
4.1 A nalytical Form  o f  Potential Functions

T o develop the potential function by m eans o f  quantum  chem ical calculations, the 
fo llow ing steps w ere required  :

(i) selection o f  representative geom etries o f  the pairs 5

(ii) perform ance o f the ab initio  M O  SCF calculations,
(iii) fitting  o f  the com puted interaction energies to the functional form , 

and (iv) testing  o f  the quality o f  the function.

In  the energy fitting step, a suitable m athem atical function is selected. A m ong the 
m any possib le analytical form s o f  potential functions, one needs to construct the m ost 
reliab le one in order to use in M onte Carlo sim ulation. G iven two m olecules p  and Q, 
the pa ir in teraction  potential V (P,Q ) m ight contains explicity both angular and radial 
dependencies. In practical w ay, how ever, one selects to use only the radial functions 
depending on the interatom ic distance r(i j )  w here i and j  are atom s belonging  to 
m olecules p  and Q, respectively. F o r accuracy and flexibility, one w ould  like to use a 
fairly  long  series o f  term s. On the o ther hand, the longer the series, the larger the 
num ber o f  associated fitting param eters, and the larger the num ber o f  m achine cycles 
requ ired  to com pute interaction energies in the sim ulation.

In general, there are two general form s o f  potential funtions w hich can be 
expressed as :

(1) V(P.Q) = z  [ -  ~  +r x
>j

B . D q  q
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(2) V (P ,Q ) =  X  [ -  J  +  Bijex p (-C ..r ..)  + ^ i  ]
ÿ y rÿ

w here A , B and c  are fitting  param eters for the ith atom  o f  m olecu le  p  and the jth  
atom  o f  m olecule Q. T he param eter D  (often equal to 1) rep resen ts an average 
correction  to the atom ic net charges qj and qj obtained from  com putation  o f  m olecular 
w ave functions o f  m olecules p  and Q at infinite separation, respectively . T he first tw o 
term s form ally  describe the short-range attractive and repu lsive interactions, 
respectively , and the last term  describe the long-range C oulom b in teraction .

G enerally , the first form  is used  for the w eak interactions (the stab ilization  energy 
is not low er than -20 kcal/m ol) such as ligand-ligand or ligand-so lven t system . T he 
second one is used for the strong interactions such as ion-ion, ion-ligand  or ion-solvent 
system .

O nce the analytical form  o f  the potential has been chosen, the fitting  procedure 
w ill be carried  out. The form  o f  the selected analytical function and the a lgorithm  used 
in the fitting  procedure are both im portant.

4 .2  D evelopm ent o f  C vclen-M ethanol Potential Function

It has been show n in the w ork reported  by U dom sub, ร. [35] tha t ST O -3G  is the 
m ost su itable basis set for the cyclen-w ater and cyclen-am m onia system s from  w hich 
the acceptab le values o f  m olecular dipole m om ents, stab ilization  energies and 
in term olecu lar distances w ere derived. Since the present system  i.e., cyclen-m ethanol is 
no t m uch d ifferent from  those reported  in ref. 35 and the param eters u nderstudy  are the 
sam e, it is therefore ju stified  to em ploy STO -3G  as a basis set in th is w ork . B esides, the 
C PU  tim e required  for the sam e com putation is m uch less than that req u ired  i f  a b igger 
basis set e.g. D ZP is used (180 and 60 tim es higher, w ith and w ithou t corrections, for 
D ZP than that required  in STO -3G ).

In th is w ork, an in term olecular potential function for cyclen-m ethanol has been 
derived based  on ST O -3G /SC F level. An effective procedure to ob tain  and test the 
quality  o f  the function, as proposed  above, has been em ployed. C alcu lations, details 
specific fo r the cyclen-m ethanol system , are the follow ing.
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4.2 .1  S e lec tio n  o f  Pair G eom etries

T he cyclen and m ethanol m olecules w ere treated as rig id  th roughout the 
calculations. T he optim ized geom etry  o f  cyclen m olecule (the alternate form  as show n 
in Fig. 4 .1) based  on quantum  chem ical calculations, w as taken from  the literature [11], 
and for the m ethanol m olecule experim ental data [28] w as used. T he fixed C artesian 
coordinates o f  cyclen m olecule and the experim ental geom etries o f  m ethanol m olecule 
are given in  T ables 4.1 and 4.2, respectively . T he center o f  cyclen w as fixed at the 
orig in  o f  C artesian coordinate system . T hen, m ethanol m olecule w as p laced at 
num erous positions around cyclen, w here 0° < 0 < 180° and 0° < ([> < 90° (Fig. 4.2). 
D ue to the sym m etry o f  the cyclen m olecule, it is unnecessary to generate  m ethanol 
m olecule around the w hole space, only one-fourth  is required. T he selected 9 and (j) 
angles given in T able 4.3 w ere kept constant w hile varying the d istance (r) from  2.0 Â 
to 10.0 Â . T he frequency o f  chosen points in the space is dependent on the "chem ical 
im portance"  o f  those regions. A  region around the m inim um  energy  has a strong 
influence no t only for the potential function, bu t also for the sim ulation  results, 
therefore m ore  points are needed in that zone.

F igure 4.1 T hree dim ensional plo tts o f  the optim ized alternate form  o f  cyclen 
m olecule ( 1,4 ,7 ,10-te traazacyclododecane).
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T able 4,1 O ptim ized coordinates o f  cyclen (in atom ic unit) and the atom ic net

charges, (q) used  in the M onte Carlo sim ulation.
atom X Y z qa

N -2.53625 -2.53625 -0.74461 -0.31521
N 2.53624 -2.53625 0.74462 -0.31521
N 2.53625 2.53623 -0.74462 -0.31521
N -2.53622 2.53625 0.74461 -0.31521
c -1.37279 -4.74032 0.48239 -0.00570
c 1.37283 -4.74032 -0.48239 -0.00464
c 4.74031 -1.37285 -0.48239 -0.00569
c 4.74032 1.37281 0.48238 -0.00464
c 1.37285 4.74030 0.48238 -0.00570
c -1.37280 4.74031 -0.48240 -0.00464
c -4.74030 1.37286 -0.48239 -0.00570
c -4.74032 -1.37280 0.48239 -0.00464

H r -2.29600 -6.50688 -0.06634 0.03203
H r 2.29605 -6.50688 0.06635 0.03343
H r 6.50687 -2.29606 0.06634 0.03203
Hr 6.50688 2.29602 -0.06635 0.03343
Hr. 2.29608 6.50685 -0.06636 0.03203
Hr -2.29601 6.50688 0.06633 0.03343
Hr -6.50685 2.29607 0.06634 0.03203
H r -6.50688 -2.29600 -0.06633 0.03343
H'r -1.37920 -4.57044 2.54278 0.05872
H'r 1.37923 -4.57044 -2.54278 0.06015
H'r. 4.57043 -1.37925 -2.54280 0.05873
H'r 4.57045 1.37922 2.54278 0.06016
H'r 1.37926 4.57043 2.54278 0.05872
H'r -1.37921 4.57043 -2.54280 0.06016
H 'r -4.57042 1.37925 -2.54280 0.05872
H'r -4.57043 -1.37920 2.54280 0.06015
H y 3.14135 -3.02567 2.49547 0.14124
H y 3.02568 3.14193 -2.49548 0.14120
H y -3.14192 3.32567 2.49546 0.14120
H y -3.02569 -3.24194 -2.49547 0.14120

a V alues obtained from  the M ulliken population analysis in the quantum  chem ical 
calculations o f  single m olecule.



T able 4.2  In ternal coordinates and the atom ic net charges o f  m ethanol m olecule
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A o Ai R a A 2 eb A 3 <j)C q
c -0.0602
0 c 1.428 -0.3130
Ho 0 0.960 c 112.00 0.1906
H' c 1.094 0 109.47 Ho -60.0 0.0542
H' c 1.094 0 109.47 Ho 60.0 0.0542
H c 1.094 0 109.47 Ho 180.0 0.0741

aB ond lenght A q-A j in angstrom . b B ond angle A o-A j-A 2  in degrees. cD ihedral 
angle A 0 -A 1-A 2 -A 3  in degrees.

F igure 4 ,2  C lassification o f atom s o f  the m ethanol m olecule according to their atom ic 
net charge obtained from  the M ulliken population analysis in the SCF calculations.
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Z

•  = Oxygen atom of methanol
0°£ 0 < 180°
0°i (j) ^ 90°

2.0 À  < r  < 10.0 À

F igure 4,3 Indicating  o f  geom etric variables for configurations o f  cyclen-m ethanol.

T able  4,3 T he selected trajectories, in term  o f  0 and <j) angles, as defined  in Fig. 4.2, 
for m ethanol m olecule around cyclen.

trajectory e

1 0 0
2 0 45
3 0 90
4 0 135
5 0 180
6 45 45
7 45 90
8 45 135
9 90 45

10 90 90
11 90 135
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T he calculations w ere perform ed based on the L C A O -M O -SC F m ethod, using 
ST O -3G  m inim al basis set (given in the A ppendix) and the H O N D O (V II) program  [29] 
on the w ork  station D EC  3100. T he calculations have been carried  out for all cyclen- 
m ethanol configurations chosen in section (4.1.1). The corresponding stabilization 
energy, AESCp, in kcal/m ol ( 1 H artree =  627.5 kcal/m ol ) can be calcu lated  using

A ESCp (kcal/mol) = (E dimer - Ecyclen - Emethanol ) x 627-5 (4 -l)

w here E dimer • Total energy o f  cyclen-m ethanol dim er,
E cyclen : Total energy o f  cyclen m onom er,
Emethanol; Total energy o f  m ethanol m onom er.

4 .2 .2  P erform ance o f  the A b  I n i t i o  M O  SCF C alculations

4.2.3  F itting  o f  the C om puted Interaction E nergies to the Functional Form

A fter having 600 SCF energy points in the geom etries m en tioned  in section 
(4 .1 .1), 400 o f  them  w hich are low er than 20 kcal/m ol w ere fitted, using  a 
m ultid im ensional non-linear least-squares procedure, to the analytical function  o f  the 
form

6 32 A ii B..
AE (k c a l /m o l)  =  y , X  [ - ช7 + บ10i-1 j-1 rij *ü

+ q.Oj
r!i

(4.2)

w here Ajj and B ÿ are fitting param eters and rjj is the distance betw een the ith atom  
o f  m ethanol and the jth  atom  o f  cyclen. qj and qj are the net charges o f  the ith and jth  
atom s o f  m ethanol and cyclen, respectively, obtained from  the M ulliken  population 
analysis o f  the isolated m olecules in the SCF calculations. C onsidering the atom ic net 
charges, the  atom s o f  cyclen can be distinguished into five groups, i.e. N , c, H N, H c 
and H 'c  (see Fig. 4.1). HN are the hydrogen atom s b inding to the N  atom s, w hile H c  and 
H 'c  are the hydrogen atom s b inding to c atom s in and perpendicu lar to the m olecular 
plane, respectively . For the m ethanol m olecule, there are five groups o f  atom s, nam ely, 
C, O, H 0  , H  and H'. H 0 is the hydroxyl-hydrogen atom , w hile H  and H ' are the 
hydrogens belonging to c atom , w hose C-H  and C -H ’ bonds are in and out o f  the 
m olecu lar plane, defined by H q , o and c atoms.



T he analytical potential function obtained from  400 SCF data po in ts w as carefully  
tested in order to m ake sure that it is possible to represent in teractions o f  all m ethanol 
positions and orientations relative to the cyclen. T he resulting function w ith  the best fit 
fo r th is set o f  the initial data gave a standard deviation o f  G = ±  0.77 kcal/m ol. T hen 
50 m ore poin ts outside the initial data set w ere added ( N test ). W ith  the  first analytical 
potential, the energy for these additional 50 poin ts w as calculated, lead ing  to a tested 
standard  deviation  o f  a test =  ± 3 .9 5  kcal/m ol.

N ow , the 50 test points w ere included into the fitting procedure  and  a new  set o f 
param eters A  and B w ith a standard deviation o f  a  =  ±  0.72 kcal/m ol was obtained. 
A nother 50 poin ts w ere again tested and then included. This p rocedure  w as repeated  
until constancy o f  the fitting param eters was obtained w ithin a range o f  ±  5 %  [30] and 
the standard  deviation was satisfactory com pared w ith the accuracy o f  the ab initio  M O  
SCF calculations. A n additional criterion o f  convergence is the co incidence o f  Gtest and 
G values.
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4 .2 .4  T estin g  o f  the Q uality o f  the Function

4.3 R esults and D iscussion

B y m oving the initial location o f  the m ethanol m olecule show n in T able  4.4 along 
the z axis (see F ig .4.1), the m in im um  interaction energy betw een cyclen  and m ethanol 
is found at the O -origin distance o f  3.3 Â  as given in Table 4.5. Som e o f  the com puted 
energies w ith  d ifferent values o f  0 and (j) are shown in T able 4 .6 (a-c) and p lo tted  in 
Fig. 4.4.

T able 4.4  T he initial coordinates o f  m ethanol m olecule w here o  is p laced  at the 
origin  (center o f  cyclen m olecule, see Fig. 4.1), in Â.

atom X Y z
0 0.00000 0.00000 0.00000
c 1.32402 0.00000 0.53494
Ho 0.00000 0.00000 -0.96000
H 1.27573 0.00000 1.62787
H* 1.85531 -0.89325 0.19337
H' 1.85531 0.89325 0.19337



29
T he results o f  the test fo r 5 iterations, see section (4 .2 .4), are  show n in T able 4.7. 

T he CT o f  ±  0.77 (fo r 400 initial points o f  energy) and the a test o f  ±  3.95 (for 
additional 50 tested  points) in the first step indicate that the fitting  param eters obtained 
from  step 1 are insufficient to converge for o ther orientations. H ow ever, after som e 
iterations the fitting  param eters are adjusted (as can be seen from  the variation  o f  c  
and a test in  T able  4.7 for step 2, 3 and 4). U ntil step 5 the ob tained  fitting  param eters 
is in the range o f  ±  5 %  o f  the previous step and the standard deviation  is satisfactory 
com pared w ith  the accuracy o f  ab initio data. The final values o f  the fitting  param eters 
are sum m arized in T able 4.8.

C orrelation  betw een AEgçp and AEFIT for all 600 data po in ts is p lo tted  in Fig. 
4.5. It can be clearly  seen that they are in good agreem ent, especially  in the low  energy 
ranges.

T he standard  deviations fo r different ranges o f  in teraction  energies w ere 
calculated  separately  and listed  in Table 4.9 in order to illustrate  the quality  o f  the 
fitting. A n accuracy o f  the fit at the attractive ranges has been exhibited.
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T able  4.5 T he com puted energies from  ab initio  calculations (AESCp) and from

eq.(4.2) (AEppp), in kcal/m ol at the selected values o f  the  O -orig in  distances 
(À) along z-axis, starting from  the configuration given in T ab le  4.4.

distance AÊ P'P aeftt
2.5 11.7210 13.9880
3.0 -1.8114 -1.8132
3.1 -2.4009 -2.3960
3.2 -2.7007 -2.6864
3.3 -2.8045 -2.7847
3.4 -2.7799 -2.7597
3.5 -2.6749 -2.6581
4.0 -1.7992 -1.8061
5.0 -0.64584 -0.65005
6.0 -0.24935 -0.24244
8.0 -0.05501 -0.04721

T able  4 ,6  C om parison o f  the com puted energies (kcal/m ol) from  ab initio  calculation 
(AESCp) and from  eq.(4 .2) (AEppp) for (a) 8 = 45° and (j> =  4 5 ° ,  (b) 0 = 90° 
and <j) =  135°, (c) 9 = 135° and (|) = 135° by varying the O -origen  distances(Â ).

(a) 0 =  45° and <|> =  45°

distance AEsrF AEFTT
4.5 5.8717 6.0960
5.0 1.0829 0.94665
5.2 0.49558 0.41099
5.4 0.20576 0.14843
5.6 0.07104 0.02292
5.8 0.01335 -0.03352
6.0 -0.00815 -0.05533
6.2 -0.01389 -0.06015
6.4 -0.01349 -0.05705
6.6 -0.01112 -0.05067
8.0 -0.00021 -0.01199
10.0 0.00194 0.00056
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(b) 6 =  90° and <j) =  135°

distance AEçpp AEpjy
4.8 9.4465 10.5290
5.0 5.0108 4.6173
5.2 2.6200 2.0717
5.4 1.3556 0.92328
5.6 0.70054 0.38803
5.8 0.36847 0.13470
6.0 0.20362 0.01577
6.2 0.12296 -0.03754
6.4 0.08345 -0.05853
6.6 0.06337 -0.06370
6.8 0.05217 -0.06142
8.0 0.02493 -0.02678
10.0 0.00850 -0.00558

(c) 0 =  135° and <t>= 135°

distance AEçpp AEppp
5.8 8.0270 6.6325
6.0 4.0780 2.9789
6.2 2.0059 1.4079
6.4 0.94728 0.68065
6.6 0.42418 0.32698
6.8 0.17558 0.14927
7.0 0.06293 0.05832
8.0 -0.01076 -0.02860
10.0 -0.004090 -0.01180
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Figure 4 .4  T he stabilization energies obtained from  ab initio calcu lations(A E SCF) and 
from  eq. (4 .2) (AEFIT) as a function o f the oxygen-origin  distances.

T able 4 ,7  C haracteristics o f  the optim ization process (detail see text).

step N a barest CTresr

1 400 0.77 50 3.95
2 450 0.72 50 3.09
3 500 0.93 50 0.55
4 550 0.90 50 0.91
5 600 0.95



T able  4,8 F inal optim ized param eters for in teracting atom  j o f  1 ,4,7,10-tetraaza-
cyclododecane w ith atom  i o f  m ethanol (interaction energies in kcal/m ol , 
r  in atom ic length unit (alu.)).______________________________________

atoms parameter
i j A

((alu.)7 kcal/mol)
B

( (alu.)l° kcal/mol)
c N 0.745674536922E-01 0.268672249138E+06

c 0.378564659524E-06 0.514963881866E+07
Hr 0.109963893573E-05 0.213758461079E-02
H'r 0.279313309247E-06 0.676371950063E+07
H* 0.732028608004E-07 0.558647082584E+07

0 N 0.101179419974E+07 0.207420245746E+09
c 0.777311335349E-06 0.102613452172E+09

Hr 0.98443 0974665E-06 0.22921741243 0E+07
H’r 0.280904980779E+05 0.273112399947E+06
H* 0.416947670775E+05 0.389371777864E+06

H ท N 0.752355792566E+05 0.151087626478E+06
c 0.154875437941E-06 0.144555312682E+08

Hr 0.651603808350E-02 0.281918220498E-04
H’r 0.489787863238E-08 0.743121332915E+05
H* 0.251455763739E-07 0.233515086886E+06

H N 0.252157006330E+05 0.835417612059E-04
c 0.116305578660E-06 0.155442051093E+08

Hr 0.817774165078E+04 0.418872034695E-05
H’r 0.159567673077E-06 0.369043477432E+05
Hn 0.485163980745E-07 0.354478000810E+06

H' N 0.35424971078 IE-06 0.188969114783E+07
c 0.396727424184E-06 0.190610306939E+08

Hr 0.49616363 8740E+04 0.192801245117E-04
H'r 0.717451247231E+03 0.205547656015E+04
Hm 0.199659975175E-07 0.125017244107E+06
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F igure 4.5 E nergy  data from  ab initio calculations (AESCp) versus those obtained from  
eq.(4 .2) (AEppp) w ith  optim ized param eters

Table 4 ,9  S tandard  deviations, a  , calculated from  eq.(4.2) fo r d ifferen t in teraction 
energy  ranges.

Energy
(kcal/mol)

< 0.0 < 5.0 < 10.0 Total

G 0.12 0.54 0.65 0.95



Table 4 .10 C om parison o f  the com puted energies (kcal/m ol) from  ab initio
calculations by including and not including the "BSSE" as a function 
o f  the oxygen-origin  distances.

distance ■̂ Êscf AEscf + BSSE

2.5 11.7210 17.3420
3.0 -1.8114 0.3476
3.1 -2.4009 -0.6609
3.2 -2.7007 -1.3088
3.3 -2.8045 -1.6990
3.4 -2.7799 -1.9078
3.5 -2.6749 -1.9913
3.6 -2.5233 -1.9904
3.7 -2.3472 -1.9339
4.0 -1.7992 -1.6114
5.0 -0.6458 -0.6347
6.0 -0.2493 -0.2931
8.0 -0.0550 -0.0550

F igure 4 .6  C om parison o f  the energies obtained from  ab initio  calcu lations by 
including (— ) and not including (— ) the "B SSE ” as a function o f  the oxygen-orig in  
distances.
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In th is w ork, a m inim al basis set w as used because the size o f  the system  under 
consideration obviously  do no t allow  the use o f  a m ore extended basis set (because o f 
unreasonable com putation  tim es that w ould have been required).

Investigation o f  the BSSE

W ith the definition described in section (2.2), the "Basis Set Superposition  Error" 
for cyclen-m ethanol has been investigated. T he trajectory  along z-axis, equivalent to 
T able 4.5, has been selected. The calculated results are sum m arized in T able 4.10 and 
plo tted  in Fig. 4.6.

It can be seen, as expected, that the influence o f  the sm all basis set, used in our 
SCF calculations, causes a "too low" stabilization energy o f  the  cyclen-m ethanol 
com plex. T he shift o f  the m in im um  o f  3.3 Â  to 3.5 Â  due to the B SSE  is, surely, not 
effect the sim ulation results since the curves near to local m in im a are ra ther broad, i.e., 
the energy difference is m uch low er than B oltzm an factor, fo r exam ple, at room  
tem perature.
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