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Ab initio SCF calculations on the interaction of Li + cation with H20 and HzCO using two basis 
sets are presented. Partitioning of SCF energies of interaction into Coulomb-, exchange- and delocaliza- 
tion energies has been performed. Coulomb- and delocalization energies are compared with classical 
electrostatic and polarization energies. A detailed analysis of the calculated wave functions demon- 
strates that in the complexes investigated here, charge transfer is of minor importance only. Polarization 
of the molecules in the strong inhomogeneous field of the cation leads to complicated electron density 
rearrangements which can be interpreted most easily in terms of polarization of individual localized 
MO's. 
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1. Introduction 

During the last few years the interest in complexes between simple metal 
cations and molecules has increased tremendously. Many reasons are responsible 
for such a reinforced attention to this class of intermolecular associations. First 
of all, quantum mechanical calculations reached a stage of accuracy, which makes 
it possible nowadays to discuss structures and properties of  this kind of complexes 
with a high degree of  reliability. Starting off from extended basis sets the results 
of ab initio calculations provide material for discussions on safe grounds. On the 
other hand new experimental techniques were developed, e.g. high density mass 
spectrometry [ I ] ,  which present the experimental basis for direct comparison of  
calculated and measured data. Furthermore a special class of  compounds, iono- 
phores or ion carriers, originally isolated from microorganisms as antibiotics, 
became a subject of  central interest because of their high specificity in cation 
binding. Numerous model studies on transport of alkaline and alkaline earth 
ions through membranes by ionophores have been undertaken. In previous short 
communications [2, 3] we presented ab initio studies on the bond between Li + 
and oxygen-containing ligands. The present paper deals with the details of cation- 
molecule interactions and the nature of the metal ligand bond as far as they can 
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Table 1. Basis sets used in the SCF-calculations 
reported here 

GTO's a 
Atom Basis Set A Basis Set B Ref. 

Li + 7s, lp 7s, lp [8] 
(511, 1) (511, 1) 
[3s, lp] [3s, lp] 
~v=0.1 ~p=0.1 

H 4s 4s [14] 
(211) (211) 
[3~] [3~] 

C, O 9s, 5p 9s, 5p, ld b [14] 
(42111, 311 (42111, 311, 1) 
[5s, 3p] [5s, 3p, ld] 

~, = 1.0 

" Cartesian Gaussian orbitals were used. Con- 
tractions are shown in brackets. The numbers 
of contractions finally applied in the varia- 
tional procedure are given in square brackets. 
Orbital exponents and contraction coefficients 
were taken from the literature unless explicitly 
stated here. 

b Only those d-orbitals which can participate in 
the occupied orbitals of HzO or H2CO were 
incorporated into the basis set: dzz, dye, d~. 

be der ived  f rom S C F  energy pa r t i t i on ing  [4-6] and  f rom an  analysis  o f  the  
complexes '  wave  funct ions .  

In  o rde r  to  keep  c o m p u t e r  t ime for  numer ica l  ca lcu la t ions  wi thin  cer ta in  
r ea sonab le  l imits  we had  to  restr ic t  ourselves  to the smal les t  meta l  ca t ion  possible ,  
Li  +, as well  as to  small  l igands,  which  can act  as r easonab le  mode l s  for  lone pa i r  
and  n-e lec t ron  donors ,  l ike the  molecules  H 2 0  and  H2CO.  Consequent ly ,  we will 
descr ibe  here the  results  o f  a series o f  ca lcu la t ions  on L i + . . . O H  2 and  L i + . . . O C H 2  
wi th  different  basis  sets and  analyse  the  wave funct ions  o f  these complexes.  

2. M e t h o d  o f  C a l c u l a t i o n  

Star t ing  f rom m e d i u m  size basis  sets wi th  and  wi thou t  po l a r i za t i on  funct ions  
for  second  row e lements  (Table  1) we p e r f o r m e d  ab  in i t io  ca lcu la t ions  at  the  
SCF- leve l  on  L i §  and  L i §  . The  c o m p u t e r  p r o g r a m  used was a 
vers ion  o f  I B M O L  V [7] a d a p t e d  especial ly  for  an I B M  370/165 c o m p u t e r  
(C . I .R .C .E . ,  Orsay) .  In  all our  ca lcu la t ions  the geome t ry  o f  the  molecule  b o u n d  
to the  ca t ion  was kep t  cons tan t .  Bond  lengths and  b o n d  angles used are  summar i zed  
in Tab le  2. Some  recent  ca lcu la t ions  have shown tha t  this  res t r ic t ion  does  no t  
cause ser ious  e r ro r s  as long as we cons ider  the type  o f  ca t ion -molecu le  complexes  
we are  interested in here :  Li +. . .OH218,  24] ,  Li  + . . . N C H  [9].  
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Table 2. Molecular geometries applied in the SCF calculations 

Molecule Geometry 

H20 Roll=0.958 A, ~ HOH= 104.5 ~ 

H2CO Czv-Symmetry 
Rcn=l .12 A, Rco=l.21 A, g H C H = l l 8  ~ 

For our purpose, the geometry of the complex is described best by the following 
choice of coordinate system (see Fig. 1). The z-axis coincides with the axis of 
symmetry of the ligand. In both examples we are discussing here (H20 and 
HzCO ) this is the C2 axis. As the other two coordinates two angles, o) and 
0(0 ~< o)< re, 0 ~< 0 < 2re) or two distances, x and y can be used equally to fix the 
cation within a given plane z = ZLX +. The molecular plane of the ligand is chosen 
to coincide with the xz-plane of our coordinate system. 

Individual contributions to the SCF-energy of interaction were calculated by 
SCF energy partitioning according to Dreyfus and Pullman [4]. The following 
quantities were computed as energy expectation values by starting from appro- 
priately defined wave functions of the complex: 

1. The Coulomb energy of interaction, AEcou 
AEcou=~9*~hPldz-(E~176 01 = ~t~ (1) 

Here and in the following equations ~9 ~ and 0L ~ are antisymmetrized and normalized 
SCF wavefunctions of the isolated subsystems, the metal cation (M) and the 
ligand molecule (L)./~ is the complexes' full Hamiltonian and E ~ and E ~ finally 
represent the energies of the isolated subsystems M and L obtained simultaneously 
with ~9 ~ and 0 ~ by independent SCF-calculations. 

2. The total first order energy of interaction, AE(1) 

AE(1) = ~O*fflO2d'c- (E ~ + E~ 02 = d{O ~ 0 ~ (2) 

In contrast to ~91, ~z is not a simple Hartree product but a normalized and 
antisymmetrized wave function of the complex. Analogously to the result of 

~ ~ L  ~ Y i" 

- / I /  1 

I 

RLi = ( x , y , z ) =  (R, c0,| 

Fig. 1. Coordinate system defining the posit ion of L i  + cation relative to the ligand (z-axis = C 2 axis) 
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intermolecular perturbation theory AE(1) can be interpreted as a sum of a Coulomb 
and exchange contribution, AEcou + AEEx : 

AEEx = AE(1).  AEco U (3) 

3. The SCF energy of interaction AE: 

AE=S~*ff l~b3dz--(E~176 ~3 = ~9ML (4) 

~9ML is the normalized and antisymmetrized wave function obtained by the full 
SCF calculation of the whole complex. Within the framework of SCF calculations 
there are two major second order contributions in a perturbational treatment of 
intermolecular energies: the polarization energy AEpo L and the charge transfer 
term AEcm.  Dispersion interaction, AED~s, in molecular complexes can be 
described by certain doubly excited configurations only and consequently does 
not appear in the asymptotic SCF energy of interaction. From Eq.(4) we can 
obtain the two second order terms mixed together with higher order contributions 
as a measure of the energetical result of electron delocalisation, AEDEL : 

AEoE L = A E -  AE(1) = AEpo L + AEcH T + AE(3) +. . .  (5) 

In the calculations reported here we analyse our total energy of interaction in 
terms of AEcot,  AEEx and AEDE L . 

In order to learn more about the nature of the metal ligand interaction the 
SCF wave function of the complex was analysed in more detail. Mulliken overlap 
populations [10] give only a rough picture of the changes in electron densities 
due to the complex formation. Therefore we calculated also quantities derived 
directly from three dimensional one electron densities p by partial integration. 
An integrated density difference function of the complex ML, ApML(Z), has been 
found to be appropriate for the kind of representation we desire here [2] : 

ApML(Z) = ~ S [ - P M L ( ~ )  - -  {pM(~) + pL(-~)}]dxdy (6) 

A still more detailed information can be obtained in case the density difference 
function is calculated for different localized orbitals of the cation and the ligand 
separately (Figs. 2 and 3). The localization of the canonical orbitals was performed 
with a computer program using Ruedenberg's procedure [11]. The orbitals 
calculated by this procedure are fully localized: instead of a and ~z-type functions 
we obtain equivalent "banana" bond orbitals. 

Integrated density difference c u r v e s  ApML(Z ) were found to be useful also for 
a definition of charge transfer between the subsystems forming a complex inde- 
pendent from population analysis. Provided a definition for the border between 
cation and ligand can be given charges are obtainable simply by integration. 
According to our model considerations the border is represented by a plane 
Z=Z 0 : 

zo 90 

QL= ~ ApML dZ and QM=~ ApML dZ (7) 
- -  o o  z o  

Charge transfer is represented now as the change in charge on complex formation: 

AQL = Q1 - QO = _ AQM = QM- QO (8) 
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Fig. 2. Partitioning of  total energy of  interaction AE in Li + . . .OH 2 into Coulomb-,  exchange- and 
delocalization terms as a function of  the ion ligand distance RoLl + .  

A E : - - ;  A E c o u : - + - + - + -  AEEx . . . . . . .  ; AEDEL: . . . .  (Basis set A) 

A E  

[kcoqm~[ 
4O 

20' 

-2(] 

-40- 

_ _ _ . _  . . . . . .  
1 I  

...~.-*'+ 

[o.u] 

~-~" ROL i 
I . . . . . . . . . .  

Fig. 3. Partitioning of  total energy of  interaction AE in Li+... O C H  2 into Coulomb-,  exchange- and 
delocalization terms as a function of  the ion ligand distance ROL i +. 

A E - - ;  A E c o u : - + - + - + -  AEEx: . . . . . .  AEDEL : . . . .  (Basis set A) 
~dE: . . . . . . .  ; AEcou: - - + - - + - - + - ;  AEEx: . . . . . . .  ; AEDEL: . . . .  (Basis set B) 
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Table 4. SCF-Energy part i t ioning in Li + . . .  OH2 

Basis 
ROLi Set Energies in kcal/mole 
a.u. A AEcou AE m AEEx AE AEo•L 

3.0 1,588 - 6 5 , 8  - 2 7 . 7  38.1 -36 .8  - 9 . 1  
3,2 1.693 - 5 8 , 3  -34 .3  24.0 - 4 1 , 8  - 7 . 5  
3,4 1,799 - 5 1 , 9  --36.9 t5,0 - 4 3 , 4  - 6 . 5  
3,6 1,905 - 4 6 , 5  - 3 7 . 2  9.3 - 4 3 , 0  - 5 . 8  
4.0 2.117 A - 3 8 , 0  -34 .5  3.4 - 3 9 . 2  - 4 . 6  
4.4 2.328 - 3 1 , 6  - 3 0 . 4  1.2 -34 ,1  - 3 . 8  
4,8 2,540 - 2 6 . 7  - 2 6 . 3  0,4 -29 ,3  - 3 . 0  
5,4 2,856 - 2 1 , 3  - 2 t , 2  0.1 - 2 3 , 3  - 2 , 1  

3.4 1.799 B - 4 4 . 2  - 2 9 . 3  14.9 - 3 7 . 3  - 7 . 9  

Table 5, SCF-Energy part i t ioning in Li + . , ,  OCH2 

ROLi Energies in kcal/mole 
a.u. A Basis Set AEco u AE ~1) AEEx AE AEDE L 

329 

3,0 1.588 --48.7 --22,1 26,6 --39.9 - 1 7 . 8  
3,2 1,693 - 4 3 . 4  - 2 7 . 9  16.0 - 4 3 . 4  - 1 5 . 6  
3,4 1.799 - 39.8 - 30.2 9.6 - 4 4 . 0  - 13.8 
3.6 1,905 --36.3 --30,6 5.7 - 4 2 . 9  -12 .3  
3,8 2,011 - 3 3 . 2  - 2 9 . 9  3,4 - 4 0 . 8  - 1 0 , 9  
4,0 2,117 A - 3 0 . 6  --28.6 1.9 - 3 8 , 3  - 9.7 
4.2 2.223 - 2 8 . 2  -27 .1  1.1 35.6 - 8.5 
4.4 2.328 - 2 6 A  -25 .5  0.6 33.0 - 7.6 
4.8 2,540 - 2 2 , 6  - 2 2 . 4  0.17 - 2 8 . 3  - 5.9 
5,2 2,758 - 1 9 . 7  - t 9 . 7  0.03 - 2 4 . 3  - 4,6 
5,6 2.963 - 1 7 . 4  - 1 7 . 4  - -  - 2 1 , 0  - 3.6 
6,0 3.175 - t 5 . 4  - 1 5 . 4  - -  - 1 8 . 3  - 2.9 
7.0 3.704 - 1 1 . 8  -11 .8  - -  - 1 3 . 4  - 1.6 

10,0 5.292 - 6.2 - 6.2 - -  - 6.6 - 0.4 

3,2 1.693 - 3 7 , 7  -21 .1  16.6 - 3 7 . 3  - 1 6 , 2  
3.4 1.799 B - 3 4 . 4  - 2 4 . 4  10.0 - 3 8 . 5  - 1 4 . 2  
3,6 1.905 - 3 1 . 4  -25 .5  5.9 - 3 8 . 0  -12 .5  

Three definitions of the separating plane z =z  o have been used previously and 
were found to be equally satisfactory for a comparison of different complexes 
[12, 13]. Here we use the point of minimal integrated density, PML(Z), for this 
purpose: 

(~zML)z:~o=0 (9) 

3. Results 

In order to facilitate comparison with classical and semiclassical theories we 
calculated some electric properties of the isolated ligand molecules within the 
limitations of the basis sets applied here. The results obtained are compared with 
those of more accurate calculations and with experimental data in Table 3. 
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Fig. 4A. Total integrated density function p~ 
and integrated density difference function Ap~ 

for Li + ...OHz (Basis set A) 

APz 
J 
08 
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IsO 5 

"4. -2. O. 2. 4. 6. 
H2-O ............... ki+ 

Fig. 4B. Decomposition of  the integrated 
density difference function dp~ into con- 
tributions from individual localized MO's 
(a basis set similar to basis set A was used : 
(9s, 5p) [2s, 2p] on O, (4s) [2s] on H and 
(9s, lp) on Li+). Units: z-axis in [a.u.]'s, 

p~ and Ap, in units o f  [electrons/a.u.] 

SCF energies and the results of energy partitioning are summarized in Tables 
4 and 5 for Li + ...OHz and Li + ...OCH2 respectively. As it is well known from 
previous calculations (cf. [13]) the energies obtained depend strongly on the 
basis set applied. Our example demonstrates the strong influence of polarization 
functions particularly on Coulomb energies. 

Energy curves for complex formation on an approach of the cation along 
the z-axis are shown in Figs. 2 and 3. Although the curves for the total energies, 
AE(RoLi), are very similar in both cases studied here, energy partitioning shows 
substantial differences. 

Density difference curves, ApML(Z) are shown in Figs. 4 and 5 together with 
the corresponding curves for the total density p(z) as well as with the contributions 
of individual orbitals. Partitioning of th~ overall changes into these contributions 
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Fig, 5A. Total integrated density function p= and integrated 
density difference function Ap= for Li+...OCH 2 (Basis set B) 
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Fig. 5B. Decomposition oftheintegrated 
density difference function Ap, into 
contributions from individual localized 
MO's (a (Ss, 3p) [3s, 2p] set of GTO's on 
O and C, (2s) on H and (%, lp) on Li + 
was used as basis). Units: z-axis in 
[a.u,]'s, Pz and Ap= in units of[electrons/ 

a,u.] 

is really illustrative and represents interesting information on the nature of the 
metal ligand interaction. 

In order to be able to follow the increase in mutual polarization during an 
approach of  the cation ApML(Z ) was calculated at different intermolecular distances 
ROL i . The whole set of curves is shown in three dimensional plots ApML(z ,ROLi) in 
Figs. 6 and 7 for the complexes under investigation here. 

Finally, changes in atomic net charges were calculated by Mulliken population 
analysis (Table 6). They again reflect the strong polarizing effect of the cation. 
Charge transfer was investigated by both population analysis and integration 
of density difference curves as suggested in Eq.(8). The results are summarized 
in Table 7. 
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Fig. 6. Integrated density differences Apz as functions of the ion ligand distance ROLl+ (Basis set A). 
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ligand distance. Units  and positions of  O and H are the same as in Fig. 4A 
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Fig. 7. Integrated density differences Apz as functions of the ion-ligand distance ROLi+ (Basis set A). 
A : seen in the direction of  decreasing ion-ligand distance. B : seen in the direction of increasing ion- 

ligand distance. Units  and positions of C, O and H are the same as in Fig. 5A 
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Table 6. Mulliken populations in Li+...OCH2 : Net charges q 

ROL i Basis Set A Basis Set B 
a.u. A qn qc qo qLi qH qc qo qLi 

3.2 1.693 0 .230  0.251 -0.684 0.974 
3.4 1.799 0 .225 0.237 -0.660 0.973 
3.6 1.905 0.221 0.226 -0.640 0.973 
4.0 2.117 0 .212  0.209 -0.607 0.974 
4.4 2.328 0 .204  0.196 -0.579 0.975 

0.215 0 . 2 5 9  -0.671 0.973 

~ 0.137 0.117 -0.390 1.0 0.126 0 . 1 6 6  -0.418 1.0 

Table 7. Charge transfer in Li + complexes 

RoLl Charge Transfer, A Q(eo) a 
a.u. A L i  + . . . O H  2 Li + �9 ..OCH2 

3.0 1.588 -0.0099 
3.2 1.693 0.0126 (0.026) 
3.4 1.799 0.0022 0.0127 (0.027) 
3.6 1.905 0.0052 0.0129 (0.027) 
4.0 2.117 0.0060 0.0091 (0.026) 
4.4 2.328 0.0054 0.0064 (0.025) 
4.8 2.540 0.0036 0.0043 
5.2 2.752 0.0027 
5.4 2.858 0.0018 
6.0 3.175 0.0009 

a Values derived from Mulliken populations are shown 
in parentheses. 

4. Discussion 

In  the present  paper  we restrict our  discussion to an approach  of  the cat ion 
a long the Czv axis of  the l igand molecule. Two ma in  reasons just i fy this par t icular  
choice : electrostatic models  and  previous calculat ions  [2, 3, 8, 24-26]  have shown 

that  the adiabat ic  pa th  of complex fo rmat ion  in L i+ . . .OH2  and  L i+ . . .OCH2 
preserves Czv symmetry  indeed. Secondly, we are main ly  concerned here with a 
compar i son  of  complexes formed by two different l igand molecules of  closely 

related symmetry  propert ies and  it seems reasonable  to start  out  f rom those 
configurat ions  which are completely de termined by symmetry.  

At  the energy m i n i m a  total  energies for complex fo rma t ion  are roughly  the 
same in bo th  examples studied here. Fur the rmore ,  metal  l igand distances (RoLi) at 
equi l ib r ium are very similar. The fol lowing values were calculated with basis set A : 

Li + . . .OH 2 �9 R~ : 3.46 a.u. = 1.83 A, A E ( R  ~ = - 4 3 . 5  kcal /mole 
Li + . . .OCH2 : R~ : 3.37 a.u. = 1.78 A, A E ( R  ~ = - 4 4 . 0  kcal /mole 

Cons ider ing  SCF energy par t i t ioning,  however,  we can realize a substant ia l  
difference between the two cases. Firs t  of  all, the electrostatic or C o u l o m b  con- 
t r ibu t ion  predomina tes  even more  in L i + . . . O H  2 than  in L i+ . . .OCH2.  At  the first 
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glance exchange energy is not too different in the two complexes. Consequently, 
the contribution of the electron delocalization is compensating for the difference 
in electrostatic energies and in fact AEDEL is about twice as large in absolute 
value in Li + . . . O C H  2 compared to the Li + . . . O H  2 complex. 

Concerning the results with basis set B, although only one type of polarization 
function has been added to basis set A, substantially different numbers are obtained 
with the enlarged basis: 

Li+...OCH2 : R~ = 3.44 a.u. = 1.82 A, AE(R ~ = -38.6 kcal/mole, 

thus showing a decrease of 5.4 kcal/mole in the binding energy, together with a 
slight increase in the equilibrium distance. The energy decomposition (Table 5) 
indicates that this decrease in the binding energy is brought about essentially 
by the decrease in the Coulomb component which, however, remains the dominant 
term. Analogous trends appear in the case of H20 (Table 4). 

The decrease obtained in the Coulomb attraction parallels the decrease in the 
computed value of the dipole moment brought about by the introduction of the 
polarization functions (Table 3). One may expect that a further improvement of 
the wave function such as to reproduce the experimental multipole moments 
would further decrease the value of AEco U. Unfortunately, as seen by the data 
in Table 3, a very good accuracy for these quantities is not realized by SCF com- 
putations even near the Hartree-Fock limit where the dipole moments for H20 
and H z C O  a re  still calculated substantially too large. A more accurate description 
of these properties of the isolated subsystems would require an explicit considera- 
tion of electron correlation. Since calculations of this degree of accuracy on the 
complexes as a whole are extremely time consuming, we decided tO try an alterna- 
tive approach. Most properties of isolated ions and ligands are often known 
either from reliable experiments or from very accurate calculations or even from 
both, and there is no reason not to make use of this information. Calculations 
with small basis sets will be used therefore as a starting point testing the applica- 
bility of simple classical expressions into which afterwards the correct molecular 
properties might be inserted. In this way also, the sensitivity of the energy par- 
titioning to the extension of the basis set [28, 13] may be better understood and 
corrected [27, 29, 30]. 

The Coulomb energy, AEco U should converge asymptotically to the expression 
of classical electrostatics at the limit of large intermolecular distance. For our 
purpose here it is important to have a good estimate of the errors introduced into 
the calculations on our concrete examples by partial overlap of the subsystem 
and by a single center expansion of molecular potentials. In classical electrostatics 
the interaction of an ion with a molecule along its z-axis can be described by the 
well-known power series of multipole moments which was extended here up to 
the second term only: 

q ( 0zz'~ AESCu= ~ / t~+~-)  + ..- (10) 

In all calculations reported here the molecular center of mass (C.M.) was used as 
the origin of the coordinate system. A more systematic study on the influence of 
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T a b l e  8. C o u l o m b  e n e r g y  o f  i n t e r a c t i o n  o b t a i n e d  b y  S C F  e n e r g y  p a r t i t i o n i n g  a n d  c lass ica l  e l e c t r o s t a t i c  

m o d e l s  a 

L i + . . . O H 2  L i + - . . O C H 2  

A E c o u  AEcotJ AE~o u A E c o  u MC b sc a RoLi (a .u . )  AEco ~ s c b  

3.0 
3.2 

3.4 

3.5 

3.6 

4 .0  
4 .4  

4 .5  
4 .8  

5.0 
5.2 

5.4 
5.6 

6.0 

7.0 
8.0 

10.0 

- 65.75 - 69 .70  - 48.65 - 47 .82  - 47 .42  

- 5 8 . 2 7  - 6 1 . 4 1  - 4 3 . 4 3  - 4 2 . 9 8  
( - 37.74)  ( - 37.28)  

- 5 1 . 9 2  - 5 4 . 5 2  - 3 9 . 8 2  - 3 9 . 1 4  

( - 4 4 . 2 )  ( - 4 7 . 5 )  ( - 3 4 . 3 6 )  ( - 3 4 . 5 1 )  

- 3 7 . 7 6  - 3 7 . 4 1  

- 4 6 . 5 2  - 4 8 . 7 2  - 3 6 . 3 0  - 3 5 . 7 9  
( - 31.42)  ( - 31.62)  

- 37.95 - 39 .59  - 30 .56  - 30.53 - 30.27 
- 31.56 - 32.81 - 26 .10  - 25.93 

- 2 5 . 1 8  - 2 4 . 9 9  
- 26.68 - 27 .63  - 22 .57  - 22.46 

- 2 1 . 1 2  - 2 0 . 9 8  
- 19.72 - 19.64 

- 2 1 . 2 5  - 2 1 . 8 9  
- 17.39 - 17.32 

- 15.43 - 15.39 - 15.47 

- 1 1 . 7 8  - 1 1 . 8 1  - 1 1 . 7 7  

- 9 .32  - 9 .29  

- 6 .19 - 6 .22  - 6.21 

a All  e n e r g i e s  in  k c a l / m o l e  c a l c u l a t e d  w i t h  bas i s  set  A ; v a l u e s  o b t a i n e d  w i t h  bas i s  set  B a r e  g i v e n  in 

p a r e n t h e s e s .  

b AESCov a n d  AEcMoCv w e r e  c a l c u l a t e d  f r o m  c lass ica l  e l e c t r o s t a t i c  e x p r e s s i o n s ;  " S C "  m e a n s  s ingle  cen te r ,  

" M C "  m u l t i p l e  c e n t e r  e x p a n s i o n  u p  to  q u a d r u p o l e  m o m e n t s  (see text ) .  

the choice of the origin will be presented in a forthcoming paper [27]. In addition, 
the electrostatic potential of H2CO was calculated by a multicenter expansion, 
which has been described previously [31, 32] and was used in various calculations 
of molecular properties. Our results are summarized in Table 8. Fairly good 
agreement between AEcou and the results derived from Eq.(10) is found provided 
molecular properties calculated with the same basis set were inserted. In the case 
of Li+...H2CO the agreement is somewhat better than in the water complex. 
Multicenter expansion of the potential does not modify the results substantially 
although it brings them slightly closer to the exact values at short distances. At 

,AE~ou and large distances the expected asymptotic convergence of AEcotJ sc 
M C  AEcou is found. 
Polarization energies can be calculated easily from classical electrostatic 

formulas provided molecular polarizabilities are known. In complexes of Li + 
the polarizability of the cation is so small that only the polarization of the molecule 
in the field of the cation gives an important contribution to the total energy. In 
case we consider only the first term of the expansion and the cation is located on 
the z-axis we obtain: 

1 q2. ~zz 
C L  AE~'~ 2 R 4 t-" '  (11) 
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Fig, 8. Comparison of polar~ation energies calculated with different model assumptions for the 
complex Li +...OH 2 and Li+...OCH2, 

AEDE e in Li+...OH z obtained from SCF energy partitioning: ~3-O-O-�9 
CL AE~,oL in Li +,..OH 2 calculated from Eq.(11): - - (3- - -0- - (3- - .  

AEDE L in Li +,..OCH 2 obtained from SCF energy partitioning: - e -O- I f -O-O- ,  
CL A E~o L in Li+...OCH 2 calculated from Eq.(11): - - o - - o - - ~ - o -  

comparing the results from Eq.(ll) with the delocalization energies, AED~L 
derived from SCF energy partitioning we realize a number of interesting facts 
(Fig. 8). At the limit of large distances both curves converge asymptotically pro- 
vided the calculated polarizability has been inserted in Eq.(11). In the medium 
range there is a systematic underestimation of AEDEL by the classical formula 
which perhaps might be caused by neglect of higher terms in the expansion series 
(11) called hyperpolarizabilities. Around the energy minimum and at still shorter 
intermolecular distances we realize an opposite kind of deviation: the values 
derived from Eq.(11) are substantially larger in absolute value than AEDzL. 
Formally we can attribute those differences either to another kind of error in the 
incomplete classical formula (11) or to the presence of other terms in AEDE L (5) 
like the charge transfer term, AEcn T and higher order terms. A more detailed 
energy partitioning according to Morokuma [6] shows indeed that the sum of 
AEcHT and the higher order terms is repulsive at the energy minima of complexes 
like Li § ...OH2 or Li § ...OCH2 1-13, 27]. A more detailed analysis of the validity 
of the classical formula (11) can be performed onty on the basis of a comparison 
with AEpoe derived directly from SCF energy partitioning. 

Now we come back to the errors we have to expect in the case of SCF calcula- 
tions with our basis sets. Regarding the experimental data summarized in Table 3 
much more accurate results are available for the quadrupole tensor of H20 than 
for that of HzCO. Due to large experimental errors one can expect the most 
accurately calculated values for 0 to be more reliable than the exp.erimental data. 
In the case of polarizabilities the experimental situation is even worse. The only 
experimental number available is the average value ~ of HzO. Therefore the results 
of the extended SCF calculation coming closest to the experimental value of 



338 P. Schuster  et al. 

[16] seem to represent the most reliable information on c~. Using experimental 
values for multipole moments and calculated polarizabilities from the best 
computations we obtain the following values from Eqs.(10) and (11) 

(Roe i = 3.4 a.u. = 1.80 A) : 
sc  Li +. . .OH 2 : AE~o  U = - 39.13 _+ 0.94 kcal/mole 

AEC~ = - 19.93 kcal/mole 
Li+ . . .OCH z . sc �9 AEcou = - 31.63 + 4.23 ( - 27.851) kcal/mole 

AEC~ = - 22.67 kcal/mole 

A comparison of  these results with the numbers given in Table 8 indicates therefore 
an error of  roughly 15 and 7.5 kcal/mole in the AEcou values around the energy 
minima of  Li +. . .OH a and Li + . . .OCH 2 calculated with basis set A. In case of 
basis set B these errors are reduced to 8.5 and 3 kcal/mole respectively. In the total 
energies o finteraction these differences will be compensated in part by the systematic 
underestimation of  AEpo L due to polarizabilities which appear to be calculated 
substantially too small [33, 34]. At the present stage of our investigations, however, 
no reliable estimate concerning the errors in the contribution of  electron delocaliza- 
tion can be given on the sole consideration of energy data. A further study of  the 
error compensation at the Hartree-Fock limit will be the subject of a forth -~ 
coming analysis [27]. 

Turning now to the electronic aspects of the delocalization phenomena which 
accompany complex formation, we shall concentrate the last part of  the discussion 
on an analysis of  the wave functions of both complexes. From integrated density 
curves p(z) shown in Figs. 4A and 5A we can see mainly the positions of  the nuclei 
and identify them by different heights of the peaks. Density difference curves 
Ap(z) according to Eq.(6) provide much more information: we can realize small 
changes only in the regions around the Li nucleus and rather drastic changes in 
the electron distribution of the ligands. In the case of Li +. . .OH 2 w e  observe a 
slight polarization around the Li nucleus. In the region of  the ligand, however, 
we do not find a simple structureless polarization curve but a characteristic pattern 
most pronounced in the neighborhood of the O nucleus�9 Electron density is 
transferred from the H-atoms towards the O atom and even further to the opposite 
side of  the O nucleus. If  there is any charge transfer between the subsystem in 
L i + . . . O H  2 it appears to be very small. It seemed interesting to see how the polari- 
zation pattern of  the ligand is formed during an approach of  the metal cation along 
the z-axis (Fig. 6). As we can see from these three-dimensional plots, polarization 
at the Li nucleus falls off much faster with increasing intermolecular distance in 
comparison to the ligand's polarization pattern. This result reflects the different 
decrease in the strength of  the electrostatic field of  an ion and a dipole respectively. 
Interestingly, the polarization pattern of the ligand remains roughly constant 
during an approach of the cation. Only the height of peaks changes. 

The Li+ . . .OCH z system differs from Li+. . .OH2 roughly by two featuresi 
At comparable intermolecular distances polarization of  the H z C O  molecule is 

1 Energy obtained f rom experimental  dipole mome n t  and mos t  accurate calculated value of  
0~z (see Table 3). 
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much more intense and due to the presence of the C nucleus a new peak appears 
in the polarization pattern which therefore is somewhat more complicated. 
Secondly, we do not observe an "S" shaped polarization curve in Ap(z) around 
the Li nucleus but a small peak indicates the presence of some transfer of electron 
density from H2CO to Li § . Again the change in the integrated density difference 
function Ap(z) during an approach of the cation illustrates very well the redistri- 
bution of electrons on complex formation (Fig. 7). Since calculations on Li+... 
OCHz have been extended to larger intermolecular distances (RoE i = 10 a.u.) the 
fall-off in the polarization pattern can be followed much better in this case. On 
the whole, both diagrams Ap(z) of Li+...OH2 and Li+...OCH2, demonstrate 
clearly that the polarization of a molecule in the strong and inhomogenous field 
of a small cation results in a complex redistribution of electron densities. In general 
such a process is described only very poorly by the first term of the expansion 
series in Eq.(t 1), which corresponds to a homogenous electric field at the limit 
of vanishing field strength. 

In order to learn more details on molecular polarization we decomposed the 
electron density difference curves in Figs. 4A and 5A into contributions of indi- 
vidual localized molecular orbitals (LMO's). The results are shown in Figs. 4B 
and 5B. Interestingly all LMO's are polarized in the same direction, towards 
the Li § cation. The shape of all curves is rather similar and can be represented 
roughly by an "S" shaped curve of the type y = x-exp(-xZ), which represents 
the first derivation of a Gaussian lobe. Consequently the complex polarization 
pattern observed above is not the result of a complicated electron rearrangement 
in one or more individual LMO's but is brought about by the superposition of 
these individual contributions. In general K-shell electrons are hardly affected by 
the field of the second molecule or ion and hence do not contribute appreciably 
to polarization. In case of Li § ...OH2 the major effect results from both lone pair 
and HO bond electrons. The latter as we can see contribute a little more. Polariza- 
tion of these kinds of electrons (O lone pairs, HC bonds) is roughly the same in 
Li +...OCH2. Due to the larger distance from the cationic center the HC bond 
electrons are affected somewhat less. The major difference between HzO and 
H2CO, however, is brought about by the presence of mobile n-electrons in the 
CO bond of the latter molecule. The CO bond electrons contribute much more to 
molecular polarization than all the other LMO's. The results shown here are 
more detailed but qualitatively the same as those obtained from the shifts of the 
centers of LMO's derived from calculations which used a somewhat smaller basis 
set [2]. 

Finally, we shall be concerned with charge transfer between subsystems in the 
complexes Li+...OH2 and Li+...OCH2 . Perhaps we should emphasize here 
again that charge transfer is no observable quantity and depends on the model 
used. The numbers obtained from certain model assumptions are useful therefore 
only for comparison within a series of different complexes. We calculated the 
transfer of electron density from the ligand to the metal cation according to the 
model assumptions Eqs. 7-9 and summarized the results in Table 7. The amount 
of charge shifted is very small indeed in both examples here. At the energy minimum 
about 2/1000 of an electron are transferred in Li + ...OH2 and about 13/1000 in 
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Li +...OCH 2 . We can see that the qualitative result inferred from density difference 
surfaces in Figs. 6 and 7 is reproduced nicely by the numbers of Table 7. Charge 
transfer is much more important in Li+...OCH 2 than in Li+...OH2 and falls off 
very rapidly with increasing intermolecular distance RoLi. Interestingly in our 
model charge transfer goes through a maximum at distances a little larger than 
the equilibrium values. 

An analysis based on Mulliken populations (Table 6) gives roughly the same 
picture of polarization and very weak charge transfer from the ligand to the cation. 
As we have shown already in previous review articles [12, 13] Mulliken populations 
over-emphasize charge transfer compared to the results derived from our model 
assumptions. All qualitative features, however, are reproduced nicely. 

5. Conclusion 

A few final conclusions can be added here. First of all our calculations show 
that SCF energy partitioning on metal ligand complexes provides a useful tool in 
analyzing the nature of the interaction and possible sources of errors. The Coulomb 
energy of interaction is reproduced sufficiently well by the simple expansion series 
of classical electrostatics. Further investigations are necessary in the case of the 
contribution of electron delocalization. Polarization energy is one important part 
of it, but the nature of the other terms is not completely understood now. Within 
certain limits the errors of calculations using small basis sets or avoiding an explicit 
consideration of electron correlation can be corrected by using known properties 
of the isolated subsystems. 

An analysis of the complexes' wave functions demonstrates that charge 
transfer between the subsystems is not important in the kind of examples we have 
studied here. Mutual polarization of the subsystems leads to a complex pattern 
of changes in electron densities, which seems to be interpretable in terms of 
polarization of individual localized molecular orbitals. Further investigation of 
molecular polarization and polarization energies most probably will provide a 
better insight into intrinsic errors and limitations of the classical theory of polariza- 
tion. 

An attempt to characterize the nature of the metal-ligand bond in complexes 
like those investigated here leads to the following conclusion: electrostatic and 
polarization energies are the driving forces of complex formation. Closed shell 
repulsion as represented by the exchange contribution represents the most im- 
portant counteracting force and determines thereby the equilibrium distances. 
Dispersion energy represents a contribution of probably minor importance only 
[26-353. The question of higher order contributions, which seem to be slightly 
destabilizing around the energy minima, is still open. 
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