
CHAPTER V

C Y C L E N -W A T E R -M E TH A N O L  SIM U LA TIO N S

5.1 C alculation  D etails

T he p resen t M C sim ulations w ere carried out using  the M etropolis procedure 
[19]. T he system  consists 1 cyclen m olecule in 18.45 m ole % solution o f  m ethanol (165 
w ater and 37 m ethanol m olecules). The sim ulations w ere perfo rm ed  using on 
experim ental density  at 298 K  1 atm  o f 0.96 g/cm 3 [31], leading to the  sidelength o f  the 
basic box  o f  19.60 Â. H a lf o f  the sidelength was chosen to be the rad ius o f  the spherical 
cut-off. T he  cyclen m olecule w as fixed at the center o f  the basic  box and initial 
configuration  o f  202 m olecules o f  the solvent w ere random ly  generated.

D ue to the slow  convergence o f  the total energy o f  the system  (cyclen-w ater- 
m ethanol in teractions) a large num ber o f  configurations was requ ired  to bring the 
system  to equilibrium  (Fig. 5.1). The sim ulation was carried out for 4.0 X 106 
configurations and all quantities w ere evaluated from  2.0 X 106 configurations after 
equilibration.

S ince the sim ulation system  consists o f  3 species, therefore, five pairs o f  
in term olecu lar potential functions are required. T he w ater-w ater [32], w ater-m ethanol 
[33], m ethanol-m ethanol [34], and cyclen-w ater [35] potential functions w ere taken 
from  literature, and detail inform ations w ere sum m arized in A ppendix.

T he  cyclen-m ethanol potential function has been new ly  developed using 
quantum  chem ical calculations, and described in the previous chapter.

T o  evaluate in detail the influence o f cyclen m olecule on the structure o f  w ater- 
m ethanol m ix ture, space around the cyclen m olecule was div ided into  three regions, 
nam ely, top, side and plane. T op corresponds to the conical vo lum es enclosed by 
ro ta ting  a 45° vectors, starting from  the m olecular center, around the +  and - z axes 
and side corresponds to the volum es betw een the tw o vectors. Inside this side region a 
cylinder o f  height ±1 A  in the z axis was defined as the plane reg ion  (see in Fig. 5.2a).

C onsequencely, for all radial distribution functions (R D Fs) betw een  atom s or 
groups o f  atom s o f  cyclen and atom s o f  w ater (or m ethanol) the no ta tion  gxy(r) w ill be 
used, w here X can be either the ligand atom s N, c, H N , H c , H 'c or M , T , ร, P ( M  =
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full cyclen m olecule, T  =  top, ร =  side and p  =  p lane ) and y can be either the 0  or H 
atom s o f  w ater or the O , c, H 0 or H  atom s o f  m ethanol.
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C o n fig u r a t io n s

F igure 5.1 C onvergence and fluctuation characteristics o f  the sim ulations. T he arrow  
m ark  |<-»| show s the range used  for the calculation o f  averaged quantities.

(a)

F igure 5.2 D efinition o f  (a) the top, side and plane regions ( y = 45° ), (b) the angle 0 
(for w ater orientation).
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5.2 R esults and D iscussion

T o evaluate the influence o f  cyclen m olecule on the structure o f  solvent, parallel 
sim ulation  w ithout cyclen m olecule also has been perform ed.

5.2.1 Solvent Structure

A tom -atom  pair correlation  functions o f  solvent m olecules, w ith  and w ithout the 
cyclen m olecule, w ere com pared in Fig. 5.3. The differences in the  position  o f  these 
peaks (w ith  and w ithout cyclen) are alm ost negligible, especially  for w ater-w ater 
functions, w hile  the height o f  each peak for solvents (w ithout cyclen) is slightly  higher. 
T he sm all deviations should be due to the fact that in the presence o f  the large cyclen 
m olecule  the structure o f  w ater and m ethanol m olecules in the v ic in ity  o f  the ligand  will 
be  sign ifican tly  altered, leading to a decrease o f  the num ber o f  w ater and m ethanol 
m olecules in an ideal solvent orientation.

T he  detailed effects o f  the solute on the structure o f  w ater and m ethanol 
m olecules w ill be discussed on the basis o f  the solute-solvent radial d istribution 
functions and the corresponding average coordination num bers, as w ell as their 
d istribu tion  K  , and the d istribution o f  the angle 0 (Fig. 5.2b) to evaluate the solvent 
orientation.

5.2 .2  Solvation Structure o f  Cyclen-W ater in Cyclen-W ater-M ethanol System

T he cyclen-w ater radial distribution functions (RD Fs) referring  to the center o f  
m ass o f  cyclen (nam ely top, side, and plane regions com pared to the  en tire  m olecules) 
have been  separately  calculated and plo tted  in Fig. 5.4. D istribu tion  o f  coordination  
num bers up to certain m inim a are given in Fig. 5.5, o f angle 0 as defined  in Fig. 5.2b, 
d isp layed  in Fig. 5.6.

T he entire R D Fs to the center o f  m ass o f  cyclen gMO(r) (Fig- 5 .4d) show s three 
b road  peaks. T he first one appears at 2 .7-3 .0  Â  with the correspond ing  in tegration  
num ber up to 3.4 Â  o f  ca. 1, and to 4.0 À  o f  ca. 2. An identical peak , bo th  in term s o f  
peak  position  and running in tegration  num bers, is found only in the top reg ion  (Fig. 
5.4a). T herefore, it is c lear that these tw o w ater m olecules are located  below  and above 
the ligand 's cavity. To understand an unsym m etric distribution  o f  the tw o w ater 
m olecules around sym m etric ligand, distribution o f  the w ater m olecu les around them , 
up to the first m inim um  o f  the goo(r) (3.6 Â ), has been calculated  and depicted  in Fig.
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5.7. T he d istribution  plotts show  clearly that the w ater m olecule (W l)  located  under the 
first gM0(r) peak  is less so lvated  by the high coordination num bers, and hence less 
stable, than the other ( พ 2, centered betw een 3.4 Â  and 4.0 Â) w hile  the average K  o f  
ca. 5.0 for both  w ater m olecules is the same. H ow ever, it is necessary  to fill up the free- 
space near to the cavity. T he unsym m etry  o f  these tw o w ater m olecules above and 
below  the cavity  could be a com prom ise for this contribution.

Distance (À)

Figure 5.3 A tom -atom  pair correlation functions ; (a) w ater-m ethanol, (b) w ater-w ater 
and (c) m ethanol-m ethanol obtained from  the sim ulations w ith and w ithou t cyclen 
m olecule (solid  lines and dash lines, respectively).



Distance (a)
Figure 5 .4  C alcu lated  a tom -oxygen  (— ) and atom -hydrogen  (— ) radial distribution
fun ction s and coordination num bers o f  w ater m o lecu les  for the top (a), sid e (b), p lane (c)
reg ion s o f  c y c len  as defined  in F ig. 5 .2a  and for the entire system  (d).
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In order to evaluate orientation  o f  these two w ater m olecules, detail evaluations 

w ere concentrated  on the gTO(r) (Fig. 5.4a). T he running coordination  num ber integrated  
up to the first m inim um  (rm =  2.55 Â) is ca. 1. The corresponding distribution  o f  
coordination  num ber (Fig. 5.5f) show s 88 %  o f  K H= 1 with the average K H o f  1.02. 
T he m axim um  o f  the distribution  o f  the angle 0 (defined in Fig. 5 .2b ) is ca. 50° (solid 
line in Fig. 5.6). T hese data and the equivalence betw een the O-FI bon d  length o f  w ater 
and the d ifference o f  the first m in im a o f  the gT0(r) and gTH(r) m ake the  conclusion quite 
convincing that the O -H  bond o f  พ  1 points tow ard the center o f  m ass o f  cyclen w ith O- 
H  nearly  located  in the z axis. For พ 2 located farther w ay, the broadness o f  the 
d istribution  p lo t (dash line in Fig. 5.6) w ith the m axim um  at ca. 48° - 50°, indicates that 
พ 2 has m ore flexible than พ  1 but still poin ting  the O-H bond to the cen ter o f  the cavity 
o f  cyclen.

4 e ร 14 18 19 2 4 e
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Figure 5.5 D istribution  o f  the oxygen atom s o f  w ater (K) around the cen ter o f  m ass o f  
cyclen for the follow ing regions; (a) entire (rm =  4.0 Â) K  = 1.94, (b) en tire  (rm = 5.4 Â) 
K  =  6.84, (c) p lane (r„  =  7.3 À) K  =  3.93, (d) top (rm = 5.85 A) K  =  6.0, (e) side 
(rm =  7.3 Â ) K  =  16.0, and (f) d istribution o f H atom  o f w ater for the top region 
(r™ = 2.55 À) K  = 1.02.
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A n g l e  ( 0 )

Figure 5.6 D istribution  o f  the angle 0 as defined in Fig. 5.2b for the top region only 
for the tw o w ater m olecules located  at the distance less than 3.4 Â  (— ) and betw een
3.4 À  to 4.0 Â  (— ) from  the m olecular center o f  cyclen.

T he second peak  o f  gM0(r) (Fig. 5.4d) show s the m axim um  at 4.9 Â  and the 
corresponding integration num ber o f  6-7 (rm = 5.4 Â). W hile the equivalen t one, gT0(r) 
(Fig. 5.4a) show s the m axim um  at 4.85 Â, the running in tegration  num ber o f  6.0 (rm = 
5.85 Â) and the average K q o f  6.0 (Fig. 5.5d). It was show n from  Fig. 5.4 also that 
these w ater m olecules do no t appear in the plane regions (Fig. 5.4c). All w ater 
m olecules in the p lane region are located farther than 5.6 À from  the center, i.e. the first 
peak  o f  gpo(r) occurs in the th ird  peak  o f gM0(r).

T he th ird  peak  o f  gM0(r) at 5.8 Â  and the last broad peak  (Fig. 5.4d) observed in 
the top, side and plane regions do not give m uch inform ations due to their com plication. 
H ow ever, it show s that the influence o f the cyclen m olecule has been  observed on the 
w ater structure up to 8-9 Â  from  the m olecular center.

A s a consequence o f  the w eak cyclen-w ater in teractions ( the optim al stabilization 
energy obtained from  the pa ir potential, E 0p is -5.5 kcal/m ol ) w hich is equivalent to the 
w ater-w ater (E 0p is -5.9 kcal/m ol), and the w ater-m ethanol (E 0p is -5 .7  kcal/m ol) ones, 
all peaks o f  gM0(r), gT0(r) and gso(r) are broad w hich indicate that the w ater m olecules 
are located  at quite varying distances from  the center o f cyclen.
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N ow  the N H  functional group w ill be considered. gN0(r), gNH(r), gllN0(r) and 

gHNH(r), together w ith  the corresponding coordination num bers, are g iven  in Fig. 5.8. 
T he distribution  o f  coordination  num bers is given in Fig. 5.9.

T he gNO(r) (Fig. 5.8a) does not show  a real first peak. It is a b road  shoulder from  
3.0 to 3.5 Â. T he running in tegration  num ber up to rm =  3.55 Â  is ca. 1, and the 
corresponding one for gNH(r) (Fig. 5.8a) up to 3.3 Â  is ca. 1.7. T he  N - 0  distance o f 
3 .15-3.25 Â  under sm all first shoulder o f  gNO(r) is found to be identical to that o f  the 
N -O l d istance (w here W1 is in the configuration given in Fig. 5.10). T his resu lt has 
suggested that an appearance o f  the first gN0(r) peak is the con tribu tion  from  W l. A  
further fact, w hich  can be seen from  these R D Fs is the occurrence o f  the gN11(r) before 
the gN0(r) as a contribution  w ith  the H I atom  o f  W l has pointed  tow ard  to the center o f  
cyclen. It is also reasonable to in terpret this finding as a contribu tion  w ith  a special 
orientation, w here the H2 atom  o f  W l has rotated around the z-axis to the region near to 
the N H  groups. Since the second w ater under the gN0(r) peak, investigated  from  its 
in tegration  num ber, is found betw een 3.5 Â  and 4.0 Â, therefore, it is unusual to report 
that th is w ater is coordinated  to the N H  group via  hydrogen bonding. B ecause at these 
distance, hydrogen  bonding is no longer valid. The notation พ 3-W 6 is given for th is set 
o f  w ater m olecules, one for each N H  group. C om prehensive investigation  on the 
orientation and coordination  o f  these w ater m olecules have been done in ref.35 and 
found that they are coordinated  to W l or พ 2 but not to N H  groups. O rientation  o f  W l 
or พ 2 about the z-axis causes also m ovem ent and reorien tation  o f  these w ater 
m olecules.

2 4  6 a 10
K

Figure 5.1  D istribution  o f  oxygen atom s o f w ater up to 3.6 Â  (the first m in im um  o f 
g00(r)) around the tw o oxygens located  at the distance less than 3.4 Â  (— ) and betw een 
3.4 Â  to 4.0 Â  (— ) from  the m olecular center o f  cyclen.
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F igure 5.8 C alculated atom -oxygen (— ) and atom -hydrogen (— ) radial distribution 
functions and running in tegration  num bers o f  w ater m olecules for (a) N  and (b) H N 
atom s o f  cyclen.

P(n)

K
Figure 5.9 D istribution  o f  the coordination num bers o f  o  atom s o f  w ater around; 
(a) N  (rm =  3.55 Â, K  =  1.04), and (b) H N (rm =  3.1 Â, K  =  1.3) atom s o f  cyclen.
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T aking  into account the w hole data w e can now  suggest the  position  and 

orientation  o f  the six w ater m olecules in w hat could be considered as a first hydration  
shell o f  the cyclen, by  p lacing  the atom s as indicated in Fig. 5.10. B ecause o f  the 
sym m etry  o f  the cyclen w e w ill consider only the three w ater m olecules in one h a lf  o f  
the first hydration  shell. T he first shell coordination num ber o f  พ !  is ca. 5 and tw o o f 
them  are พ 3 and พ 4 (see Fig. 5.10). H ydrogen bonding betw een th ree  o f  them  O S  also 
m onitored  in Fig. 5.10. A lternation  o f  the coordination sites, caused by  the ro tation  o f 
W l,  is also possible.

z

Figure 5.10 Solvation m odel for w ater m olecules in the first hydration  shell o f  cyclen.

W e now  consider the C H 2 functional groups o f  cyclen, for w hich  the R D F data 
are given in Fig. 5.11 and the d istribution o f  coordination num bers in Fig. 5.12. The six 
R D F peaks are quite well p ronounce but extended to 4.0 Â  for H c and H 'c and to
5.4 Â for c  atom s. A t these distances, the R D Fs will be m ixed w ith  that o f  o ther atom s. 
T herefore, these functions give little orientational inform ation. H ow ever, the existence 
o f  a peak  structure proves that the cyclen m olecule still influences the  w ater structure 
slightly  at larger distances from  the hydrophobic groups.
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Figure 5.11 C alcu lated  a tom -oxygen  (— ) and atom -hydrogen  ( — ) radial distribution
functions and running integration num bers o f  w ater m o lecu les  for (a) c  , (b) H c and
(c) H'c atom s o f  cyclen .
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F igure 5.12 D istribution  o f  the coordination num bers o f 0  atom s o f  w ater around ; 
( a )C  (rm =  5.4 À , K  =  10.7), (b) H c (rm =  4.2 À , K  =  4.3), and (d) H c (rm =  3 .8 À , 
K  = 2.7) atom  o f  cyclen.

5.2.2 Solvation Structure o f  Cyclen-M ethanol in Cyclen-W ater-M ethanol System

T he consideration will be the sam e feature as in the case o f  the  w ater m olecules. 
T he distribution  referring  to the center o f  m ass o f  cyclen is given in Fig. 5.13. The 
d istribution  o f  coordination num bers is given in Fig. 5.14.

T he gM0(r) (Fig. 5.13d) show s the three broad peaks far from  the center o f  cyclen. 
T he first one varying from  5.0 Â  to 6.9 Â  displays the running in tegration  num ber o f 
ca. 1. The m etham ol m olecules lying in this area contribute alm ost to the first peak o f 
gT0(r) (Fig. 5.13a) bu t not for the o ther regions.

T o  ascertain m ore detail o f  certain coordination o f  this m ethanol m olecule, 
investigation has been done by  searching through the " history f i le  " (ou tput file w hich 
collects coordinate o f  all atom s for tw o m illion configurations). It is found that this 
m ethanol m olecule is the first solvation shell o f  พ 2, b inding together as the hydrogen
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bonding  in the configuration  show n in Fig. 5.15. T he w ell p ronounce o f  the first peak  o f  
gT0(r) and gM0(r) (Fig. 5 .13a and 5.13d, respectively) can be understood  from  this fact. 
T his finding is clearly  consistence w ith the pronounce peaks o f  the gN0(r) and gtbJO(r) 
(Fig. 5 .16a and 5.16b) w ith  the integration num bers, fo r both  cases, o f  ca. 0.3. This 
sm all num ber is the consequence o f  the rotation o f  the w ater-m ethanol d im er about the 
z-axis. In  addition , such behavior is not observed for พ !  (see Fig. 5 .10) due to the lack 
o f  free space around it, since it is very close (2.7 Â) to the cyclen 's cavity.

U p to 8 Â  from  the center o f  cyclen, it is the area o f  the second peak  o f  the gM0(r) 
(Fig. 5 .13d). M ethanol m olecules located in th is area contribu te to all RD Fs. The 
in tegration  num bers o f  4 .6  up to 8.05 À  o f  the gM0(r) correspond to  the contribution 
from  2.9, 1.5 and 0.2 for the top, side and plane regions, respectively . A t this distance, 
as w ell as those for the th ird  peaks, the solvation shell consists o f  both  w ater and 
m ethanol m olecules. It is quite com plicate to analyse detail structure in this region.

C onsider the R D Fs centering to the N H  functional groups, the first sm all and 
pronounce peaks o f  gN0(r) and gIlN0(r) (Fig. 5 .16a and 5.16b, respectively) are clearly  
contribu ted  from  the equivalent set o f  m ethanol m olecule w hich have been  discussed 
and m onito red  in Fig. 5.15. N o m ore inform ation can be extracted  from  these functions 
and those fo r c  and H  atom s o f  m ethanol given in Fig. 5.17, and those centered  to CH 2  

functional groups o f  cyclen given in Fig. 5.18 and 5.19 because o f  the ir com plexity. 
H ow ever, the  existence o f  a peak structure proves that cyclen m olecu le  still influences 
the m ethanol structure slightly  at larger distances from  the hydrophobic  groups.

Som e com m ents could be m ade concerning the observed structure, w hich is 
considered  as the solvation shells o f  cyclen. C onsequencely, the R D F s for solvents show  
an ideal bu lk  characters, except those o f  m ethanol-m ethanol. O nly  about 6 w ater 
m olecules is really  influenced by  cyclen m olecules, the rem ain ing  solvents are arranged 
in the w ay to form  hydrogen bond netw ork w ith the central w ater m olecules.
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F igure 5 .1 3  C alcu lated  a to m -0  (— ) and atom -H 0 (— ) radial d istribution fu n ction s and
coordination  num bers o f  m ethanol m o lecu les  for the top (a), side (b ), p lane (c) reg ion s
o f  cyclen  (se e  F ig . 5 .2a) and for the entire system  (d).
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Figure 5.14 D istribution  o f  the coordination num bers around the cen ter o f  m ass o f  
cyclen fo r the follow ing regions; (a) entire (rm=6.85 Â) K  =  1.3, (b) entire  (rm=8.05 À) 
K  =  4 .6 , and (c) top (rm=6.9  Â) K  = 1.2.

F igure  5.15 T he proposed binding o f m ethanol m olecule, centered  in the second shell 
o f  cyclen, to พ 2 (see Fig. 5.10).
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F igure 5.16 C alculated a to m -0  (— ) and atom -H 0  (— ) radial d istribu tion  functions and 
running  integration num bers o f  m ethanol m olecules for (a) N , and (b) H N atom s o f 
cyclen.
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D istance (À)

F igure 5.17 C alculated atom -C  (— ) and atom -H  (— ) radial d istribu tion  functions and 
running in tegration  num bers o f  m ethanol m olecules for (a) N , and (b) H N atom s o f 
cyclen.
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Figure 5 .1 8  C alculated a to m -0  (— ) and atom -H 0 (— ) radial d istribution fun ction s and
running integration num bers o f  m ethanol m o lecu les for (a) c , (b) H c and (c) H'c atom s
o f  cyclen .
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F igure 5 .1 9  C alculated atom -C  (— ) and atom -H  (— ) radial distribution fun ction s and
running integration  num bers o f  m ethanol m o lecu les  for (a) c ,  (b) H c and (c) H'c atom s
o f  cyclen .
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