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An interaction pair potential function for 1,4,7,10-tetraaza-cyclododecane (cyclen) and water 
has been derived from ab-initio molecular orbital computations. The 250 computed points of the 
energy surface for the water-cvclen interaction have been fitted with an analytical potential of the 
form 3 32 

(kcal-mol"1) = X Z 1" //•?,+ Bff /r)j + 1/ry) (1 Q b + Df* //-,)}, 
/= i ./= l 

where A, B. C, and D are constants, and Q, and QJ are the atomic charges of the /-th atom of water 
and the j-th atom of cyclen at infinite separation. 

Introduction 

During the last few years, compute r s imulat ion 
methods such as Monte Carlo (MC) [1] and molec-
ular dynamics (MD) [2] techniques have turned out 
to be valuable tool in the study of pure l iquids 
and solutions. The significance and liability of the 
results of such simulat ions depends strongly on the 
quali ty of the analytical pair potential funct ion in 
use. The obvious way to obtain this funct ion is to 
use quan tum chemical calculations, and this 
approach has been pioneered by Clementi and co-
workers [3]. Another possibility to obtain this func-
tion is to use experimental data. One well-known 
result of such an approach is the ST2 potential 
function for water [4]. 

A certain lack in solute-solute- and solute-solvent 
potential functions seemed long to have been the 
main obstacle for a rapid progress of s imulat ion 
techniques in solution chemistry. An effective pro-
cedure to obtain and test the quality of an inter-
molecular potential function, proposed by Be-
veridge et al. [5] has been an important step to 
encourage fur ther work in this field. 

Recent investigations of the "macrocyclic ef fec t" 
[6] — the extra stability of metal complexes with 
cyclic ligands compared to analogous non-cyclic 
ligands — prompted us to investigate the feasibility 
of developing pair potential functions for such 
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ligands interacting with water and ions. Margerum 
et al. [6. 7] have suggested that this macrocyclic 
effect arises f rom a lower degree of solvation of the 
cyclic ligands. whereas some other groups [8, 9] 
showed that these desolvation effects were over-
est imated. To give a theoretically based answer to 
this question and to calculate properties and struc-
ture of water sur rounding the cyclic ligand, an 
extension of our q u a n t u m chemical studies [10, 12] 
to MC and M D simulat ion was needed. 

In this work, we report an intermolecular poten-
tial funct ion for 1,4,7,10-tetraaza-cyclododecane 
with water (Fig. 1), derived f rom 250 positions of 
the ab- ini t io computed energy surface for this inter-
action. 

Method 

The cyclen and the water molecule were treated 
as rigid th roughout the calculations. The geometry 
of the ligand molecule was taken from our previous 
opt imizat ion [10 -12 ] , and for the water molecule 
experimental data [13] were used. The cyclen mole-
cule is in the al ternate conformat ion [11, 12] and has 
C 2 v - symmet ry (Figure 1). Considering the data 
f rom the popula t ion analysis according to Mull ikan 
[14]. the hydrogen atoms of cyclen were distinguished 
into three groups: H N for the hydrogen atoms 
binding to the N atoms, and H c and He for the 
hydrogen binding to the C a toms in plane and per-
pendicular to the molecular plane, respectively. 
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Fig. 1. The optimized position for a water molecular inter-
acting with the 1,4,7,10-tetraaza-cyclododecane ligand 
(alternate conformation). 

The ab- ini t io M O SFC calculations have been 
pe r fo rmed with a min imal Gauss ian lobe basis set 
[15] for 250 cyclen-water configurat ions (each point 
took abou t 45 minutes of computer t ime on a 
Cyber 74 compute r ) . The size of the system under 
considerat ion did obviously not allow the use of a 
more extended basis set because of the unreason-
able computa t ion t ime that would have required. 
The basis set dependence of the Monte Carlo results 
has been investigated by Jorgensen [16], with the 
result that min imal basis sets are quite sufficient for 
the de te rmina t ion of the potential functions, so that 
the use of our basis size should also be only a minor 
methodica l p rob lem. 

Results and Discussion 

The calculated values of the pair interaction 
energy, AE(L, W), were fi t ted, using a mul t id imen-
sional non-l inear least-squares procedure, to func-
tions of the fol lowing form, consisting of a Lennard-
Jones and a " C o u l o m b i c " expression: 

3 32 

z l £ ( L , W ) = X X { - Atf</rfj+ Bf>j/r}y
2 

i— 1 j— I 

+ qiqj{\/rij){ Cf> + D?f /ru)}, (1) 

where, A,h Bu, C,7, and 7)(/ are the fit t ing constants 
(absolute values) and /y, is the distance between an 
atom / of water (W) and an a tom j of the l igand (L). 
qj and are the net charges of the a tom i and j in 
a tomic units, ob ta ined f rom the popula t ion analysis 
[14] of the isolated molecules. 

These charges lead to a smaller than the experi-
mental dipole m o m e n t of H 2 0 (1.61 D instead of 
1.87 D). However, this deviat ion seems to be accept-
able for reasons of methodical consistency (use of 
data obta ined for AE and dipole m o m e n t f rom the 
same basis set), since the adjus ted pa ramete r s can 
easily compensate for the deviat ion. Superscripts a 
and b indicate that we did not only dist inguish 
between a toms of d i f ferent a tomic n u m b e r (e.g. 
hydrogen and carbon) but also between a toms of 
equal a tomic n u m b e r but d i f ferent environmental 
conditions, for example H N f rom He and He-

As only absolute values were allowed for the 
parameters , A and B represent at tractive and re-
pulsive interactions of a toms /' and /', respectively, 
while C and D correspond to either repulsive or 
attractive interactions, according to the sign of 
and q 

Some comments should be m a d e concerning the 
addi t ion of the second Cou lombic term, D. This 
term was essentially introduced in order to obta in a 
better numerical fitt ing. For larger distances r^ , this 
pa ramete r plays only a minor part in the fitting 
procedure , s imilar to potentials ob ta ined for water-
amino acid interactions [17-20] . However , when a 
water molecule approaches close to the ligand mole-
cule, the actual values of the a tomic charges should 
vary as a funct ion of the distance and the orienta-
tion of water relative to l igand, due to mutua l 
polarizat ion effects. The product q, q j of the a tomic 
charges — constant in our approaches — can be 
made a distance dependen t product q\ q'j introduc-
ing a power series of r~1 [20]: 

q'i q j = <7, q j (i + c t f / n j + D p r j j + . . . ) , (2) 

where C, F>,... are constants. This p rocedure led to 
the second (Coulombic) term in our potential (1). 

As we assign a set of pa ramete rs A, B, C, and D 
for each pair of a toms, we actually construct a com-
binat ion of five d i f ferent pair potentials, describing 
the interaction of C, N, H N , H c , and H e a toms of 
the ligand with the oxygen a tom, and five additional 
d i f ferent pair potent ials describing the interaction 
with the hydrogen a toms of water. Therefore , ten 
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sets of parameters A. B, C, and D ( = 4 0 parameters) 
entered in our calculations. 

The fitting procedure started with 150 points of 
the energies calculated for various water positions 
and orientat ions relative to the ligand. These 
150 points have been selected using 15 different 
trajectories point ing to various b inding centers of 
the molecule, within one of the 8 equivalent con-
f igurat ion spaces around the ligand. The resulting 
analytical potential funct ions with the best fit for 
this set of the initial data , gave a s tandard deviat ion 
of a = ± 1.58. Then, addi t ional 25 randomly chosen 
points outside the initial data set were added . With 
the first analytical potential , the energy for these 
addi t ional 25 points was calculated, leading to a 
s tandard deviat ion of crtest = ± 3.64, as given in 
Tab le 1. 

Now, the 25 test points were included into the 
final procedure and a new set of parameters A. B, C, 
and D with a s tandard deviat ion <7 = ± 1 . 7 2 were 
obtained. Another 25 points were again tested and 
then included. This procedure was repeated until 

Table 1. Characteristics of optimization process according 
to (1). N: number of ab-initio data; ± er: standard devi-
ation in kcal • mol"1; ± crtest see text. 

Step N ± a ^ te s t ± 0"test 

1 1 5 0 1 . 5 8 2 5 3 . 6 4 
2 1 7 5 1 . 7 2 2 5 2 . 1 7 
3 2 0 0 1 . 4 6 2 5 1 . 9 3 
4 2 2 5 1 . 8 4 2 5 2 . 0 6 
5 2 5 0 1 . 9 4 - -

constancy of the fitting parameters was obta ined 
within a range of ± 5% [21] and the s tandard 
deviation was satisfactory compared with the 
accuracy of the MO calculations. An addi t ional 
criterion of convergency is the coincidence of crtest 

and ovalues (cf- Table 1). The results of this p rocedure 
are shown in Table 1. indicating that 250 points of 
the energy surface were sufficient to accomplish this 
convergency. The final pa ramete r values are sum-
marized in Table 2. 

In Fig. 2, potential energy curves for the S C F 
energies (£mo) f ° r various water or ienta t ions are 
shown and the lowest curve is compared with the 
corresponding curve £F ]T f rom (1) with the final 
opt imized parameter values. The correlat ion be-
tween EM0 and £FIT for all 250 data points is 
plotted in Figure 3. In order to illustrate the quali ty 
of the fitting for various interaction energy ranges, 
their s tandard deviations were evaluated separately 
and listed in Table 3. Compared to other works, the 
final s tandard deviation in our case is qu i te satis-
factory (for example CTWL = 0-23, 1.57, 2.00 and 2.57, 
when W = water and L = fo rma ldehyde [5], meth-
anol [22], urea [23], and butanol [24], respectively). 

In this context also the influence of the small 
basis set used in our SCF calculations should be 
considered. D u e to basis set superposi t ion errors, 
some artificial stabilisation will occur especially for 
short water-ligand distances. An analytical potential, 
whose energies are somewhat " too h igh" for these 
short distances is not necessarily bad . therefore , and 
might even correct for some of the basis set super-
position error. 

Table 2. Final optimization parameter values for N, C, H N , H c , and H^ atoms for 1.4,7,10-tetraaza-cyclododecane 
interaction with oxygen (a) and hydrogen (b) atoms of water (c/o = -0 .38 , c/H = 0.19). Interaction energies have been 
evaluated in hartree and converted into kcal • mol - 1 , r has been considered in atomic length units. 

Atom Parameter 

X <7x A B C D 

(a) N - 0 . 5 2 0.7088242199 E + 0 4 0.1356347727 E + 10 0.6290222862 E + 03 0.5125715435 E + 0 3 
C - 0 . 2 1 0.1258444167 E + 0 6 0.2326464596 E + 10 0.6280239668 E + 03 0.5148098836 E + 03 
HN + 0.26 0.3271823805 E + 03 0.2667838093 E + 07 0.6254469452 E + 03 0.4812850289 E + 0 3 
H r + 0.14 0.5838662961 E + 04 0.7094557693 E +06 0.6291925770 E + 0 3 0.5048285948 E + 03 
He + 0.20 0.2292557115 E + 0 3 0.3322617153 E +07 0.6317168600 E + 0 3 0.4974500330 E + 03 

(b) N - 0 . 5 2 0.2271841049 E + 0 4 0.2173738501 E + 05 0.6246459916 E +03 0.4830482097 E + 03 
C - 0 . 2 1 0.1730465573 E + 0 2 0.4774781017 E +08 0.6262451527 E + 0 3 0.4823037170 E + 03 
H\< + 0.26 0.6584947492 E + 02 0.4826953244 E + 04 0.6303361748 E + 03 0.5300506155 E + 0 3 
H r + 0.14 0.5523938519 E + 0 3 0.1066351656 E + 05 0.6282850595 E + 03 0.5070445377 E + 03 
He + 0.20 0.1288102693 E + 04 0.7042391127 E +05 0.6220563999 E + 0 3 0.4920909411 E + 03 
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Fig. 2. Angular dependence of interaction potential: V is the angle between the r-axis and the vector r pointing toward 
oxygen, 9 is the angle between vector r and the O - H bond of water. For the case of the lowest potential curve, the 
comparison between SCF-data and the fitted analytical potential ( - • - • - ) is illustrated. 

Table 3. Standard deviations ± cr, calculated from (1) for 
different interaction energy ranges. 

Total /IE < — 5 /IE<0 z l £ < 5 AE> 5 
(kcal • mo l - 1 ) 

±a: 1.94 2.26 1.29 1.12 1.00 

Fig. 3. Energy data from MO calculations versus those 
obtained by (1) with optimized parameters. 

E p | j / k c a l m o l " ' 
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Finally, absolute energies are not too impor tan t 
for the subsequent MC and M D simulat ion, as long 
as the relative shape of the energy surface is 
reflected well. 

First M C simulat ions using the analytical poten-
tial function presented in this paper , have led to 
qui te encouraging results [25]. 
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