

1.0 

1.0 

0.112194 
0.466227 

1.0 
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adopted. However the description of OH- required the addition of a diffuse p 
function, otherwise the orbital energies of the lone pairs were nearly zero. Opti- 
mization of the exponent ofthisp function on OH- led to ~=0.08. The final 7s, 4p 
set of Gaussians was used for both H20 and OH- in all computations with the 
contraction given in Table 1 (5,1,1 for s and 2,1,1 for p). 

Upon addition of the diffuse p function above, the proton affinity of OH- calcu- 
lated as g ( O H / ) - ~ ( O H - )  drops from 441.5 to 392.1 kcal/mole. The experimental 
value is 390 kcal/mole [36]. Without putting too much emphasis on this agreement, 
one may however take it as an indication that the basis set is satisfactory. Concern- 
ing the binding to the cation, the addition of a diffuse p function on oxygen does not 
bring about significant variations in the optimum geometry of the complexes 
Zn § +...OH 2 or Zn + § nor in the shape of the potential curves, but the 
binding energy ofZn + + to OH- goes from -461 to -410 kcal/mole. That of the 
neutral species OH 2 is little affected, decreasing from - 112.4 to - 104 kcal/mole 
only. For this last reason the computations on CO2-binding were performed with- 
out the diffusep function on the ligand. 

For nitrogen in imidazolate, the same situation arises as in OH-.  Thus exponents 
for diffusep functions on nitrogen and carbon were chosen, by comparison with the 
oxygen case (0.067 for N and 0.047 for C). Test computations were performed for 
four reactions involving ImH and Ira- with these diffuse functions on both C and 
N or on N only (Table 2). The energy differences obtained never exceeded 1.5%. 
On this basis and after detailed examination of the results for Im- (the most 
sensitive test) we decided not to use diffuse p functions on the carbon atoms, but 
only on the nitrogens of the imidazole cycle. 

Although the diffuse p functions are needed to obtain a good description of the 
anions, it must be emphasized that their higher occupied molecular orbitals are 
by no means diffuse : for example the size of the highest (re) MO in the imidazole 
anion and in imidazole itself are very similar when measured by ( Z  2 ) the second 
moment of the charge distribution perpendicular to the molecular plane ({Z 2 ) = 
2.236 and 2.195 (a.u.) 2 respectively). 

Table 2. Computed energies (kcal/mole) with (A) and without 
(B) a diffuse p function on carbon, for reactions involving ImH 
and I m -  

Reaction A B 

ImH ~ I ra-  + H  + 367.5 371.0 
Zn++--.ImH --~ Zn++...Im + H  + 166.6 169.1 
Zn+ +...Im - -* Zn ++ + I m -  365.6 367.8 
Zn+ +.-.ImH -+ Zn+ + + I m H  164.7 165.8 
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3. Results and Discussion 

The binding energies for the complexes studied are given in Table 3 for all the 
geometries considered. It is seen that the bond strength with the three neutral 
ligands is appreciable, ranging at equilibrium from 80 kcal/mole for CO 2 , to 
170 kcal/mole for imidazole, with an intermediate value for water; while the 
binding of the anions imidazolate and hydroxyl reach up to 370 and 410 kcal/mole 
respectively. (The presence or absence of diffuse p functions on the ligand although 
modifying somewhat the binding energies does not affect this ordering (see Table 4).) 

We do not know of any experimental gas-phase binding energy for the present 
complexes to which our computed values could be compared. Theoretical calcula- 
tions by Veillard et al. [37] on Cu + +..-OH/, with comparable although not 
identical basis sets, gave a binding energy of 115 kcal/mole at an equilibrium 
distance of 1.84 A (to be compared to our value for Zn + + ---OH 2 of 112.9 kcal/mole 
at R = 1.89 A). Infrared spectroscopy experiments on cation hydrates at low degree 
of hydration [38] indicate a great similarity between the Cu + + and Zn + + mono- 
hydrates, hence supporting the similarity found in the theoretical values. 

Our computed bond lengths for the various ligands fall between 1.82 and 1.90 A. 
Taking into account the fact that the cation-ligand equilibrium distance increases 
upon increasing the number of bound ligands, the computed values compare well 
with the 2.0/k distance usually found in crystals [30, 31, 39, 40] where Zn + + has 
several ligands. The shorter length found for Zn + +.-.OH- seems due to the small 
size of the ion, allowing a closer approach. 

The most favorable geometry of all the complexes (with the possible exception of 
Zn++...OH -) occurs for 0=0. However, the Zn++--.L bond, while strong, 
appears easy to distort: stretching by 0.10 ~, or bending up to 30 ~ is achieved at the 
cost of only a few kcal/mole, a small percentage of the total bond energy. Bending 
is easiest with the anionic ligands and the optimal angle in Zn + +...OH- appears 
slightly different from zero. This angular lability appears supported by structural 
data indicating angles 0 up to 30 ~ in imidazole complexes [301 and by the failure of 
attempts to synthetize sandwich imidazolate complexes analogous to the well- 
known cyclopentadienyl complexes [31]. 

3.1. The Nature o f  Zn ++ Binding 

The bond strength for the ligands considered increases in the order CO2 < OHz < 
I m H < I m - < O H - .  Qualitative electrostatic considerations would indicate the 
same ordering, since CO2 has only a quadrupole moment, ImH has a larger dipole 
moment than O H  2 (4.02 [41] vs. 1.85 debyes [42]) and Ira- and O H -  bear a 
negative charge. A simple evaluation using the experimental quadrupole moment 
and polarizability of CO2 [43] gives an interaction energy of - 70.5 kcal/mole at 
the calculated optimal Zn.--O distance of t .85 • ( -  39.4 kcal/mole for the charge- 
quadrupole term and -31.1 kcal/mole for the polarization term). 

These qualitative evaluations may be compared with the results of a theoretical 
decomposition of our calculated binding energies into components [ 19] (Table 4): 



Table 3. Computed binding energies to Zn + + of various ligands at 

various distances and angles 

Complex R, A 0, Deg A E  a 6 (AE)  b 

Zn + +...OCO ~ 1.8 0 0.5 
1.85 0 -79 .4  0.0 
1.9 0 0.5 
2.0 0 3.5 
2.1 0 8.2 
2.3 0 19.3 
2.5 0 -48 .9  30.3 
1.85 15 1.1 
1.85 30 4.7 
1.85 60 22.93 

Zn++...OH2 1.8 0 1.37 
1.89 0 - 104.1 0.0 
2.0 0 2.34 
1.89 15 1.22 
1.89 30 4.95 
1.89 60 20.78 
1.89 90 50.43 

Zn * + ...ImH 1.8 0 1.10 
1.87 0 - 169.4 0.0 
1.9 0 0.26 
2.0 0 3.46 
2.1 0 9.13 
1.87 15 1.75 
1.87 30 6.72 
1.87 60 24.62 

Zn+§ - 1.65 0 9.49 
1.75 0 1.10 
1.82 0 -366.4 0.0 
1.85 0 0.42 
1.95 0 4.63 
1.82 15 0.91 
1.82 30 3.40 
1.82 60 12.05 

Zn + +...OH - 1.55 0 12.06 
1.65 0 0.96 
1.70 0 -410.7 0.0 
1.75 0 1.23 
1.70 I5 -0 .04  
1.7O 30 + 0.06 
1.70 60 4.09 
1.70 90 21.34 

a A E :  binding energy (kcal/mole) of Zn++...L, computed as 
E(Zn + +. . .L)-  E(Zn + + ) -  E(L). 
b6(AE): energy with respect to optimum geometry (kcal/mole). 

No diffuse p functions were used on the neutral CO 2 ligand. 
Calculations on Zn+*...OH2 without diffuse p functions on OH 2 
give a A E  of -112.8 kcal/mole, and the same equilibrium geometry 
as that obtained with the diffuse p function. 
The following energies were obtained for the fragments (in hartrees): 
Zn + + - 1767.86981, CO 2 - 187.17985, OH 2 --75.85642, 
lmH -- 224.34285, I m -  -- 223.75396, O H -  - 75.23160. 
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Table 4. Decomposit ion of the binding energy in the most stable linear 

complexes (energies in kcal/mole) 

Ligand R(A) ~ AE E c EEx EDE L 

CO2 a 1.85 - 7 9 . 4  -55 .1  34.5 - 5 8 . 9  

H20" 1.89 - 112.9 - 100.2 33.4 -46 .1  
ImH a ~ 1.87 - 172.0 - 149.6 69.7 -92 .1  

H 20  b 1.89 - 104.2 - 115.9 47.4 - 35.6 

ImH b 1.87 -169 .5  -170 .1  85.8 -85 .1  

Im -b 1.82 -366 .4  - 3 9 1 . 0  123.9 - 9 9 . 3  

OH -b 1.70 -410 .8  -452 .6  113.5 - 7 1 . 7  

Without  diffuse p orbitals on the ligand O or N atoms. 

b With diffuse p orbitals on the ligand O or N atoms. 

R(A): equilibrium distance; AE and components (kcal/mole) as defined 

in the text. 

a Coulombic term Ec, calculated as the Coulomb interaction of the charge cloud 
and nuclei of fragment A with those of fragment B supposed unperturbed; an 
exchange term, repulsive, EEx due to the Pauli-principle repulsion between 
electrons of A and electrons of B; and a polarization + charge-transfer term, called 
also delocalization term EDrL, which accounts for the modifications of the electron 
cloud of fragment A by the electric field of fragment B and vice versa. (We have 
chosen not to separate the charge transfer and polarization terms [44] because 
their sum is less basis-set dependent than each of them separately. In any case, 
energy components are not variationally determined quantities, but we expect 
them to have at least comparative values.) 

The Coulombic term E c alone gives indeed the same ordering as the total binding 
energy. For Zn § § 2 and Zn++.,.ImH (with diffuse p functions), Ec~-AE. 
For the anionic ligands OH- and Ira-, IEc[ >tAfl and the equilibrium distances 
are smaller than for the corresponding neutral ligands. This shorter distance 
and the greater extension of the sigma lone pairs of O or N in the anion lead to a 
higher repulsive exchange term EEx and to a somewhat increased delocalization 
term. For CO2, we do find that the Coulombic term Ec and the delocalization 
term EthEL contribute about equally to the binding energy. The exchange repulsion 
is rather small, probably indicative of the small extent of CO2's charge density. 
(In CO 2 , the electron density falls at 10 .4 e/a.u, a at only 3.3 a.u. in front of the 
oxygen atom in the direction of the bond to be formed with zinc. In OH/and ImH 
this distance is slightly above 4.0 a.u. and in Ira- and OH-,  above 4.5 a.u.) 

Although the separation into components varies upon addition of the diffuse p 
functions on the ligand, this does not change the general trends: leading Coulomb 
term for all complexes; upon ionization of the ligand increasing delocalization 
together with increased exchange in OH a <ImH. Note that EEx increases as 
expected upon adjunction of the diffuse p function whereas EDEI. decreases and E c 
increases. 
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Further information can be gained by considering the shifts in the electron distri- 
bution upon complexation. The result of a Mulliken population analysis is given in 
Table 5 in terms of charge transfer and charge shifts. The detailed atomic 
charge changes upon complex formation are given in Fig. 2 for Zn § § .-.ImH only. 
Charge gains and charge losses add up to zero; charge gains are partitioned into 
charge transferred to Zn + + and charge shift (internal charge transfer) i.e. the rc 
charge transfer in Zn + § .--ImH is 0.029 e while the ~z charge shift is 0.331 + 0.017 = 
0.348 e. 

Again, relative values are of interest. Charge transfer increases in the order 
CO 2 < O H  2 < I m H < O H - < I m - ,  which, except for OH- ,  is the order of in- 
creasing binding energy. However --EoEI, (Table 4) increases in the order: 
OH 2 < CO 2 < O H -  < ImH < Im -. This indicates that the polarization contribution 
in EDE L is especially important for CO2, ImH and Ira-. Indeed the charge shifts 
(Table 5) which one may qualitatively relate to the polarization energy term, are 
the largest for ImH and Im-.  

The charge shift on CO 2 is also quite large (twice that on OH2) and much greater 
than the charge transfer. The charge shift is due to the ~z orbitals, while charge 
transfer arises mostly from a orbitals (Table 5). This shows that the relatively 
large EOE L for CO 2 (Table 4) is essentially due to the polarization contribution, 
due to the high polarizability of the molecule. It qualitatively agrees with the 
classical, electrostatic plus polarization model mentioned earlier. 

Table 5. Mulliken population analysis (in 10 .3 electron) 

Charge transfer to Zn + + Charge shift on L 
R c 0 

Ligand ~ Degree Total a ~ ~oTr T o t a l  a 

CO2 a 1.85 0 194 150 44 23 281 - -  288 

60 257 102 165 61 148 155 

H 2 0  a 1.89 0 258 222 36 14 93 126 - -  

60 312 119 192 62 186 - -  

ImH a 1.87 0 394 359 35 9 382 150 351 

60 438 262 176 41 290 202 260 

H 2 0  b 1.89 0 207 183 24 13 149 I71 - -  

60 281 117 164 58 146 

ImH b 1.87 0 35I 322 29 8 414 163 348 

60 423 213 210 50 276 237 183 

Im -b 1.82 0 473 420 53 11 346 104 308 

60 563 247 316 56 203 270 75 

OH b 1.70 0 397 247 150 38 - -  52 - -  

60 532 143 389 73 60 

a Without diffusep orbitals on the ligand O or N atoms. 
b With diffuse p orbitals on the ligand O or N atoms. 
c R equilibrium distance; 8: bond angle (Fig. 1), charge transfer and shift as defined in the text. 
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Fig. 2. Changes in atomic populations (10 -3 e) upon complexation 
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Another, perhaps more precise, image of the electron displacements upon Zn- 
binding is given by electron density difference plots obtained as Pcomplex-- 
[separated ligands [45]. These plots present a set of common features clearly typical of 
the Zn § +...ligand bond, which are illustrated in Fig. 3 for OH 2, O H - ,  and CO 2 : 
disregarding the numerical differences and the small differences in the detailed 
shape of the curves, the binding to Zn + § can be characterized as follows : on the 
zinc ion, there is a zone of strong density increase on the atom and close to it on the 
Zn...L bond axis. This zone, appreciably larger on the internal side of the Zn...L 
bond than away from it, is surrounded by a zone of density depletion, which has its 
maximum on the axis on both sides of the Zn ion. Going towards the ligand atom 
L we find a zone of density increase, relatively weak on the Zn--.L axis and pro- 
longating an area of strong increase around and behind the L atom. This surrounds 
a zone of strong density decrease just in front of L on the Zn-..L axis, indicative of 
electron transfer from the lone pair of L. 

Going further away from Zn on the ligand molecule, a new zone of density deple- 
tion appears, then a zone of increased density on and behind the next atom, C of 
CO 2 or of imidazole; followed by a repetition of the same pattern along the next 
bonds as the distance to Zn increases. (Interestingly, from this point of view, one 
observes that an end atom carrying lone-pairs (O of CO2 or N -  of imidazolate), 
behaves qualitatively as an end NH or CH or OH bond: depletion of the density 
in the far- (from Zn + +) region with piling-up of charge towards the "heavy" 
atom.) Along a bond situated nearly perpendicularly to the Zn -L  axis (C-N of  
imidazole or imidazolate) the alternance depletion-enhancement of the density 
does not occur, the whole bond line being situated in the region of small density 
increase. 

These density increases on the far atoms are located in the molecular plane, and are 
not due to ~ electron back-donation, as can be seen in Fig. 3d for Zn +§ 
and even better in Fig. 4b, which shows the charge density difference in Zn ++... 
ImH 1 a.u. above the molecular plane (the diagram for Zn + + ...Im- is very similar 
and not shown here). 

At this stage, it is of interest to compare the density difference maps obtained for 
Zn § +...OH 2 and HOH--.OH2 using the same basis set. Figs. 3a and 3b show the 
density changes in the plane of the electron-donor water molecule. (The density 
changes in a plane perpendicular to the electron-donor water molecule show the 
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Fig. 3. Contours of isodensity differences in: a) Zn ++--.OH2; b) HOH...OH2; c) Zn § +.. .OH-; 
d) Zn++.-.OCO. Density increases are indicated by various shadings: dotted: between 0.0 and 
0.004 e/a.u.3, hatching: between 0.004 and 0.007 e/a.u. 3, cross-hatching: above +0.007 e/a.u. 3. For 
density decreases, isodensity contours are shown : dotted line: - 0.004 e/a.u.3 ; dashed line: - 0.007 
e/am.a; full line: zero density change 
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!!i 

(b) 

Fig. 4. Contours of isodensity differences in: a) Zn + +.-.ImH in the molecular plane; h) Zn + +...ImH 
1.0 atomic unit above the molecular plane. Thresholds and conventions as in Fig. 3 

same similarities and are not given here.) Comparison of H20..-H20 and H20... 
Zn + + binding characteristics points to a very similar qualitative behavior of the 
electron displacements upon hydrogen bonding and Zn-ligand binding; electron 
depletion in the lone-pair region, associated with a draining of charge towards the 
electron-losing oxygen, along the two HO bonds, at the expense of the hydrogens; 
slight gain of electrons in the "bond" region; and at the other end, the cation and 
the OH entities behave qualitatively in a similar way: depletion of the outer 
region, including H for OH, piling up of electrons close to the Zn or to the oxygen 
end of the OH bond and at their back, with another intermediate decrease in- 
between. 

Similar features were observed in earlier studies of H bonding [-45] [-46], of Li + 
binding [47, 48], and more recently of charge-transfer complexing [49]. It appears 
that the characteristics observed are common features of all the interactions 
between closed-shell entities, only the details of the overall displacements differing 
according to the nature of the complex, that is the relative weights of the various 
components in the binding which is particularly visible in the intermediate "bond" 
region where the depleting effect of the exchange repulsion is more or less compen- 
sated by the accumulation due to charge transfer. In this respect the Zn + +...L bond 
appears intermediate between the hydrogen bond and the charge transfer com- 
plexes of Ref. [49]. 

3.2. Angular Dependence of the Bindin9 

The energy decomposition scheme described above was used formerly [,19] to 
discuss the angular dependence of the hydrogen bond energy in amide dimers. 



Binding of Zn n with Biologically Significant Ligands 173 

Kollman [50] insisted on the role of the charge transfer component in H bonding, 
but came back recently to stress [51] the importance of the Coulomb term. 

Let us consider the angular preference observed in our complexes in the light of the 
variation in the binding components (Table 6) and in the electron displacements 
(Table 5) upon varying 0 from 0 to 60 degrees. We have found that all the com- 
plexes prefer 0--0 (except OH-, vide supra). Table 6 shows that the main factor 
which favors 0 = 0 is the electrostatic component of the interaction energy (except 
in OH- where E c favors a large 0). On the contrary, EOE e would favor 0r  0 
particularly for ImH and Im-, this corresponding to a charge transfer allowed 
from the high-lying 7c molecular orbitals of the ligand to the empty 4s orbital of 
Zn + +, which can occur only when the ~r-~ symmetry is destroyed. Indeed we see in 
Table 5 that charge transfer to Zn § + increases with increasing 0, but the magnitude 
of the increase cannot be related to the magnitude of the energy change, which is 
rather small, except for ImH and Im-. 

All the complexes which prefer 0 =0  ~ do so for different reasons, and we may 
distinguish three groups: 

For Zn + + ...OCO and Zn + +..-OH2, the loss of Coulomb energy as 0 increases 
is accompanied by a small increase in exchange repulsion, not at all compen- 
sated by the small energy lowering due to increased polarization and charge 
transfer. 

Table 6. Angular dependence of the binding energy and of its components 
(kcal/mole) 

Ligand R ( A )  r 0 AE g C EEX EDE L 

C O 2  ~ 1.85 60 ~ - 5 6 . 5  - 3 7 . 3  40.1 - 5 9 . 3  

A ( 6 0 ~  ~ 22.9  17.8 5.6 - 0 . 4  

H20a 1.89 60 ~ - 94.5  - 82.6 36.8 - 4 8 . 7  

A ( 6 0 ~  ~ 18.4 17.6 3.4 - - 2 . 6  

ImH a 1.87 60 ~ - 1 4 8 . 4  - - 1 1 1 . 3  63 .4  - 1 0 0 . 5  

A ( 6 0 ~  ~ 23.6  38.3 - 6 . 3  - 8 . 4  

H2 Ob 1.89 60 ~ - 83 .4  - 99.2  53.3 - 37.4  

A ( 6 0 ~  ~ 20.8 16.7 5.9 --  1.8 

ImH b 1.87 60 ~ - 144.8 - 125.7 76 .0  - 9 5 . 0  

A (600-0  ~ 24.7 44 .4  - 9.8 - 9.9 

Im -b 1.82 60 ~ - 354 .4  - 352.8 109.0 - 110.6 

A ( 6 0 ~  ~ 12.0 38.2  - 14.9 - 11.3 

OH -b 1.70 60 ~ - 4 0 6 . 7  - 4 8 9 . 1  155.6 - 7 3 . 1  

A ( 6 0 ~  ~ 4.1 - 3 6 . 5  42.1 --  1.4 

a Without diffuse p orbitals on the ligand O or N atoms. 
b With diffuse p orbitals on the ligand O or N atoms. 

R(A):equilibrium distance; 0:bond angle ( F i g .  1), energy components as defined 
in the text. 
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For  Zn++...ImH and Zn++...Im -,  again the loss in Coulomb energy as 0 
increases is strong. But it is in part compensated for by a decrease of the 
exchange repulsion (as the nitrogen o lone pair is moved away from Zn + +) and 
an increase in the EDE L term, increase due mainly to a stronger polarization, as 
discussed above. Zn + +---Ira- is easier to bend than Zn + +...ImH because (due 
to the negative charge on I ra-)  there is a somewhat smaller Coulombic energy 
loss as 0 increases; furthermore the decrease of the exchange repulsion is much 
greater, a fact which can be ascribed to the more diffuse nature of the nitrogen a 
lone pair in the anion; there is also a slight increase in the Eo~i~ term. 

Finally, with Zn + + .. .OH-, we have a case where the optimum geometry is not 
determined solely by the Coulomb term but results from a balance, the Cou- 
lomb term favoring large 0 (i.e. lone pair directionality) as well as the EDE L 
term, which however changes very little, and the exchange repulsion favoring 
0 = 0  ~ 

It must be stressed again [52, 53, 51] that the complex balance between the various 
components may very well be reversed in different complexes involving the same 
ligands with another cation. An interesting example is provided by a recent calcula- 
tion on H + + O C O  [54] which has shown that in the optimum geometry, the 
H - O - C  angle is near 120 ~ (i.e. 0=60  ~ and the H~O distance is about 0.98 A. 
This differs from our result on Zn + + .--OCO where we find 0 = 0  ~ strongly favored, 
and a Zn...O distance of 1.85 N. It was tempting to speculate that the electrostatic 
potential of CO z at about 1 A from O would be more negative at 0 = 60 ~ than at 
0 =0  ~ and that the reverse would be true at about 2.0 N. Calculations of the electro- 
static potential of  COz at 0 = 0  ~ and 0=60  ~ at distances from 1 to 6 a.u. (0.5 to 
3.0 A) show however that the potential is always more negative along the OCO 
axis (0 = 0~ so that the bent structure of H + ...OCO must probably be ascribed to 
the EoEL component of  the energy of that system. 

3.3. Role of  the d Orbitals in the Binding 

In all the complexes studied here, there is to some extent mixing of the 3da AO of 
Zn + + with the a lone pair of the donor;  the mixing is strongest for CO2 and Ira-  
(3/1) and quite weaker for O H - ,  ImH, and OH 2. As noted in a recent study of 
ZnS [12], since both the bonding and antibonding MO's are occupied, one cannot 
expect that this mixing leads to a net bonding interaction. Hence one is justified in 
describing the 3d orbitals of zinc as core-like [ 12]. In all cases, population analysis 
shows that the "covalent component"  of the Zn + +...ligand binding arises essen- 
tially from interaction between the occupied o lone pair of the ligand and the 
empty 4s and 4po orbitals of the cation. 

Upon formation of the bond, all orbital energies of the ligand are lowered while 
those of the metal ion are raised (see Table 8 in Sect. 4). This is what one expects 
qualitatively since charge is transferred to Zn ++ and since the strong positive 
charge of the cation must stabilize the orbitals of the ligand. Similar trends in the 



Binding of Zn n with Biologically Significant Ligands 175 

molecular orbital energies of the electron donor and electron acceptor molecules 
upon hydrogen bond formation have been described [55]. 

3.4. Imidazole as a Ligand 

In discussions of  imidazole as a ligand [-31], it is usually said that imidazole has a 
good basicity and ~z acceptor capability, which makes it intermediate between 
NH 3 (more basic, no zc acceptor capability) and pyridine (less basic, better 
acceptor). Stability constants for the first association of L to Zn + + in aqueous 
solutions, collected in Ref. [-31], are K 1 = 2.37 for NH3, 2.52 for ImH and 0.88 for 
pyridine. In this context one is led to conclude that the ~ acceptor ability of h n H  
overcompensates for its poorer basicity compared to that of N H  a . 

Our data concerning Zn + + bonding in Table 5 allow the following comments: 
imidazole (and more so I m - )  is a very good a donor, and weak Tc donor to zinc. 

electron donation from ImH to zinc is in fact no greater than that from OH 2 to 
zinc. Of course, the Zn + § ion does not have high-lying occupied ~r orbitals which 
could participate in ~-back donation to its ligand. However, calculations by 
Dedieu et al. [56, 57] on complexes in which imidazole is bound to a cobalt or to 
an iron ion show only a very slight (0.007 and 0.004 e) ~z back donation to the 
imidazole ring. 

Our conclusion, shared by these authors, is that imidazole is neither a strong ~z 
donor nor a strong ~ acceptor. 

However the imidazole complexes stand out for their very large ~ charge shifts 
(Table 5), due to their highly polarizable ~z system. We conclude that rc electron 
polarizability, and not ~ electron donor or acceptor character, as well as strong 
donor capability, are the two important features of imidazole binding to metal 
ions. This conclusion receives support both from the detailed analysis of atomic 
population changes upon complex formation and from electron density difference 
plots. 

The details of  atomic population changes in Zn § § upon complex formation 
are given in Fig. 2, for total, o- and ~ changes. The total population changes show a 
transfer to Zn and an accumulation of charge on N1, with global loss of charge 
from all other atoms. The ~ electron population changes are somewhat different: 
there is little rc transfer to Zn, but a large accumulation of ~ charge on N1 and a 
smaller one on C5, at the expense of the three other atoms of the ring. The 
electron population changes show a large transfer to Zn, a charge accumulation 
on N1 and (less) on C4 and N3. This a charge comes mostly from the hydrogen 
atoms. Population changes in Zn § § are qualitatively similar and will not be 
discussed here. 

A perhaps better image of the electron displacements upon complex formation is 
given by the electron density difference plots for Zn § § ...ImH presented in Fig. 4. 

The ~c electron density difference plot (Fig. 4b) strikingly illustrates the large rc 
polarization and weak ~ charge transfer: it shows a large accumulation of  density 
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around N1 and a weak one on C5 and on Zn, and a charge depletion between Zn 
and N1 and on the C2, N3 and C4 atoms. The in-plane a electron density difference 
map (Fig. 4a) has already been discussed. Let us note however that the patterns of 
charge density rearrangement around Zn and around N1, C2 and C5 are rather 
complex and do not appear in the population analysis. In particular the atomic 
populations (Fig. 2) do not show the striking electron density decrease in the o- 
lone pair of N1. Other charge density changes apparent from Fig. 4 (density 
increases on N3 and C4, decreases on the hydrogens) do appear in the atomic 
population changes of Fig. 2. On the whole, population changes in terms of charge 
shifts and transfers, and density difference plots complement each other nicely. 

3.5. Water as a Ligand to Zinc 

Zundel and Murr [38] have observed that Zn + + interacts more strongly with 
OH 2 than Mg ++, although the electric field at the O atom due to the cation 
should be stronger for Mg + +, due to its smaller radius. They conclude that 
Zn + +...OH z bonding has a covalent component on top of the Coulombic inter- 
action, which is lacking in Mg + + - - . O H  2 . They describe it as bonding between a 
Zn 3d, 4s, 4p hybrid and the oxygen lone pair. 

We have made a calculation on Mg + +..-OH 2 using for Mg a basis set as close as 
possible in quality to that adopted for Zn + +. We find an equilibrium Mg...O 
distance of about 1.9 ~, a charge transfer of 0.148 e, AE= -91.6 kcal/mole, 
E c = - 9 9 . 2  kcal/mole, EEx=29.22 kcal/mole and Eo~L=- 21.6 kcal/mole. 

Our Zn + +...OH 2 calculation gives at the equilibrium distance of 1.89 ~ a charge 
transfer of 0.207 e, AE=-104.2  kcal/mole, Ec=-115 .9  kcal/mole, EEx = 
47.4 kcal/mole and EOEL = --35.6 kcal/mole. 

Although one should not attempt to make too quantitative a comparison, the 
results appear qualitatively reasonable: the exchange repulsion is greater for Zn + +, 
which has more electrons than Mg + +. Charge transfer is larger and the EOEL 
term sensibly larger for Zn + + both in absolute value and as a percentage of the 
total calculated binding energy (ED~L = 34~o of AE for Zn + + ...OH 2 , EDZL = 24~o 
of AE for Mg + +...OH2). All this points to a greater 'covalent character' of the 
Zn + +-..OH 2 interaction. We would not however describe it as interaction of the 
oxygen lone pair with a (3d, 4s, 4p) Zn hybrid AO. Detailed atomic orbital popula- 
tions on zinc in Zn + +...OH 2 show the following: 3da AO's loose 0.015 e while 
3d~z AO's gain 0.008 e. The main charge gain occurs in the previously empty 4s AO 
(0.119 e), 4px AO (0.075 e) and a little 4p~ AO (0.015 e). Molecular orbital coeffi- 
cients and atomic populations do show a slight 3da-oxygen 2pa mixing (in 
MO 12), but the largest mixing occurs in MO 18 (just below the homo) between the 
oxygen o- lone pair and an empty Zn 4s, 4p~ hybrid. The difference between Zn + + 
and Mg + + bonding to water may be simply due to the greater accessibility of the 
empty Zn 4s AO compared to the Mg 3s AO due to the imperfect shielding of the 
core by the 10d electrons in Zn + +: IP 2 of Zn= 17.89 eV while IP z of Mg= 
15.03 eV [-58]. 



Binding of Zn H with Biologically Significant Ligands 177 

4. Test of the Pseudopotential Method 

The largest calculations presented here, on Zn + +...ImH, are already quite time- 
consuming. In view of investigating more realistic, and hence larger, model sys- 
tems for the biochemical interactions of interest, it would be very useful to be able 
to utilize with a good degree of confidence ab initio valence-electron-only pseudo- 
potential techniques. Among the pseudopotential methods recently proposed we 
have chosen one [21] which is based on parameters independent of the basis 
functions used in the calculation, and which has been included in the program 
IBMOLH in our laboratory by N. Gresh. In order to facilitate the comparison 
between the full computation and pseudopotential one, we have chosen to use the 
valence part of our basis set (Table 1), instead of using valence basis functions 
especially optimized for the pseudopotential used. Specifically, the Zn ls, 2s, 
2p, 3s and 3p shells, the nitrogen, carbon and oxygen ls shells were treated as core 
electrons, simulated by Topiol's pseudopotentials [22]. Numerical experiment 
showed that only four of the five functions used to describe the ls orbital of oxygen 
could be deleted from the basis function if a good description of the innermost 
valence molecular orbital was to be achieved. The final basis sets are: Zn 4s, lp, 
4d--, 3s, lp, 3d; O, N: 3s, 4 p ~  3s, 3p; C 3s, 3 p ~  3s, 2p. 

Table 7. Computed binding energies to Zn + § of various ligands at 
various distances and angles. Pseudopotential results 

Complex R(A) 0, Degree  A E  a c~(A E) b 

Zn + +. . .OCO c 1.80 0 0.7 

1.85 0 - 7 7 . 2  0.0 

1.90 0 0.4 

2.50 0 - 4 7 . 6  29.6 

Zn + + . . .OH 2 1.80 0 1.4 

1.89 0 - 103.0 0.0 

2.0 0 2.4 

1.89 15 1.2 

1.89 30 4.7 

1.89 60 20.2 

1.89 90 49.7 

Zn  + + . . . ImH 2.0 0 - 165.8 d 

Zn + +-.-Ira- 1.85 0 - 367.8 a 

Zn + + . . .OH-  1.55 0 ~ 10.4 

1.65 0 1.7 
1.70 0 - 4 1 3 . 0  0.0 

1.75 0 3.0 

" Binding energy (kcal/mole) of Zn + + ...L computed as E(Zn + + .. .L)- 

E(Zn  + +) E(L).  

b 6 ( A E ) : e n e r g y  with respect to optimum geometry (kcal /mole) .  

~ No  diffuse p functions were used on the neutral CO N ligand. 
aNo geometry optimization was made for this complex with the 
pseudopotential method. 



178 D. Demoulin and A. Pullman 

Results of our pseudopotential calculations are given in Tables 7 to 9. 

Comparing T.ables 3 and 7, we find that the pseudopotential calculations reproduce 
very well the optimum geometries and that the bonding energies are identical 
within 1 to 3 kcal/mole, a very small percentage of the total binding energy. 

Even in non-equilibrium geometries (at large R or at 0 ~ 0 ~ the binding energies 
remain very close to the all-electrons values. 

Orbital energies are compared in Table 8 for several systems. The all-electrons and 
pseudopotential molecular orbital energies agree to about 1 to 2- 10 -2 a.u. for the 
lowest valence MO's (O 2s, Zn 3d etc.) and even to 1 to 5.10-3 a.u. for the highest 
valence MO's. The population analysis (Tables 5 and 9) gives results which are 

Table 8. Comparison of valence orbital energies ( - e ,  in hartree units) in all electrons and 
pseudopotentiai calculations 

Compound Full Pseudo Compound Full Pseudo 

Zn ++ 1.5120 1.5360 Zn + +-.-OH 2 1.8704 1.8604 
R -  1.89A 1.4038 1.4250 

OH 2 1.3607 1.3504 1.3965 1.4155 
0.7296 0.7289 1.3965 1.4149 
0.5771 0.5750 1.3957 1.4122 
0.5176 0.5173 1.3946 1.4122 

1.2338 1.2353 
OH 0.8931 0.8827 1.1573 1.1560 

0.2401 0.2387 1.0408 1.0422 
0.1087 0.1090 
0.1087 0.1090 Zn + +---OH 1.4524 1.4455 

R =  1.70A 1.1293 1.1473 
1.5445 1.5246 1.1288 1.1456 
1.5023 1.4933 1.1288 1.1456 
0.7727 0.7742 1.1270 1.1368 
0.7294 0.7287 1.1270 1.1368 
0.7293 0.7287 0.8431 0.8440 
0.7293 0.7276 0.6635 0.6687 
0.5327 0.5333 0.6635 0.6687 
0.5327 0.5333 

C02 

Zn...OCO 
R = 1.85 A 

1.9735 1.9613 
1.9049 1.8941 
1.4319 1.4549 
1.4007 1.4246 
1.4007 1.4246 
1.4001 1.4208 
1.4001 1.4208 
1.2713 1.2767 
1.1519 1.1555 
1.1519 1,1555 
1.1176 1,1170 
0.9501 0,9522 
0.9501 0,9522 
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Table9. Mulliken population analysis (in 10 -a electron) pseudopotential results 
(equilibrium geometries) 
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Charge transfer Charge shift 

Ligand" Total cr z ~ Total a 

CO 2 203 162 41 20 287 - -  291 
H20 241 219 22 I1 101 123 - -  
ImH 446 426 20 4 305 21 343 
Im-  658 616 42 6 190 - -  320 
O H -  509 372 137 27 - -  - -  - -  

a With diffuse p orbitals on ligand O or N atoms except for CO z. 
Charge transfer and charge shift as defined in the text. 

qualitatively in agreement with those of the all-electrons calculation. We find 
however that the pseudopotential calculation with the present basis sets over- 
estimates the amount of charge transferred to the Zn + + cation. Further examina- 
tion shows that it is the a charge transfer that is exaggerated. Conversely, the total 
charge shifts are usually underestimated by the pseudopotential method, which 
indicates that the total charge rearrangement within the complex are roughly 
correctly described. In any event the qualitative conclusions which we have made 
from the full SCF population analysis could equally be made from the pseudo- 
potential results. 

The weaker performance for the orbital energies of the lowest valence MO's, and 
the fact that we had to keep one of the five "Is" primitives for oxygen, nitrogen and 
carbon, stress the following point: the Gaussian basis sets which we used have not 
been designed specifically to be separable into core and valence regions, and the 
"ls"  basis functions contribute to some extent also to the 2s AO [59]. The use of 
basis sets specifically designed for the pseudopotential calculation may be prefer- 
able in the future, although one will lose the ability to compare in detail with an all- 
electrons calculation. 

In conclusion, we find that even with the present basis sets, which have not been 
tailored for the pseudopotential, the valence electron calculations lead to excellent 
agreement with ab initio calculations and may be used with confidence on larger 
systems where all-electrons calculations might be too costly. Agreement is excellent 
for binding energies and geometry search, quite good for orbital energies, and at 
least qualitatively satisfying for population analysis. 
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