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A convenient protocol to analyze complicated network structures arising due to noncovalent interac- 
tions in the solid state is demonstrated using the remarkably complex and extensively H-bonded crys- 
tal structure of the 1:3 cocrystal of cis,cis-l.3,5-cyclohexanetricarboxylic acid and urea. The 
visualization of the H-bond network in t e r n  of macrocyclic formations and their systematic enumer- 
ation allows a simple analysis of the complex intermolecular interaction pathways which play a fun- 
damental role in molecular materials design. 

Keywords: Supramolecular assemblies; Cocrystal; H-bonding; Graph sets 

INTRODUCTION 

Hydrogen bonding is one of the most pervasive of all intermolecular interactions 
that steer the solid state assembly of molecular materials. Such interactions lead 
to the formation of a wide variety of packing patterns.' The specific connectivi- 
ties and orientations of molecules resulting from the H-bond interactions are 
known to control material properties such as cooperative magnetism2 and nonlin- 
ear optical  effect^.^ The connectivity pattern of supramolecular assemblies 
resulting from noncovalent interactions such as H-bonding is often the key to the 
understanding of their physicochemical properties. The visualization and analy- 
sis of H-bond networks in crystals is an integral part of structure-property corre- 
lations in the solid state and the insight gained from such explorations forms a 
significant input for advanced materials design. Graph theoretical and related 
methods are used to systematize the study of H-bond networks in solids: graph 
set analysis' is widely used to classify H-bonded structural motifs and derive 
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I68 P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

empirical principles of molecular packing. Graph approach has also been used to 
analyze the energetics of H-bonded molecular clusters.5 Though the delineation 
of H-bond networks is generally a straightforward exercise and is often camed 
out by visual inspection, it can get complicated when the number of different 
types of H-bonds in the asymmetric unit of the crystal is large and the symmetry 
of the connectivity is low. The power of graph concepts has not been exploited to 
develop a formal approach to this problem. We demonstrate in this paper. a sys- 
tematic protocol to enumerate and visualize complex structural motifs in 
supramolecular architectures. using as an example, the highly unsymmetric and 
extensively H-bonded network structure of the cocrystal formed from two simple 
molecules. urea and cis,cis- 1,3,5-cyclohexanctricarboxyIic acid (CHTCA). 

Crystal structure of urea is a classic case of an extensively H-bonded network 
generated from a simple structural unit. Each urea molecule is involved in eight 
H-bonds. accommodation of which leads to a noncentrosymnietric crystal struc- 
ture.' CHTCA \vith its nonplanar structure and H-bonding arms appeared to be a 
suitable partner to create complex networks with urea. Interestingly, a search of 
the Cambridge Crystallographic Database7 revealed only two crystal structures 
involving CHTCA;' one hit was obtained for its trimethyl ester' and nine for the 
1.3.5-trimethyl derivative, the Kemp's acid. We have found that CHTCA forms a 
I :3 cocrystal with urea. Single crystal x-ray analysis reveals an interesting chan- 
nel structure arising out of a complex network architecture which can be visual- 
ized as a collection of supramolecular macrocyclic formations. It is found to be 
ideally suited to illustrate the utility of a systematic procedure we have devel- 
oped for the enumeration and perception of cyclic structural motifs in supramo- 
lecular asseniblitx 

EX P E R I ME NTAL 

CHTCA and urea were nuxed in 1:3 ratio in water. Crystals with the morphology 
of square plates grew over a period of several days. Infra red spectrum of the 
crystals showed the presence of urea and CHTCA suggesting the formation of a 
cocrystal. The x-ray diffraction data was collected on an Enraf-Nonius MACH.? 
diffractometer. Data was reduced using Xta13.4: lo Lorentz and polarization cor- 
rections were included. Non-hydrogen atoms were found using the direct method 
analysis in SHELX-97" and after several cycles of refinement the positions of 
the hydrogen atoms were calculated and added to the refinement process. Details 
of data collection. solution and refinement, anisotropic theimal parameters and 
ful l  lists of bond lengths and angles are deposited as Supplenientary Information. 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 169 

FIGURE 1 (a) Molecular structure of CHTCA-urea from single crystal x-ray analysis. 10% thermal 
ellipsoids of non hydrogen atoms alone are shown. (b) H-bonds involving the CHTCA molecule in 
CHTCA-Urea. H-bonds are shown as broken lines: all H atoms except those on the carboxylic acid 
groups me onlined for clarity; N atoms are shown as filled circles 
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I70 P. GANGOPADHYAY and T.P. RAUHAKRISHNAN 

TABLE I Crystallographic data for CHTCA-Urea 

Empmcal formula Cl,H,,N,O, 
Cr j  Ttal syqtem Monoclinic 

Space group P2,,n 

‘ \ (A,  12 232( 101 

b 12 2555(101 

c ( A ,  13 OSO(9, 

B (”)  107 05 (81 

v IK’, IS75i2) 

L 

1) (gm crn-j) 

p Icm-‘) 

Number of unique reflections 

Number of reflections with I 2 2rr1 

Number of parameters 

Goodneas-of-fit 

R (for data with I :> 2 0 ~ )  

wR’ (foi- data with I 2 201) 

4 

1 404 

I 2 0  

4291 

X h t .  

244 

I 060 

0 045i  

0 101: 

COMPUTATIONAL 

A graph is a finite nonempty set, V of vertices together with a prescribed set. E of 
pairs of vertices or edges.12 A simple path of length N in a graph is a sequence of 
N edges and N+I vertices, each vertex (except the first and the last) being inci- 
dent with the preceding and with the succeeding edge. no vertex or edge occur- 
ring more than once. A ring or a cycle is a closed path where the initial and 
terminal vertices coincide. Fundamental cycles of a graph having ”n” vertices 
and “m” edges is a set. not necessarily unique, of “n-m+l” (cyclomatic or Frere- 
jacque number’ ’) cycles. combinations of which generate all possible cycles in  
the graph. A number of algorithms are available in the literature to enunierate the 
fundamental cycles in a graph.I3 

A directed graph is one in which a direction or orientation is associated with 
each edge in the graph. The H-bonded cluster of molecules is conveniently 
described using a directed graph with molecules represented by the vcrticcs and 
the H-bonds by the edges.s The orientation of the edges represent the direction of 
H-bond donation. Two-way H-bonds formed with each molecule in the pair act- 
ing as a H-bond donor as well as an acceptor. are represented by loops. Double 
H-bonds with one molecule making two H-bond donations to the other are repre- 
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1:: P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

nificant bond lengths and angles are collected in Table 11. Fifteen inequivalent 
H-bonds are observed in this crystal ! The geometric details are provided in 
Table 111: the I3.s.A distances lie in the range 2.508 - 3 . 3 6  A and the D-H...A 
angles i n  the range 134 - 176". The CHTCA molecule donates three H-bonds 
and accepts nine (Fig. l b )  and three H-bonds occur between urea molecules. We 
denote CHTCA and the inequivalent urea by C and P, Q. R respectively. The 
symmetry operations generating the relevant molecules are represented by 
numeric labels: these operations are listed in Table I\'. The H-bond network in 
CHTCA-urea leads to the interesting and complex channel structure shown in 
Fig. 2. 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 173 

(b) 
Bond-bond Arzgle ( 9 

C(7)-C( 1)-C(2) 1 13.94( 17) 

C(7)-C( 1)-C(6) 109.68(15) 

C(2)-C( 1)-C(6) 11 1.85(15) 

C( l)-C(2)-C(3) 110.99( 16) 

C(S)-C(3)-C(4) 

C(8)-C(3 )-C(2) 

C(4)-C(3)-C(2) 

C(3)-C(4)-C(5) 

C( 9)-C(5)-C(6) 

C(9)-C(5)-C(4) 

C(6)-C(S)-C(4) 

C( 1)-C(6)-C(5) 

O( IO)-C(7)-0( 13) 

O( IO)-C(7)-C( 1 ) 

O( 13)-C(7)-C(l) 

O( I1 )-C(8)-0( 14) 

O( 1 1)-C(8)-C(3) 

O( 14)-C(S)-C(3) 
O( 12)-C(9)-0( 15) 

O( 12)-C(9)-C(5) 

O( 15)-C(9)-C(5) 

1 10.10( 15) 

113.39( 16) 

112.15(15) 

111.61(15) 

110.19( 15) 

113.03(16) 

112.53( 16) 

1 I 1.94( I5 ) 
121.80( 18) 

123.00( 19) 

1 15.19( 16) 

122.90( 17) 

122.08( 17) 

1 I5.02( 16) 

12 1.05( 19) 

123.77( 18) 

115.18(16) 
O( 19)-C( 16)-N(22) 119.49( 19) 

O( 19)-C( 16)-N(23) 12 1.1 1 ( 19) 

N(22)-C( 16)-N(23) 119.39( 19) 

0(20)-C( 17 )-N(24) 120.5(2) 

0(20)-C( 17 )-N(25) 121.9(2) 

N(24)-C( 17)-N(25) 117.6(2) 
O( 21 )-C( I8)-N(27) 

O(21)-C( 18)-N(26) 120.5(2) 

N(27)-C( 18)-N(26) 118.19(19) 

121.32( 18) 

The extensive H-bonding in CHTCA-urea makes the visualization of the 
3-dimensional network structure very difficult. We have chosen to analyze the 
pattern as follows. First we consider the asymmetric unit consisting of C1, P1, 
Q1 and R1. The molecules to which this unit donates H-bonds (C6, C7, C8, C9, 
CIO, C11, P4, Q3, Q.5, R2 and R4) are determined from the crystal packing infor- 
mation and added as the first shell. In a similar way, a second shell of H-bond 
acceptors are added leading to a cluster of 42 molecules. The directed graph rep- 
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174 P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

1;ICiUKE 3 The directed graph reprcsmtation of the CHTCA-urea H-bond network. Thc letter< C.  P. 
Q and K rcpresent CHTCA and the three urea nlolecules and the numenc labels denote the relevant 
ynnietry operation listed in Table IV. The m o w s  signify the H-bonds. emanating frurn thr H-borrd 
donor and ending at the acceptor 

resentation of this complex H-bonded cluster is shown in Fig. 3. There are 66 
H-bond interactions present - 19 are two-way bonds represented by loops and 6 
are double H-bonds represented by the double edges. The graph reveals the pres- 
ence of a large number of wpimmlecular macrocyclic fornzaticrris enumeration 
of' which is accomplished using the graph theoretical algorithms discussed above. 
We have carried out this analysis in two v~ays. 
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VISUALIZING SUPRAMOLECLJLAR MACROCYCLIC FORMATIONS 175 

TABLE I11 The H-bonds involving the asynunetric unit of CHTCA-urea cocrystal. D and A represent 
the H-bond donor and acceptor atoms. dH,,,A the H...A distance and On-~..,n the D-H ... A angle. See 
Fig. l a  for the atom labels 

~~~~ ~ ~ 

D-H dH...A (A) b 3 f  ... A f A S y t m e t n  operotion 017 A 

013-HI3 I .708 164.56 0 1 9  [x. y. zl 

014-HI4 I .759 167.88 0 2  I [-x+5/2, y-1/2. -z+l/Z] 

015-Hl5 1.735 171.95 020 [-x+3. -y+l. -z+l] 

N22-H22A 2.076 160.46 0 2  1 [-x+2. -y. -z+l] 

N23-H23A 2.222 153.28 0 1 0  [x. y. XI 

N23-H23B 2.443 157.92 015 [x-l/2. -y+1/2.2+1/2] 

N24-H24A 2.295 157.91 0 1 1  [x. 5'. 21 

N24H24B 2.162 165.2 I 0 1 3  [-x+3, -y. -z+l] 

N25-H25A 2.175 176.08 011 [X+1/2, -y+1/2. z+1/2] 

N25-H25B 2.378 134.02 010 [x+ 1. y. 21 

N26-H26A 2.230 159.98 0 1 9  [-x+2. -y. -2+1] 

N26-H26B 2.312 145.26 0 1 2  [-x+2. -y+l. -z+l] 

N27-H27B 2.112 153.92 0 1 2  [-x+2. -y+l. -z+1] 

N22-H22B 2.071 157.09 020 [ - ~ + 5 / 2 ,  y-1/2. -~+3/2] 

N27-H27A 2.137 159.99 0 1  1 [-x+5/2. y+1/2, -z+l/Z] 

First we considered the undirected version of the graph in Fig. 3 and counted 
one set of fundamental cycles. Since the undirected version is much less compli- 
cated than the directed one, this enumeration is easily carried out by inspection. 
The physical implication of the set of fundamental cycles in the present case is 
that it represents the collection of basic H-bonded macrocyclic formations in the 
cluster. The number of cycles of various sizes in the set is presented in Table V. 
Next we enumerated the directed cycles in the cluster which represent ring struc- 
tures with H-bonds directed in the same sense. The addition of shells of H-bond 
acceptors in the generation of the cluster in Fig. 3 facilitates this count. A close 
examination of the directed graph shows that there are several vertices which 
cannot participate in a directed cycle; they are C5, C12. C20, C22, C24, P6, P7, 
P8, PI 1, R14 and R16. Removal of these vertices exposes some more such verti- 
ces and successive prunings lead to the removal of C7, P23, Ql2, Q13, Q18, R2 
and R8. The final pruned graph has 24 vertices, 10 loops and 29 simple edges 
with multiple edges being treated as simple edges. Each orientation of every loop 
was considered explicitly and the directed graphs arising from the 2" permuta- 
tions of the loop edges were generated and their directed cycles enumerated. The 
graph with maximum cycle formation was determined by estimating the 
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* /  Y P 

FIGURE 4 (a) An undirected fundamental H-bonded 8-cycle and (bt a duected H-bonded 13-cycle 
(showing only one H-hond where multiple ones exist) in the CHTCA-urea crystal. H-bonds are 
shown as broken lines; all H atoms except those on the carhoxylic acid groups are omitted for clarity: 
N atoms are shown a\ filled circles 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS I77 

weighted (by the cycle size) sum of cycles in each graph. The weighted cycle 
sum is found to be a convenient measure of the complexity of such networks. 
The number of directed cycles in the graph with the maximum cycle formation is 
listed in Table V. 

TABLE IV List of symmetry operations used in generating two shells of H-bonded molecules around 
the asymmemc unit (the prime represents the inverse of an operation) 

Number- Syninetn operation 

1 

2 E  11‘ 

3 

4 

5 

6 

7 = 7’ 

8 

9 

10- 10’ 

1 1  

12 

13 

14 

15 

16 

1 7 ~ 9 ’  

18 

1 9 ~ 8 ’  

20 

21 

22 

23 

24 = 6’ 

[x. y. 21 
[-x+5/2, y-112, -z+1/2] 

1-~+3. -y+~, - z + ~ ~  

[-x+2. -y, -2+1] 

[-x+5/2, y-lI2. -z+3/2] 

[x-1/2. -y+1/2, 2+1/2] 

[-x+3. -y, -2+1] 

[x+l/2. -y+l/?. z+1/2] 

[x+l. y, 21 

[-x+2, -y+l.-z+l] 

[-x+5/2, y+1/2. -z+1/2] 

[x. y- 1 1  21 

[-x+7/2, y- 1/2. -z+3/2] 

[-x+7/2. y-112. -2+1/2] 

[-x+4, -y+l, -z+ll 

[x-1. y, 21 

[x-1/2. -y+3/2.2-1/2] 

[x-1/2. -y+1/2.2-1/2] 

[x,y+l. 23 

[x-1/2.-3’-1/2. z+1/2] 

[-~+3/2, y- 112. -~+312] 

[x+1/2. -y-1/2. 2-1/21 

[x+1/2. -y+1/2,2-1/2] 

[~-1/2,  -y+3l2, 2+1/2] 

This analysis allows further, the selection and visualization of cycles in the 
H-bond network. Our computer program provides a listing of the vertices that 
constitute the directed cycles. These are used to locate the molecules in the crys- 
tal that form the macrocyclic structures. Selected macrocyclic motifs extracted 
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I78 P. GANGOPADHYAY and T.P. KADHAKKISHNAN 

from the CHTCA-urea structure are shown in Fig. 4. Fig. 4a shows an 8-cycle. 
one of the fundamental cycles in the cluster. The graph set notation134 for this 
cycle is R:y(43). Being one of the fundamental cycles there are no cross con- 
nections betwecn the molecules forniing this cycle. One of the largest directed 
macrocycles in the cluster ( ~ i i ( 5 8 ) )  is shown in Fig. 4b. These cyclic struc- 
tures amply illustrate the complexity of the lattice structure in CHTCA-urea. Just 
ax ring perception algorithms based on graph theoretical principles are useful in 
computer-aided organic synthetic schemes,13" the methodology presented in this 
paper for the visualization of supramolecular fragments in extended lattices 
should prove useful in the d e s i p  and construction of niolecular crystal architec- 
lures. 13 

TABLE V One sct of undirected fundamental cycles and directed cycles of different size\ 111 the 
H-hond cluster graph in  Fie. 7 

C\dC % I : ( '  ,\;olio. of uiuliwcrcd fi111dmi7~~11i1l 
c?cic.s" 

VO. of d i l r m d  ('I cle.? 

10  0 i 

I I  0 7 

I: 0 

I 2 0 1 

3 .  

h 
The total nuriibei- is equal to the cyclonintic number. 
The weighted c l c l r  s u m  (see text for definition) i.: -305. 

CONCLUSION 

The CHTCA-urea complex provides an interesting case study of a complex 
H-bond network leading to potentially useful channel stmctures. The highly 
unsy~nnietric architecture allowed us to demonstrate the protocol we have devel- 
oped for a systematic visualization of coniplex networks. The methodology 
developed here should prove to be of general utility i n  analyzing interniolecular 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 179 

interaction pathways which have strong implications in materials chemistry and 
biology. 
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S U P P L E M E NTA RY I N FORM AT1 0 N AVAl LAB LE 

Listing of crystallographic data, computational details ( ??? pages). 

X-ray structure determination 

X-ray diffraction data were collected on an Enraf-Nonius MACH3 diffractome- 
ter. MoK, radiation with a graphite crystal nionochromator in the incident beam 
was used. Data was reduced using Xta13.4 (Eds., Hall. S.K; King, G.S.D.: Stew- 
art. J.M. Xtal 3 4. University of Western Australia. 1995 ): Lorentz and polariza- 
tion corrections were included. All non-hydrogen atoms were found using the 
direct method analysis in SHELX-97 (Sheldrick, G.M. SHELX-97; University of' 
Gottingen, 1997) and after several cycles of refinement the positions of the 
hydrogen atoms were calculated and added to the refinement process. The 
detailed data arc provided in Tables I-VI below. 

Molecular structure of the 1:3 CHTCA-Urea cocrystal 
from single crystal x-ray analysis 

10% thermal ellipsoids are shown 

320 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 181 

TABLE I Crystal data and structure refinement for CHTCA-Urea 

Compound nnrne cis.cis-1.3,i-cyclohex~ne- tricnrbo~ylic m i d  -urea (I:3) 

Empirical formula 1 2H24N609 

Fonnula weight 396.37 

Temperature (K) 293(2) K 

Wavelength (A) 0.71073 

Crystal system Monoclinic 

Space group P 2 , h  

a iA) 12.232( 10) 

b (A) 12.2555( 10) 

c (A) 13.080(9) 

u (9 90 

p ("1 107.05(8) 

y 1.") 90 

v 4 3 )  18732)  

z 4 

p (gm cm-'1 1.404 

11 (cm-') 1.20 

F(000) 840 

Crystal size 

Number of unique reflections 

Number of reflections with I > 20, 

0.64 x 0.40 x 0.36 nun 

429 1 

2666 

Number of parameters 

Goodness-of-fit 

R (for data with I > 20,) 

wR' (for data with I > 20,) 

R (for all data) 

WR' (for all data) 

244 

1.060 

0.0455 

0.1017 

0.0825 

0.1251 

TABLE LI Atomic coordinates (x l d )  and equivalent isotropic displacement parameters (A' x 10') 
for CHTCA-Urea. U, is defined as one third of the trace of the orthogonalized Uij tensor 
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\ v 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 2
3:

30
 1

5 
A

ug
us

t 2
01

2 



VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 183 

N(22)-C( 16) 1.324(3) 

N(23)-C( 16) 1.33 l(3) 

N( 24)-C( 17) 

N(25)-C( 17) 

1.323(3) 

1.323(3) 

N(26)-C( 18) 1.327(3) 

N(27)-C( 18) 1.320(3) 

1.509(3) 

1.522(3) 

1.522(3) 

1.5 12(3) 

1.522(3) 

1.529(3) 

C(S)-C(9) 1.503(3) 

C(S)-Ci6) 1.526(3) 

Bond-bond Aizgle 

C(7)-C( I)-C(2) 11 3.94( 17) 

C(7)-C( 1 )-C(6) 109.68( 15) 

C(2)-C( 1 )-C(6) 11 1.85(15) 

C( 1)-c(2)-c(3) 

C(8)-C(3)-C(4) 

C(8)-C(3)-C(2) 

I 10.99( 16) 

110.1Oi 15) 

113.39( 16) 

C(4)-C(3)-C(2) 112.15(15) 

C(3)-C(4)-C( 5 )  11 1.61( 15) 

C(9)-C(5 )-C(6) 

C(9)-C(5)-C(4) 

C(6)-C(5)-C(4) 

C( I )-C(6)-C(5 ) 

O( 10)-C(7)-0( 13) 

110.19( 15) 

113.03(16) 

11?.S3( 16) 

11 1.94( 15) 

12 1 .SO( 18) 

O(lO)-C(7)-C( 1 )  123.00(19) 

0(13)-C(7)-C( 1) 

O( I1 )-C(X)-O( 14) 

O( ll)-C(S)-C(3) 

O( lJ)-C(S)-C(3) 

O( 12)-C(9)-0(15) 

Oi 12)-C(9)-C(5) 

O( 15)-C(9)-C(5) 

11 S.19( 16) 

122.90( 17) 

122.08( 17) 

115.02( 16) 

121.05( 19) 

123.77( 18) 

11S.18( 16) 
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TAB1.E IV Anisotropic displacement paranicters (A' % 10') for CHTCA-Urea. Thc misnrmpic 
displacement factor exponent takes the form: -2rr'[h' a*? U , ,  + .. + 3 11 h a* b' U,?] 

lT , i  P2: I T ; ;  1 i_. ; ", i 1 ',? 
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u33 u13 

11399 

144458 

13121 

10387 

9733 

10293 

9677 

16009 

17128 

18469 

18581 

8417 

8164 

9510 

8815 

10837 

12262 

13152 

12080 

13140 

13748 

11404 

12395 

11 103 

-355 

-268 

5541 

-2410 

-1600 

559 

191 

1923 

1349 

2661 

1785 

2885 

3747 

5758 

5455 

1408 

129 

843 

1468 

3055 

2736 

3244 

2669 

2960 

6413 

3300 

4257 

8428 

8866 

7603 

8369 

3825 

4057 

6229 

5477 

2989 

3689 

2938 

3659 

4154 

4255 

SO98 

2957 

3227 

442 1 

3565 

5729 

5202 

95 

95 

101 

68 

68 

83 

83 

79 

79 

79 

79 

92 

92 

89 

89 

49 

51 

51 

47 

50 

50 

SO 

51 

51 
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I86 P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

TABLE VI The H-bonds in and around the asynmietric unit of CHTCA-urea cocrystal. D and A 
represent the H-bond donor and acceptor atoms. d, ,A  the H.. .A distance and 8L~.,I..,,A the D-H . . .  A 

angle 
- 

D-H ~ H . . . A  dl ~ D ~ H  ... A "J A . S ~ I J I I J W ~ ~  opcrtrtion O J I  A 

0 1  3-HI 3 I .708 364.56 0 1 9  [x. y, r ]  

014-HI4 1.759 167.88 0 2  I L-x+5/2. y-ii2. -2+1/?] 

0 1  5-H 15 1.735 171.95 0 2 0  [-x+3. -?+I. -z+l ]  

N21-H22A 2.076 160.46 0 2  I [-x+'. -1. -z+l l  

N 23-H23A 2.22: 153.28 010 [ Y .  1. * I  
N23-H2iB 2.443 157.92 0 1 5  Is-  I/?. -!.+I/? r+1/2! 

N14-H24A 2.295 157.91 01 1 [ \ .  !. 21 

NZC-li24B 2. I62 165.11 0 I .? ( - T f l .  -y. -z+ I ]  

N15-H?5A 1. I75 176.08 0 1  I 1\+li2. -y+1/2.2+112~: 

N25-H25B 1.378 134.02 0 I0 [ x + l .  ). 71 

N26-H26.4 2.230 159.98 019  [-u+7. -!. + + I ]  

N16-112hB 2 - 3 1 ?  14.526 0 1 2  [-x+2. -y+ 1. -z+ I1 
N27-H??A 2.137 1 59.99 0 1  I [-x+5/2. 4'+l12. -7+I/?] 

N27-H17H 7.112 153.92 0 1 2  [-x+2. -y+ 1. -2+ 1 I 

N22-H22R 2.07 1 157.09 01-0 j~x+5/2. 4'- I / ? .  -z+3/2] 

TABLE VII List of symmetry transformations used in generating the H-bond shells around the 
nsynlrtietric unit (the prime represents the inverse of an operation) 

,Vitrnher- Syinmern operotion 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 187 

Number Syintnetl?j operation 

15 [-X+4,  -y+l, -z+l] 

16 [x-1/2. -y+3/2, z+1/2] 

17 = 9' [x- 1 1  y. 21 

18 Ix-112. -y+3/2.2-1/2] 

19 = 8' 

20 

21 

[X-1/2, -y+t/2. 2-1/21 

IX, y+l. 21 

[x-1/2, -y-1/2, z+1/2] 

22 [-x+3/2. y-112, -z+3/2] 

23 [X+l/Z, -y-1/2, z-1/2] 

24 = 6' [x+1/2. -y+l/2,2-1/2] 

Enumeration of fundamental cycles 

A number of algorithms are available in the literature to enumerate fundamental 
cycles or chemically relevant Smallest Set of Smallest Rings (SSSR) of graphs. 
Some relevant references are the following. 

1. E.J. Corey and G.A. Peterson, J. Am. Chem. SOC., 1972, 94,460 
2. B. Schmidt and J. Fleischhauer, J.  Chem. In$ Comp. Sci., 1978,18,204 
3. J. Gasteiger and C. Jochum, J. Chem. Inf: Comp. Sci., 1979, 19,43 
4. B.L. Roos-Kozel and W.L. Jorgensen, J. Chem. In$ Comp. Sci., 1981,21, 101 
5. L. Matsyka, J.  Comp. Chem., 1988,9,455 

In the case of the undirected version of the graph in Fig. 3, we have enumer- 
ated one set of fundamental cycles by inspection. The graph has 42 vertices and 
66 edges. Hence there are 25 fundamental cycles. One set that is easily observed 
from the graph is the following. 
3-cycles [4] 

4-cycles [15] 
(C8-P9-Q13), (Pl-QS-C6), (C2-P4-Q19), (PlO-Cll-Ql8) 

(Q I -C7-QI 3-C8), (Q 1 -C8-R3-C9), (R3-CS-P9-C9), (C5-RS-C7-Q 13), 
(C 1 -Q1 -C3-Q3), (Q1 -C3-Q 15-C9), (C 1-P1 -C6-R10), (Cl -RlO-C6-Q17), 
(Pl-R4-C2 1-Q5), (C4-QS-C6-Q17), (Rl-P4-Q19-C 1 I ) ,  (R1-C10-P10-C 1 I ) ,  
(C l-R2-C24-Q19), (CI-Q3-C 10-Q17), (Q3-CIO-PIO-C 11) 
5-cycles [ 2 ]  

6-cycle [ 2 ]  
(Rl-P4-C4-Q17-C lo), (Q3-C10-P10-Q18-P20) 

(C l-Pl-R4-C 12-P23-R2), (C1 -Pl-Q5-C4-P4-Q19) 
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1ss P. GANGOPADHYAY and T.P. KADHAKKISHNAN 

7-cycle [ 1 ] 

8-cycle [ 1 ] 
(CI-Ql-C7-QI'-Cla-P23-R2) 

(R-I-Cl2-QI?_-C'7-RS-CS-Q5-C21) - Cycle shown in Fig. 4a 

Algorithm and FORTRAN programme for the generation of the loop 
edge permutations and enumeration of directed cycles 

I .  

2. 
3. 

4. 

5. 

The number of vertices, loop edges and nornial edges is read in. Adjacency 
matrix is Senerated. 
Permutations of the 10 loop edges are considered in five "DO LOOPS". 
In each case. the adjacency matrix is modified correspondingly and the sub- 
routine "CYCLED' is called to enumerate the directed cycles. 
CYCLED enumerates the directed cycles by adjacency matrix multiplication 
carried out together with explicit tracking of the vertices passed e17 route. The 
FORTRAN code, called PERMHC used for this is given below. 
The calculation was carried out on a Pentium I11 (450 MHz. 128 MB RAM) 
machine. The enurneration for the 1024 graphs takes approximately 1 min. 70 
sec. of CPU time. 

For the graph in Fig. 3 of the manuscript, the graph is initially pruned to get rid 
of vertices which do not contribute to any directed cycle. These vertices are: C5. 
C7. Cl2,  C20, C22. C24, P6, P7, PS, P11. P23. Q12, Q13, QlS,  R2, R8. R 1 l  and 
R16. The pruned graph has 24 vertices, 10 loop edges and 29 simple edges. 

C 
C 
C 
C 
C 
c 
C 
C 
f 
C 
c 
c 
c 
c 

PERMHC-FOR (T.P.Radhakrishnan, Feb. 14, 2000) 
PERMUTES LOOP EDGES AND ENUMERATES THE NUMBER OF DIRECTED 
CYCLES IN EACH DIGRAPH 

WEIGHTED CYCLE SUM = SIGMA(CYCLE SIZE NO. OF CYCLES) 

This version is specifically €or a graph with 24 vertices and 
10 loops i n  it - relevant to the CHTA-Urea complex - in the 
pruned state 
I t  picks a l s s  the digraphs having maximum i w s w  value 

N = NO. VERTICES; NLOOP = NO. OF LOOPED EDGES: NSTR = NO. O F  
DIRECTED UNLOOPED E K E S  

implicit real'8 ( a - h , o - z )  
DIMENSJON NS(401 ,NEI401 ,NS1(40) .NEl I401 ,NCYCL(251 ,NC(1024,251 
DIMEPISION IWSUM(IO2~~,IR~1024.101 ,IMI10241 
OPEN(S,FILE='PERMHC.DAT',STATUS='OLD'l 
OPENl6,FILE='PERMHC.OVT'.STATUS='UNKNOW") 
READ ( 5 ; )  N.NLOOP.NSTR 
READ (5;l ~NS(II,NE(I),I=1,NLOOPI 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS I89 

READ ( S , ' )  (NS(1) ,NE(I) ,I=NLOOP+l,NLOOP+NSTR) 
M=NLOOP+NSTR 
DO 5 I=l,NLOOP 
NSl(I)=NS(I) 
NE1 (I)=NEfI) 

DO 6 I=1,1024 
DO 6 J=l,NLOOP 
IR(1, J) =O 

S CONTINUE 

6 CONTINUE 
C 

NG=1 
CALL CYCLED (N, M, NS , NE, NCYCL) 
ISUM=O 
DO 8 K=l,N 
ISUM=K*NCYCL(K) +ISUM 
NC(NG,K)=NCYCL(K) 

IWSUM (NG) =ISUM 
FLAG=O 

8 CONTINUE 

WRITE (6,200)- 
SNG, (NC(NG,K) ,K=3,14) ,IWSUM(NG), (IR(NG,K) ,K=l,NLOOP) 

SNG, (NC(NG,K) ,K=3,14), IWSUM(NG), fIR(NG,Kl ,K=l,NLOOP) 
WRITE ( ' ,2001 

9 DO 10 Il=l,NLOOP 
NG=NG+ 1 
K=O 
DO 12 I=l,NLOOP 

IF (FLAG.EQ.O.AND.I.NE.11) GO TO 12 
IF (FLAG.EQ.l.AND.I.EQ.11) GO TO 12 

K=K+ 1 
IR(NG,K)=I 

NS(I)=NEl(I) 
NE(1) =NSl(I) 

CALL CYCLED(N,M,NS,NE,NCYCL) 
Ism-0 
DO 13 K=l,N 
ISUM=K'NCYCL(K)+ISUM 
NC(NG.KI=NCYCL(KI 

IWSUM (NG) =ISUM 
WRITE (6,200) 

WRITE ( ,200) 

DO 14 I=l,NLOOP 

12 CONTINUE 

13. CONTINUE 

$NG, INC(NC,K) ,K=3,14), IWSUM(NG1, (1R"G.K) ,K=l.NLOOPI 

SNG, (NC(NG,K),K=3,14),1WSUM(NG), (IR(NG,K) ,K=l,NLOOPJ 

IF (FLAG.EQ.O.AND.I.NE.11) GO TO 14 
IF (FLAG.EQ.l.AND.I.EQ.11) GO TO 1 4  
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I ')O P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

NS(II=NSlfII 
NE(I I =NE1 I I1 

1 4  CONTINIJE 
11) ('ON'I'I N'JE 

DO 20 :i=;,NLOOP-l 
DO 20 ?2=11+1,NLOOP 
NG=NGt 1 
K = O  
W 22 !=l,NLOOP 

I F  fFLAG.EQ.O.AND.(I.NE.11.AND.I.NE.I2)1 GO TO 22 
IF fFLAG.EQ.l.AND.(I.EQ.Il.OR.I.EQ.I2)) GO TO 22 

K = K + l  
IR ING,Kl =I 

NS (I) =NE1 ( I  I 
NE(XI=NSl(I) 

CALL CYCLEDIN,M,NS,NE,NCYCLl 
ISIJM.0 
Do 23 1 ~ 1 . N  
ISUM=K*NCYCL(K)+ISUM 
NC(NG.Y)=NCYCLfKI 

IWSUMfNGl =ISUM 
WRITE ( 6 , 2 0 0 )  

WRITE (',200) 

DO 24 I=l,NLOOP 

2 2  CONTINJE 

2 3  CONTINUE 

SNC. (NCfNG,K).K=3,14I,IWSUM(NG), ~IRfNG,Kl,K=l,NLOOP) 

SNG, ( N C ( N G , K I , K = 3 , 1 4 1 , I W S U M O ,  ~IRfNG,Kl,K=1,NLOOP) 

IF fFLAG.EQ.O.AND.(I.NE.Il.AND.I.NE.I21I GO TO 24 
IF (FLAG.EQ.~.AND.(I.EQ.I~.OR.T.EQ.I~)I GO TO 2 4  

NSfIl=NSlfII 
NE(I)=NEl(I) 

2 4  CONTINUE 
20 CONTINUE 

Do 3(! Il=I,NLOOP-2 
M) 30 IL~II+l,NI~OOP-l 
Do 30 11=12+1,NLOOF 
N G r N G + 1  
K:0 
DO 32 I 1,NLOOP 

I F  'FLAG.EQ.O.APID.~I.NE.I1.AND.I.NE.I2.AND.I.NE.I3)1 GO T O  

1 r FLAG. EQ.  1 .AND. ( I .  E O .  I i . O R .  I .  EO. 1 2 .  O R .  I .  EQ. I 3  ) fX TO 3 7 
3;' 

% : K + l  
IR (NG, K! = I  

NSII)-NEl(I) 
NF. f 1 )  =NS1 f I !  
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 191 

32 

33 

34 

34 
30 
C 

42 

43 

CONTINUE 
CALL CYCLED (N, MI NS , NE, NCYCL 1 
ISUM=O 
Do 3 3  K=l,N 
ISUM=K'NCYCL ( K) + ISUM 
NC (NG , K 1 =NCYCL ( K) 
CONTINUE 
IWSUM(NG) =ISUM 
WRITE (6,200) 

WRITE (*,200) 

DO 34 I=l.NLOOP 

SNG, (NC(NG,K),K=3,14),IWSUM(NG), (IR(NG,K),K=1.NLOOP) 

SNG, (NC(NG,K),K=3,14).IWSUM(NG), (IR(NG,K) ,K=l.NLOOP) 

IF (FLAG.EQ.O.AND.(I.NE.I1.AND.I.NE.I2.AND.I.NE.I3)) GO TO 

IF (FLAG.EQ.l.AND.(I.EQ.I1.OR.I.EQ.I2.OR.I.EQ.I3)) GO TO 34 
NS (1) =NS1( I) 
NE( I) =NEl(I) 

CONTINUE 
CONTINUE 

W 40 11=1,NMOP-3 
W 40  IZ=Il+l,NLOOP-2 
DO 40 13=12+1,NLOOP-l 
DO 40  14=13+1,NLOOP 
NG=NG+l 
K=O 
DO 42 I=l,NLOOP 

IF ~FLAG.EQ.O.AND.~I.NE.I1.AND.I.NE.I2.AND.I.NE.I3. 

IF ~FLAG.EQ.l.AND.(I.EQ.I1.OR.I.EQ.I2.OR.I.EQ.I3. 
SAND.I.NE.14)) GO TO 42 

SOR.I.EQ.14)) GO TO 42 
K=K+1 
IR (NG , K) =I 

NS (1) =NE1 (I) 
NE (I 1 =NSl(I ) 

CONTINUE 
CALL CYCLED (N, M I  NS , NE, NCYCL) 
ISUM=O 
DO 43 K=l,N 
ISUM=K*NCYCL (K) +ISUM 
NC(NG,K)=NCYCL(K) 
CONTINUE 
IWSUMING)=ISUM 
WRITE (6,200) 

SNG, (NC (NG, K) ~ K=3,14 ) , IWSUM (NGI , ( IR (NG, K) , K= 1, NLOOP) 

SNG, (NC(NG,K) .K=3,14),1WSUM(NG). (IR(NG.K).K=l.NLOOP) 
WRITE (',200) 

DO 44 I=l,NLOOP 
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192 P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

IF (FLAG.EQ.O.AND.(I,NE.Il.AND.I.NE.I2.AND.I.NE.I3. 

IF (FLAG.EQ.1.AND. (I.EQ.Il.OR.I.EQ.IZ.OR.I.EQ.13. 
SAND.I.NE.14)) GO TO 44 

SOR.I.EQ.14)) GO TO 44 
NS(I)-NSl(I) 
NE(I)=NEl(I) 

4 4  CONTINUE 
40 CONTINUE 

C 
I F  fFLAG.EQ.1) GO TO 100 

W 5C I1=1,NLOOP-4 
DO 50 12=Il+l,NLOOP-3 
DO 50 13=12+1,NLOOP-2 
DO 5C 14=13+1.NLOOP-l 
DO 5 C  15=14+1,NLOOP 
NG=NG+ 1 
K=O 
DO 52 I=l,NLOOP 

IF (FLAG.EQ.O.AND.(I.NE.Il.AND 
SAND.I.NE.14.AND.I.NE.15)) GO TO 5 2  

IF (FLAG.EQ.1.AND. (1.EQ.Il.OR. 
SOR.I.EQ.14.OR.I.EQ.15)) GO TO 52 

K=K+1 
IR(NG, K) =I 

NS(I)=NEl(I) 
NE ( I) =NS1 (I ) 

CALL CYCLED(N,M.NS, NE,NCYCL) 
ISUM=O 
DO 53 K=l,N 
ISUM=K'NCYCL(K)+ISUM 
NC(NG, K)=NCYCL(K) 

IPISUM (NG) =ISUM 
WRITE (6.200) 

5 2  CONTINUE 

5 3  CONTINUE 

I.NE.IZ.AND.I.NE.13. 

.EQ.IZ.OR.I.EQ.I3. 

SNG. (NC1NG.K) ,K=3,141, IWSUM(NG), (IR(NG.K) ,K=l,NLOOP) 

SNG, (NC(NG,K) .K=3,14),IWSUM(NG), {IR(NG,K),K=l,NLOOP) 
WRITE ( ' ,200)  

Do 5 4  I=l.FlLOOP 
IF rFLAG.EQ.O.AND. (I.NE.Il.AND.I.NE.12.AND.I.NE.13. 

IF (FLAG.EQ.l.AND.(I.EQ.I1.OR.I.EQ.I2.OR.I.EQ.I3. 
S~D.I.NE.I4.AP~D.I.NE.I51) GO TO 54 

SOR.I.EQ.I4.OR.I.EQ.I5)) GO TO 54 
NS ( 1 )  =NSl(I) 
NE( I I =NEl<I 1 

5 4  CONTINUE 
50 CONTINUE 

FLAG 1 
GO TO 9 
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VISUALIZING SUPRAMOLECULAR MACROCYCLlC FORMATIONS 193 

100 

92 

9 3  

94 

104 

103 

102 
101 
200 
201 

202 

C 

C 
C 

NG=NG+ 1 
K=O 
DO 9 2  I=l,NLOOP 

K=K+ 1 
IR (NG , K) =I 

NS (I) =NE1 (I ) 
NE ( 1) =NS 1 ( I ) 

CONTINUE 
CALL CYCLEDIN.M.NS,NE,NCYCL) 
ISUM=O 
Do 93  K=l,N 
ISUM=K*NCYCL ( K) +I SUM 
NC (NG, K) =NCYCL (K) 
CONTINUE 
IWSUM(NG) =ISUM 
WRITE (6.200) 

WRITE ('.200) 

DO 94 I=l,NLOOP 

SNG, (NC(NG,K).K=3,14) ,IWSUM(NG), (IR(NG,K) ,K=l.NLOOP) 

SNG,~NC(NG,K),K=3,14).IWSUM(NG~, (IR(NG,K),K=l,NLOOP) 

NS(I)=NSl(I) 
NE{I)=NEl(I) 

CONTINUE 
IMAX=l 
NG1=0 
DO 101 I=l,NG 
IF (IWSUM(I).LT.IMAX) GO TO 103 
IF (IWSUM(I).GT.IMAX) GO TO 104 
NG 1 =NG 1 + 1 
IM(NG1) =I 
GO TO 103 
NG1=1 
IMAX=IWSUM(I) 
IM (NGll =I 
DO 102 5=15,35 
IF (NC(X,J).EQ.O) GO TO 101 
WRITE (6,201) NG 
CONTINUE 
CONTINUE 
FORMAT (16.12(12) .16.1013) 
FORMAT (38H CYCLE GREATER THAN 14 FOUND FOR GRAPH.151 
WRITE (6,202) IMAX, fIM(I),I=l,NGl) 
FORMAT ( '  LARGEST TWSUM =',15,/' FOR DIGWIPHS.'.5I10) 
STOP 
END 

SUBROUTINE CYCLED(N.M.NS.NE.ICYCLE1 

THIS PROGRAM ENUMERATES THE NUMBER OF CYCLES IN A DIRECTED GRAPH 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 2
3:

30
 1

5 
A

ug
us

t 2
01

2 



I ')J P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

r IPATHS ARE ALSO CALCULATED, BUT NOT WRITTEN1 

r N-NO OF VERTICES, M=NO OF EDGES. NS(1) . START OF I t h  EDGE. 
c NE(1) . END OF Ith EDGE 
( IPl(I,,',Jl,J21, IP2(I,J,Jl.J2) : :  1.J = START AND END OF PATH; 

J1 - NO OF THE IJ PATH (THERE MAY BE SEVERAL); 52 = VERTEX 
ALONG THE IJ PATH 

c IPC(L,',Jl,J2) : :  L = PATH LENGTH, I = CYCLE ROOT 
( - DIMENSIONED FOR 2 5  VERTICES AND 40 EDGES 

101  

110 
100 
c 

151 
1 5 2  

8 0 0  

DIMENSION NS(40).NE~401,IA(25,25.25),IP1~25.25,500. 
DIMENSXON 1P2(25,25.500,25),1PC~25.25,500,25) 
DIMENSION IC(25,25).1CYCLE(251 ,IJMAX(25,25) 

DO 100 I.1.N 
DO 100 Jz1.N 
Do 101 K=l,M 
IF (NS(KI.EQ.I.AND.NE!KI.EQ.J) GO TO 110 
CONTINIJE 
IA(1, I J )  -0 
GO TO 100 
IA (1, I, J) = ?  
CONTINIJE 

Do 152 I = l . N  
Do 152 Jy1.N 
IA(2, I Jl = O  
IF (1.EQ.JI GO TO 152 
IJ=C 
DO 151 K=l,N 
IF (IAI1,I,K).EQ.O.OR.IA~1.K,J~.EQ.O~ GO TO 151 
IA(2.I.J)=1A(2,T,J)+IA(l,1,K1*IA~1,K,J) 
IJ=IJ+! 
IP2 ( I ,J, IJ, 1) =K 
CONTINUE 
CONTINUE 
Do 200 L=3,N 
do BOO i = l , n  
do 800  j = l , n  
ipa t h =  la ( 1 - 1, i , j 1 
do 800  jl=l,ipath 
do 8 0 0  j2=1.1-2 
ip1(i,j,jl,j2l=ip2Ii,j,jl,j2l 
continde 
Do 202 I = l , N  
W 202 Jz1.N 
IAII., I J )  = O  

25) 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 195 

203 

205 
209 
207 
201 

801 
202 

206 

200 

I J = O  
DO 201 K=l,N 
IF ( I A ( L - l , I , K ) . E Q . O . O R . I A I 1 . K , J ) . E Q . O )  GO TO 201 

Do 207 Jl=l,IPATH 
W 203 J2=1,L-2 
IF (Jl.EQ.IPATH.AND.J.EQ.XPl(I,K,Jl,J2)) GO TO 201 
IF (J.EQ.IPl(I,K,Jl,J2)) GO TO 207 
CONTINUE 
IJ=IJ+l 

IPATH=IA (L- 1,  I, K) 

IP2(I,J,IJ,L-l)=K 
Do 205 J2zl.L-2 
IP2 (I, J, IJ, 52) =IP1 (I,K, J1,52) 
CONTINUE 

CONTINUE 
CONTINUE 

IA(L,I,J)=IA(L,I.J)+1 

IF (1.NE.J) GO TO 202 
I J t w x i L ,  I)=IJ 
do 801 jl=l,ij 
do 801 j2=1,1-1 
ipc(l,i, jl, j2)=ip2(i, j, jl, 3 2 )  
continue 
CONTINUE 
sm=o 

IC(L, I)=IA(L, I, I1 

IF ( I C ( L . 1 1  .EQ.O) GO TO 206 

CONTINUE 
ICYCLE (L1 =SUM/L 
CONTINUE 

RETURN 
END 

DO 206 I=l,N 

IA(L-, I, I)=O 

SUM=IC(L, 1) +SUM 

Fortran program to enumerate the directed cycles and list the 
vertices 

Fortran program to enumerate the directed cycles and list the vertices 

C CYCtE.FOR (T.P.Radhakrishnan/ Feb. IS, 2 0 0 0 )  
C THIS PROGRAM ENUMERATES THE NUMBER OF CYCLES IN A DIRECTED GRAPH 
C (PATHS ARE ALSO CALCULATED, BUT NOT WRITTEN) 
C WRITES OUT THE VERTICES IN THE (1JMAX)CYCLES OF THE LARGEST SIZE 
c ROOTED AT EACH VERTEX. 
C MAY BE MODIFIED TO WRITE OUT THE VERTICES IN EVERY CYCLE 
C N=NO. OF VERTICES, M=NO. OF EDGES, NS(II : START OF Ith EDCE. 
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C 

101 

110 
100 
c 

151 
152 
t .  

aoo 

P. GANGOPADHYAY and T.P. KADHAKKISHNAN 

NE(I) : END OF I t h  EDGE 
IPl(I.J.Jl.J2), IP2(I,J,JI,J2) : :  I,J = START AND END OF PATH; 
J1 = NO. OF THE IJ PATH [THERE MAY BE SEVERAL): J2 = VERTEX 

I P C ( L .  I Jl,J2) : : L = PATH LENGTH, I = CYCLE ROOT 

DIMENSIONED FOR 25 VERTICES AND 4 0  EDGES 

DIMENSION NS ( 4 0  1 , NE ( 4 0 )  , IA (25,25,25 ) , IP1(25,25,500,25 ) 

DIMENSION IC(25.25) ,ICYCLE(25).IJMAX(25,25) 

ALONG THE IJ PATH 

DIMENSION I P ~ ( ~ s , ~ ~ , s o o , ~ ~ I  ,1ec(25.25,500,25) 

OPEN(S,FILE='CYCLE.DAT',STATUS='OLD') 
OPEN[6,FILE='CYCLE.OUT',STATUS='UNKNOW") 
READ ( 5 ; )  N,M 
READ ( S # * )  INS(1) ,NE(I),I=I,M) 
DO 100 I=l,N 
DO 100 J=l,N 
DO 101 K . 1 . H  
I F  (NS(KI .EQ.I.AND.NE(KI .EQ.J) GO TO 110 
CONTINUE 
IA(I,I,J!=O 
GO TO 1011 
IA(1, I. Ji = 1  
CONTINUE 

W 152 I:-l.N 
DO 152 J.1.N 
IA (2, I, J) = O  
IF 1I.EQ.J) GO TO 152 
1310 
DO 1 5 1  K.1.N 
IF (IA(1,I,K).EQ.O.OR.IAI1,K,J).EQ.O) GO TO 151 
IA I 2 ,  I, J )  =IA ( 2 ,  I, J) +IA (1, I, Kt 'IA (1, K, J )  
I J = I J + 1 
IP2 I I , J ,  IJ. 1 )  =K 
CONTINUE 
CONTINUE 

W 200 L = I , N  
WRITE (6,600) L 
do B O O  i = l . n  
do R O O  j = . ; , n  
ipa  t h =  i a I 1  - 1 . i , j ) 
do R O O  j l -  I ,  i p a t h  
do 800 j2:l.l-2 
i p l ( i , j , j ~ , j 2 ~ = i p 2 ~ i , ~ . ~ l , j 2 )  
c o n t i n u e  
Do 2 0 2  I = I , N  
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 197 

203 

C 

C 
205 

209 
207 
201 

C 

a o i  
202 

DO 202 J=l,N 
IA(L,I,J)=O 
IJ=O 
DO 201 K=l,N 
IF (IA(L-1,I,K).EQ.O.OR.IA(l,K,J).EQ.O) GO TO 201 
I PATH=IA (L- 1, I, K) 

DO 207 J1=1, IPATH 
DO 203 J2=1,L-2 
IF (Jl.EQ.XPATH.AND.J.EQ.IPl(I,K,Jl,J2)) GO TO 201 
IF (J.EQ.IPl(I.K,J1.J2) )':GO TO 207 
CONTINUE 
IJ=I J+1 
IP2 (I, J, IJ, L - 1 )  =K 

DO 205 J2=1,L-2 
IP2 (I, J, IJ, 52) =IP1 (I, K, J1.52) 

CONTINUE 
WRITE (7,700) 

WRITE (7,700) L, I, J, IJ,L-l, IP(L, I ,  J, 1J.L-1) 

L, I, J, IJ, 52, IPtL, I, J, IJ, 52) 

IA(L, I, J) =IA(L, I, J) +1 
CONTINUE 
CONTINUE 

w r i t e  (*,402) l,i,j,iatl,i, jl 
WRITE (6,401) I,J,IA(L,I,J) 

IF (1.NE.J) GO TO 202 
IJMAX(L, I)=IJ 
do 801 jl=l,ij 
do 801 j2=1,1-1 
i p c ( 1 .  i, jl, j2)=ip2(1, j ,  jl, j2) 
continue 
CONTINUE 
sm=o 
w r i t e  (*,500) 1 
WRITE (6,500) L 
W 206 I=l,N 
IC(L,I~=IA(L,I,I) 
I A ( L ,  I,I)=O 
IF (IC(L,I) .EQ.O) GO TO 206 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 2
3:

30
 1

5 
A

ug
us

t 2
01

2 



I98 P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

206 

2 0 0  
400 
401 
402 
500 
5 10 

515 
520 

600 
601 

607 
602 
603 
604 
605 
606 
700 

write (*,5101 i 
tJRITE (6,510) I 
SUM=IC(L, I)+SUM 
CONTINUE 
ICYCLEfL) =SUM/L 
CONT I NUE 

FORMAT (214,3X, 15) 
format (i3.'-PATH',Zi4,3x,i5) 
FORMAT (12H VERTICES IN,I3,11H -CYCLE ARE) 
FORMAT (2X,I3) 
WRITE (6,515) 
WRITE (6,520) (L,ICYCLE(L),L=3,N) 
FORMAT (//15H S I Z E  CYCLES) 
FORMAT ( 2 X ,  I3,5X, 15) 
DO 600 L=3,N 
IF (ICYCLE(Ll.EQ.0) GO TO 600 
LMAX = L 
CONTINUE 
WRITE (6,603) LMAX 
L1 =LMAx- 1 
DO 602 I = l , N  
IF IIC(LMAX,I).EQ.O) GO TO 602 
IJM=IJMPX(LMAX, I) 
WRITE (6,604) 1,IJM 
WRITE (6,606) 
DO 607 Jl=l.IJM 
WRITE (6,605) (IPC(LMAX, I,Jl, 521, J2=1,L1) 
continue 
CONTINUE 
FORMAT ( / / / I  CYCLE SIZE =',I31 
FORMAT ( / I  VERTEX =',13,/' NO. OF CYCLES =',I61 
FORMAT (8X.3513) 
FORMAT ( '  VERTICES EN ROUTE') 

format (6i5) 
STOP 
END 

FORMAT (I4,7H -PATHS, /18H VERTICES NUMBER) 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 199 

TABLE VIII The 2" perniutation of the 10 loop edges in the directed graph (Figure 3) after pruning 
and the number of directed cycles of variou sues in each digraph 

No. Pcnnurntions Nuiiibcr of Cycles of s ize  Cycle 

I o o o 0 o n o o n o o 5 o 2 o o o o n o n o 32 
3 4 S 6 7 R 9 10 I I  I t  12 IJSuin  

2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
I2 
13 
14 
I S  
16 
17 
I8 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
23 
34 
3.5 
36 
37 
3R 
39 
40 
41 
42 
43 - 

I 0 0 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0 2R 
2 0 0 0 0 0 0 o I1 0 0 3 0 2 0 0 0 0 0 0 0 0 32 
3 0 0 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
4 0 0 0 0 0 0 0 0 0 0 5 0 ? 0 0 0 0 0 0 0 0  32 
5 0 0 0 0 0 0 0 0 0 0 5 1 3 4 3 2 2 0 0 0 0 l 3 2  
6 o o o o o o 0 0 o o s o 2 o o o o o o n o 32 
7 0 0 0 0 0 0 0 0 0 ~ 6 0 ~ n 1 0 0 0 0 ~ 0  50 
8 0 0 0 0 0 0 0 0 0 0 S 0 2 0 0 0 0 0 0 0 0  32 
9 o o n o o o o o o 0 4 o 1  o o o o o o o o  22 

10 0 o 0 0 0 o o o o n 4 o 2 0 o o n o 0 o 0 ' 2 8  
1 ~ o o o o o o o o o 4 o 2 n o o n o o o o  28 
I 3 o 0 o o n n o o o 4 o I o o n o o o o o 22 

1 s o o o o o n o o o 4 1 2 2 1 1 1 o o o o 7 4  

I 7 0 o o o o o o o n s n 3 o 1  o o o o n o  46 
1 8 o o o o o o o o ~ 4 o ~ o o n o o n o o  18 

1 1 0  o o o 0 o o o o o 3 o 2 o o 0 o o o o n 24 
~ ~ o o o o n o o o n 4 o 1 o o n n o o o n  22 

2 s o o o o o n o o 0 s I 3 4 3 z 2 0 o o o 113 

1 4 0 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  28 

1 6 0 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  28 

1 9 0 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0  I8 

2 4 0 0 0 0 0 0 0 0 0 6 I 2  0 0 0 0 0 0 0 0 41 

2 6 0 0 0 0 0 0 0 (1 0 5 0 2 0 0 0 n 0 0 0 0 3 2  
2 7  0 0 0 0 0 0 0 0 0 6 0 3 0 1 0 0 0 0 0 0  50 
2 8 0 0 0 0 0 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0  32 
~ 9 o o o o o o o o o 4 o 1 o n ~ ~ o o o n  22 
2 1 0  0 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0 28 
3 4 0 0 0 0 0 0 0 0 0 4 0  I 0 0 0 0 0 0 0 0  22 
3 5 0 0 0 0 0 0 0 o 0 4 1 2 4 3  2 1 O O O O I I 3  
3 6 0 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 ~  22 
3 7 o o o o o o o o o s o 2 0 0 o o o o n o 31 
3 8 0 o o o o 0 0 o o 4 o I o 0 o o 0 n 11 11 12 
3 9 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 (1 0 I )  I? 
3 1 ~ 0 ~ o o ~ o o o o 3 0  I o o o o c r o o n  IR 
4 5 o o o o o o o o o 5 1 3 4 3 2 2 o o o n 1 ~ 7  
4 6 o o o 0 o o 0 o o s n 2 o 0 o n n o o n 32 

4 R n o ( I  o o ( I  o o o c o 2 o o ( I  o o n n ( I  3 2  
4 9 o 0 0 o o o 0 o o 4 o I o 0 0 o o I I  o n 2 2  
4 1 0  o o o o 0 o 0 o o 4 o 2 o n o 0 o o 0 I I  LR 
~ 6 0 ~ ~ 0 o o 0 ~ ~ 5 0 3 3 2 1 l o o o ~  Y 1  
s 7 0 0 (1 0 ( I  (1 0 0 0 6 I 4 s 5 4 5 1 3 I 0 ?"I 

4 7 0 0 (1 0 0 0 0 0 0 6 0 2 0 I 0 0 0 0 0 0 50 
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200 P. GANGOPADHYAY and T.P. RADHAKRISHNAN 

44 5 8 0 0 0 0 0 0 0 0 0 5 I 3  4 3 2 2 0 0 0 0 133 
45 5 9 0 0 0 0 0 0 0 0 0 4 I 2  4 3 2 2 0 0 0 0 123 
46 5 1 0  o 0 o o 0 o 0 n o 4 1 3  4 3 2 z 0 0 o o 129 
47 6 7 0 0 0 0 0 0 n 0 0 7 1 4  I 2  I 0  0 0 0 0 R9 
48 6 8 0 0 0 0 0 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0  32 
49 6 9 0 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
50 6 1 0  n 0 n 0 o n 0 0 n 4 0 2 0 o o D o o 0 n 28 
51 7 8 0 0 0 0 0 0 0 0 0 5 0 3 0 1 0 0 0 0 0 0  46 
52 7 9 0 0 0 0 0 0 0 0 0 5 0 2 0 1 0 0 0 0 0 0 4 0  
53 7 1 0 0 0 0 0 0 0 0 0 0 5 0 3 0 1 0 0 0 0 0 0  46 
54 8 9 0 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
55 8 1 0  0 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0 24 
56 9 1 0 0 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
57 1 2 3 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
S8 1 2 4 0 0 0 0 0 0 0 0 5 1 2 0 0 1 0 0 0 0 0 4 6  
59 1 2 5 0 0 0 0 0 0 0 0 4 1 2 2 1 1 1 0 0 0 0 7 4  
60 1 2 6 n 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  28 
61 1 2 7 o o o o o o o o ~ o ~ o 1 o o o o ~ ~ ~  
62 1 2 8 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  2R 
63 1 ~ 9 o o o o o o o o 3 o 1 o o o o o o o o  i m  
64 1 2 1 0 0 0 0 0 0 0 0 0 3 0 2 0 0 0 0 0 0 0 0  2J 
65 1 3 4 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
66 1 3 5 0 0 0 0 0 0 0 0 4 1 1 2 1 1 1 0 0 0 0  68 
67 1 3 6 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
68 1 3 7 0 0 0 0 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0  32 
69 1 3 8 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  21 
70 1 3 9 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0  I 2  
7 1  ~ ~ ~ o o ~ o o o ~ ~ o ~ o ~ o o o ~ o n ~ ~  I R  
72 1 4 s o u o o o ~ o ~ 4 1 2 2 1 1 1 o ~ n 1 ~ 7 4  
73 l 4 6 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  ?R 
74 1 4 7 0 0 0 0 0 0 0 0 5 0 3 0 1 0 0 0 0 0 0  46 
7s 1 4 8 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  ?I? 
76 1 4 9 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0  111 
77 1 4 1 0 0 0 0 0 0 0 0 0 3 0 2 0 0 0 0 0 0 0 0  24 
78 1 5 6 0 0 0 0 0 0 0 0 4 0 2 1 1 1 1 0 0 0 0 6 2  
79 I 5  7 0 0 0 0 0 0 0 0 5 I 3  3 3 3 3 I I 0  0 168 
8 0 ’ 1 5 8 0 0 0 0 0 0 0 0 4 1 2 2 1 I I 0 0 0 0 7 4  
R I  1 5  9 0 0 0 0 0 0 0 0 3 1 1 2 1 1 1 0 0 0 0  (A 
R? I S I O ~ ~ ~ O ~ O I ~ ~ ~ I ~ ~ I I I O ~ ~ I ~  70 
81 1 6 7 0 0 0 0 0 0 0 0 6 1 4 1 2 1 0 0 0 0 0 8 5  
84 1 6 8 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  2R 
85 1 6 9 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0  I R  
86 I ~ I ~ ~ o D ~ ~ ~ ~ o ~ ~ z ~ ~ ~ ~ ~ ~ ~ o  24 
87 I ~ R ~ ~ ~ ~ I ~ o ~ ~ ~ o ~ ~ I o o ~ ~ I o ~ I  42 
X R  I 7 Y 0 I) I) 0 0 0 0 0 4 0 2 0 I 0 0 0 0 0 I) 7 6  
89 I 7 1 0 0 0 0 0 0 0 0 0 4 0 3 0 I  0 0 0 0 0 0  12 
90 1 ~ 9 o o o o o o o ~ ~ o 1 o o o o o o o o  i n  
91 I ~ 1 0 0 ~ ) 0 0 0 n n 0 ~ 0 2 0 0 0 0 0 0 0 ~  ZJ 
‘I? I 9 1 0  ( I  0 ( I  0 0 0 0 0 3 0 I 0 0 0 0 I) 0 0 I1 I H  
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191 1 2  5 7 0 0 0 0 0 0 0 5 I 3  3 3 3 3 I 1  0 0 168 
192 1 2 S 8 0 0 0 0 0 0 0 J I 2 2 l l l 0 0 0 0 7 4  

194 I 2 S 1 0 0 0 0 0 0 0 0 3  I 2 2  I I 1 0 0 0 0  70 
19.5 1 2 6 7 0 0 0 0 0 0 0 6 1 4 1 2 1 0 0 0 0 0  85 

193 I 2 s 9 0 0 0 0 n 0 0 3  I I 1 1  I t o o 0 0  

196 1 2 6 8 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 o o  ?x 
197 I ~ ~ 9 0 o o o o n o 3 0  I o o o n o o n n  18 
198 1 2 6 1 0 0 0 0 0 0 0 0 3 0 2 0 0 0 0 0 0 0 0  24 
199 1 2 7 8 0 0 0 0 0 0 0 4 0 3 0 1 0 0 0 0 0 0  42 
200 1 2 7 9 0 0 0 0 0 0 0 4 0 2 0 1 0 0 0 0 0 0  36 

302 1 2 8 9 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0  18 
201 1 2 7 1 o o o o o o ~ o 4 o ~ o 1 n o o o o ~  42 

m I ~ R I ~ O O O ~ ~ D O ~ ~ ~ ~ O O ~ O O O O  24 
2n.t I 2 9 in o o n o (1 o o 3 o I o o o o n o o o I X  

207 1 3 4 7 0 ( ~ 0 o 0 n ~ s 0 2 0 0 0 0 n n 0 ~  32 

30.5 I 3 4 5 0 0 0 0 0 0 0 3 I I 2 I I I 0 0 0 0 68 
206 1 3 4 6 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 

3I)X I 3 4 H 0 0 0 0 0 0 0 4 0 I I) 0 0 0 0 0 0 0 22 
20Y I 3 4 9 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 12 
210 1 3 4 1 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0  18 
211 1 3 5 6 0 0 0 0 0 0 0 4 0 1 1 1 1 1 0 0 0 0 S 6  
212 I 3  s 7 0 0 0 0 0 0 0 s 1 2  3 2 3 3 I I 0  0 1.54 
213 I 3 S 8 0 0 0 0 0 0 0 d  I I 2  I I I 0 0 0 0  68 
214 I 3  5 9 0 0 0 0 0 0 0 3 I 0  2 I I I 0  0 0 0 58 
21s 1 ~ 5 1 o o o o o o o n ~  I I 2 I I I O O O O  64 
216 1 3 6 7 0 0 0 0 0 0 0 6 1 3 1 1 1 0 0 0 0 0 7 1  
217 1 ~ 6 ~ o o o o o o o 4 o 1 n o n o o o o o  22 
218 1 3 6 9 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0  I ?  
?IY I 2 fi in n n 0 o o o n 3 n I o o 0 o n o o o I X  
210 1 3 7 8 0 0 0 0 0 0 0 4 0 ~ 0 0 0 0 0 0 0 0  28 
221 1 ~ 7 9 o o o o o o o 4 o 1 o o a o o o o o  22 
222 1 3 7 1 0 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0  28 
223 I 3  R 9 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 I ?  
~ Z J  I 3 8 1 0  o o o D 0 o o 3 o I o n o n o o o o 18 
22s I 3  9 1 0  0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 IZ 
226 1 4 5 6 0 0 0 0 0 0 0 4 0 2 1 1 l 1 0 0 0 0 6 ?  
227 I ~ ~ ~ o o o o ~ ~ o ~ I ~ ~ ~ ~ ~ I I ~ D I ~ ~  
228 I ~ s ~ ~ o ~ ~ ~ ~ o ~ I ~ ~ I I I o ~ Q o ~ ~  

230 I J s to o n o o o o o 3 I 2 2 I I I o o o (I 70 
229 1 4 5 9 0 0 0 0 ( t 0 0 ~ 1  1 Z 1 1 I 0 0 0 0  fA 

231 I 4 6 7 0 0 0 0 0 0 0 6  I 4  1 2  I 0 0 0 0 0  85 
232 I 4  6 8 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 1) 28 
233 I 4 6 9 0 0 0 0 0 0 0 3 0  I 0 0 0 0 0 0 0 0  18 
3 3  I 4 6 11) 0 0 0 0 0 0 0 3 0 2 0 0 0 0 0 0 0 (1 24 
2.15 1 4 7 a o o o o o n o 4 ~ ~ o 1 o o o o n o  42 
236 1 4 7 9 0 0 0 0 0 0 0 4 0 2 0 1 0 0 0 0 0 0  26 
237 1 4 7 1 0 0 0 0 0 0 0 0 4 0 7 0  I 0 0 0 ( 1 0 0  42 
2 3 8  I 4 8 9 0 0 0 0 0 0 0 3 0  I o o o o o o o o  1 8  
3 9  I J R 10 o n I) o o I )  o 3 i) 2 1 1  o o o o ( I  o o ?J 
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289 2 4 6 9 0 0 0 0 0 0 0 5 1  1 0 0 0 n 0 0 ( 1 0  3 1  
290 2 4 6 1 0 O O O O O o n s 1 ~ 0 ~ 0 0 0 n n n  37 
291 z 4 7 8 o o o o n o n 6 I 3 o I o o o o o o sz 

294 2 4 8 9 o o 0 n o o o s I I o o n n o o o (I 3 1  
29s 2 4 R I 0  (1 0 0 0 0 (1 o 5 I 1- o o o o n o 11 o 37 
296 2 4 Y 1 0 0 0 0 0 0 0 0 5 1  1 0 0 0 0 0 0 0 0  3 1  

292 2 4 7 9 0 0 0 0 0 0 0 6  I 2 O I O O O O O O  49 
293 2 4 7 1 0  0 0 0 0 0 I) 0 6 I 3  0 I 0  ( I  0 0 0 0 5 5  

297 2 5 6 7 0 0 0 0 0 0 0 7 I S  S 5 4 J 3 7 1 0 2 9 6  
298 2 5 6 8 0 0 0 0 0 0 0 5 0 3 3 2 1 1 0 0 0 0 9 4  
299 2 5 6 9 0 0 0 0 0 0 0 4 0 2 3 2 1 1 0 0 O n  84 
300 2 5 6 1 0 0 0 0 0 0 0 0 4 0 3 3 2 I l 0 0 0 0  90 
301 2 5 7 8 0 0 0 0 0 0 0 5 1 4  5 5 4 5 3 1 I 0  292 
302 2 5 7 9 0 0 0 0 0 0 0 S I 3  5 5 4 5 5 3 I 0  2R6 

304 2 5 8 9 0 0 0 0 0 0 0 4 I 2 4 3 2 2 0 0 0 0 123 
30s 2 5 8 1 0  0 0 0 0 0 0 0 4 I 3  4 3 2 2 0 0 0 0 129 

307 2 6 7 8 (I 0 0 0 0 0 0 6 I 4 I I 0 0 0 0 0 0 68 
308 2 6 7 9 0 0 0 0 0 0 0 6 1 3 1 2 1 0 0 0 0 0 7 9  
309 2 6 7 l 0 0 0 0 0 0 0 0 6 1 4 1 2 1 0 0 0 0 0 8 5  
310 2 6 8 9 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0  22 
311 2 6 8 10 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0 28 
312 2 6 9 1 0 0 0 0 0 0 0 0 4 0 I 0 0 0 0 0 0 0 0  21  

303 2 5 7 1 0 0 0 0 0 0 0 0 5  I 4 5 ~ 4 5 2 3  I 0 2 9 2  

306 ~ ~ 9 1 0 n o o 0 o n 0 4 1  z 4 3 2 2 o o o o 1 2 3  

313 ~ 7 ~ 9 0 0 ~ 0 0 o n 4 0 2 n 1 o ~ n n ~ n  36 
314 ~ 7 ~ 1 o n o ~ n o ~ o ~ o z o  ~ o o o n n o  42 
31s 2 7 9 1 0 0 0 0 0 0 0 0 5 0 2 n 1 n ~ n ~ ~ 1 0  4 0  
316 2 R 9 1 0  o o o o n n 4 o I o n I) n n o 11 o 22 

319 ~ 4 s 8 o o o o n o o 4  I 2 4 3 2  i O O O O I I ~  
320 3 4 2 9 o o o o o o o 3 1  1 4 3 2 1 n o 0 0 1 0 3  
321 ~ 4 . ~ i o o o o o o n 0 ~ 1 ~ 4 ~ ~ 1 n o o n 1 0 ~  
322 ~ 4 ~ 7 n n o o n n 0 ~ 1 ~ 1 1 1 0 n 1 ~ o o 7 1  

325 ~ 4 ~ i ~ n o ~ ~ o n n ~ ~ 1 ~ 0 n o o n o o  18 
326 3 4 7 R n n o 0 0 o o 4 n 2 0 0 o o 11 o n o 28 
217 1 4 7 9 0 0 0 0 0 0 I) 4 0 1 0 0 0 1) 0 0 0 I) 22 
328 3 4 7 10 0 0 0 0 0 0 0 4 0 2 0 0 0 0 0 0 0 (1 28 
329 .1 4 8 9 n o o o o o n 3 o o n 0 o o o o ( I  o 1 2  
330 3 4 8 1 0  o o o n o o n 3 o I o o o n o n 0 n t x  
3.7 I 7 4 9 I0 0 0 1) (1 0 0 0 3 0 0 0 I) I) 0 0 ( I  0 ( 1  I2 
332 3 5 (1 7 (1 0 (1 0 0 0 0 0 1 4 5 4 J 4 1 2 (1 1) 2 5 3  
33.1 .1 5 h x 0 0 I1 0 0 ( I  0 4 0 2 3 z I I 0 I)  0 0 84 
334 3 5 6 9 0 ~ 0 0 0 0 0 3 0 1 3 2 1  I 0 0 0 0  74 
xu 7 s 6 1 0  o o 0 o o o 0 3 o 2 2 2 I I o o o I I  an 
336 3 5 7 R 0 n 0 0 0 0 0 4 I 3 5 4 4 J 1 2 0 11 139 
3 7 7  3 5 7 ') 0 0 1) 0 0 0 (I 4 I 2 5 4 4 .I 1 2 0 0 2 1 7  

317 3 4 5 6 0 0 0 0 1) 0 0 J 0 2 3 2 I I 0 0 0 0 84 
218 3 4 S 7 0 0 0 0 0 0 0 5 I 3  5 4 4 4 1 1 0 0 2 4 5  

323 3 4 6 R 0 O O O O O O 4 0  I 0 O ( I 0 O I 1 ( l O  21 
224 3 4 6 9 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 I J  0 0 12 
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524 2 3 5 1 1 0  0 0 0 0 0 0 4 I 3  5 4 4 4 3 2 0 0 119 
5 1 5  2 3 5 R 9 n o n o o o 3 t I 4 3 2 I n o o n in? 
5 7 0  ? ~ ~ R I O O O O O O ~ ~  I 2 4 ~ 2 1 n n o 0 1 w  
537 z 3 5 Y I O  o n o o o o 3 I I 4 7 z I n 0 o o in1 
5 7 8  ~ ~ 6 7 ~ o o o n o o s 1 ~ 1 n o o o n o n  50 
519 ~ ~ ~ 7 ~ o o o o o n s 1 ~ 1 1 1 0 n o n n ~ 1  
540 ~ ~ ~ 7 1 n o o o o 0 0 5 1 3 1 1 1 o o o o o ~ 7  
5.11 ~ ~ ~ s ~ o o o o o o 3 o o o o n n o n n o  12 
CJ? 2 7 ~ ~ 1 0 n n n o n o ~ o 1 o o o o o n n o  I R  

544 ? ~ 7 ~ ~ o o o o o n ~ o 1 o o n o o o o o  18 
545 2 3 7 8 1 0  o o o o o o 3 n 2 o o o o o o o o 24 
246 2 7 7 9 1 0  o o o o n o 4 o I o o o o o o o o 22 
547 7 3 B 9 1 0  o o o o o o 3 o o o o o o o o o n 12 

550 2 4 5 6 9 o n n o o n s 1 2 3 ~ 1 1 n 0 n ~  91 
$ 5 1  z 4 ~ ~ 1 n o o o o o o 5 ~ ~ ~ 2 1 1 n ~ o n 9 9  
55:  z 4 z 7 R o o o o a o 6 2 4 5 s 4 5 3 3 I o WI 
5 5 3  1 4  5 7 9 0 0 0 0 0 0 6 2 3 5 5 4 5 3 3 I 0 2 9 5  
554 Z 4 5 7 1 0  0 0 0 0 0 0 6 2 4 5 5 4 5 3 3 I 0  701 
555 I 4  5 R 9 0 0 0 0 0 0 s  2 2 4 3  2 2 o o o o 1 1 2  
556 2 4 5 8 1 0  o o o o o o s 2 7 4 1 2 2 n n o o 138 
5 5 7  2 4 5 9 1 0  n o o o o o 5 2 2 4 3 2 2 o o o o t i 2  
5 5 8  2 4 ~ 7 ~ 0 0 0 0 0 0 7 2 4 1 ~ n o 0 0 o 0  77 

560 ~ 4 6 7 i o o n o o o o 7 ~ 4 1 ~ 1 n n o o n  94 
$61 2 . 1 6 ~ 9 o n n o o n 5  I ~ ~ n o o o o n o  3 1  

561 ~ 4 7 8 9 o o o o o n 5 1 2 o ~ n n n o o o  5s 

566 z 4 7 9 1 o o o o o o o ~ 1 2 o 1 o o o o n n  49 
567 ~ 4 s 9 t o 0 o n o o n s 1 r o o ~ o o o o o  3 1  

570 2 5 6 7 1 0  o n o  o o o 6 I 5 5 s 4 4 3 7 I n ZY? 
5 7 1  ? 5 ~ 8 9 o o o n n o 4 0 ~ 3 2 1  t o o n n  RS 
5 7 2  2 5 (, n 10 ( I  n 11 o I )  II 4 o 7 I 2 I I n 11 (1 o 'XI 

571 z 5 7 R 9 o o o n o n 4 I 7 5 7 4 5 3 3 I o ? R ?  
5 7 5  2 5 7 R I O  o o o o o o 4 I 4 5 5 1 5 3 7 I n 1x8 
5715 ~ ~ 7 ~ 1 0 o o o o 1 1 n ~ 1  7 5 5 4 5 3 3  1 0 x 6  

578 Z ~ ~ ~ Y ~ ~ ~ ~ ~ O ~ I ~ I I O O O O O O  
579 ~ 6 7 ~ 1 o o n o n o n s 1 5 1 i n o 0 o o o  w 
F R O  ~ 6 7 ~ 1 0 0 o o o n n 6 1  7 1 1 1 o 0 0 0 0  79 
5 8 1  2 6 R 9 1 0  n n o o o n Q n I o o 11 o o o I) n 2 2  
5x2 z 7 R Y I O  11 I) o o ( I  o 4 o 2 o I 0 n o o I I  ( 1  if, 

543 2 3 6 9 1 0  0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 I? 

548 2 4 5 6 7 0 0 0 0 0 0 8 2 5 S 4 4 3 3 1 0 3 0 5  
549 Z 4 5 6 6 0 0 0 0 0 0 6 I 3  3 2 I I 0  0 0 0 103 

5SY 2 4 6 7 9 0 0 0 0 0 0 7 ? 3 1 2 1 0 0 0 0 ~  RR 

562 2 4 6 8 10 0 0 0 0 0 0 5 I 2 0 0 0 0 0 0 0 0 77 
563 ? 4 6 9 1 0 0 0 0 0 0 0 5 1  I O O O O O l J O O  !I 

565 ? 4 7 8 1 ~ 0 0 0 0 0 0 5 1 3 0 I 0 ~ 0 0 0 0  51 

568 ? 5 6 7 8 O O O O O 0 6 1  5 5 4 3 4 2 7  I 0 2 7 5  
569 2 5 6 7 9 0 0 0 0 0 0 6 1 4  5 ? 4 4 3 3 I 0  Z R f i  

5 ? \  2 7 6 9 11) 0 0 1) (1 (1 I) 4 (1 2 1 2 I I 0 ( 1  0 f I  8-1 

5 7 7  2 5 R 9 10 0 0 0 0 0 0 4 I 2 4 3 2 2 0 0 0 ( I  I 2 1  
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681 I 2 3 4 6 7 9 1 0 0 0 0 6 2 2 I  1 2 0 1 0 0 0  90 
682 I 2 3 4 6 7 8 1 0  0 0 0 5 2 3 I 0 1 0 I 0  0 0 7S 
6x3 I 2 3 4 6 7 8 9 0 0 (1 5 2 2 I 0 I I1 I (1 (1 I1 6') 
684 I 2 3 4 !I 8 9 10 0 0 0 4 2 0 2 I ? c) 0 0 I 1  76 
685 I 2  3 4 5 7 9 1 0  0 0 0 5 Z I 3  2 4 3 2 I 0  0 173 
686 I 2 3  4 5 7 8 1 0  0 0 0 4 2 2 3 2 4 3 2 I 0  0 175 
687 I 2  7 4 5 7 8 9 0 0 0 4 2 1 . 1  2 4 3 2 I 0  0 169 
688 I 2  3 4 5 6 9 1 0  0 1) 0 4 1 0  I I 2  I 0  0 0 0 64 
689 I 2 3 4 5 6 R 1 0 0 0 0 4 1 I I I 2 I 0 0 0 0 7 0  
690 1 2 3 4 5 6 8 9 0 0 0 4 1 0 1 1 2 1 0 0 0 0 6 4  
691 I 2 3 4 5 6 7 1 0 0 0 0 6 2 3 3 3 5 1 2  I 0 0 2 0 6  
692 1 2  3 4 5 6 7 9 0 0 0 6 2 2 3 3 S 3 2 I 0  0 2 0 0  
693 I 2  3 4 5 6 7 8 0 0 0 6 2 3 3 2 4 1 2  I 0  0 I89 
694 4 5 6 7 8 9 1 0  0 0 0 0 5 I 4  5 4 3 4 3 3  I O 2 h 5  

6% 3 4 6 7 8 9 1 0 0 0 0 0 4 1 2 1 0 0 0 0 0 0 0  40 
69s 3 5 6 7 8 9 1 0  n o n o 4 I 3 5 3 3 4 3 2 0 0 2 2 2  

697 3 4 ~ 7 8 9 1 0 ~ 0 0 0 3 1 2 ~ 4 4 4 3 2 n n 2 ~ 9  
698 ~ 4 ~ ~ ~ 9 i n o ~ n n ~ o 1 ~ 2 1 1 0 0 0 0  74 
6Y9 3 4 5 6 7 9 1 0  0 0 0 0 5 I 3  5 4 4 4 3 2 0 0 243 
700 3 4 5 6 7 8 1 0  0 0 0 0 4 I 4  5 3 3 4 3 2 0 0 228 
701 3 4 5 6 7 8 9 0 0 0 0 4 I 3  5 3 3 4 3 2 0 0 222 
702 2 5 6 7 8 9 1 0  0 0 0 0 5 I 4  5 4 3 4 3 3 I 0  265 
703 2 4 6 7 8 9 1 0 0 0 0 0 6 2 3 1  I 0 0 0 0 0 0  67 
70-1 2 4 5 7 8 9 1 0  0 0 0 0 5 2 3 5 5 4 5 3 3 I 0 2 9 1  
705 2 4 5 6 8 9 1 0 0 0 0 0 5 1 Z 3 2 I I 0 0 0 0  93 

707 2 4 5 6 7 8 1 0  0 0 0 0 6 2 3 5 4 3 4 3 3 I 0 2 8 0  

709 2 3 6 7 8 9 10 0 0 0 0 4 I 2 t 0 0 0 0 0 0 0 4 0  
710 2 3 5 7 8 9 1 0  0 0 0 0 3 I 1  5 4 4 4 3 2 0 0 229 
711 2 3 5 6 8 9 1 0 0 0 0 0 3 0 1 3 2 1 1 0 0 0 0  74 
712 2 3 5 6 7 9 1 0  0 0 0 0 5 I 3  5 4 4 4 3 2 0 0 2 4 3  
713 2 3 5 6 7 8 1 0  0 0 0 0 4 I 4 5 3 3 4 3 2 0 0 228 
714 2 3 5 6 7 8 9 0 0 0 0 4  1 3 5 3 3 4 3 1 0 0 2 2 2  

716 2 3 4 6 8 9 1 0 0 0 0 0 4 1 0 0 0 0 0 0 0 0 0  21 

7~ 2 4 5 6 7 9 1 0 0 0 0 0 7 2 4 5 5 4 4 3 3  I 0 2 9 5  

708 2 4 s 6 7 8 9 0 0 o n 6 2 4 5 4 3 4 3 3 I o 274 

71s  ~ ~ 4 7 8 9 1 o o o ~ n 4 1 1 ~ ~ o o o o u ~  27 

717 2 f 4 6 7 9 i n n n o o 6 2 2 1 1 1 o n n o n 7 0  
718 z 3 4 6 7 8 i o  n o I) o 5 z 3 I 0 n o n o o (I 55 

720 2 7 4  5 8 9 1 0  n I )  o 0 4 2 I 4 3  2 I o o o 0 I I Z  

723 2 4 3 7 8 9 o o ( I  o 4 z 2 5 4 4 4 7 2 ( I  I I ~ ~ I I  

719 2 3 4 6 7 8 9 O I ) ( I O 5 Z 2  I 0 0 0 0 0 0 0  49 

721 2 3 4 5 7 9 10 0 0 (1 0 5 2 2 5 4 4 4 7 2 0 I1 242 
722 2 3 4 5 7 8 1 0  0 I1 0 0 4 2 3 5 4 4 4 3 2 0 I1 2JJ 

72.1 2 1 4 5 0 9 l ( 1  0 I1 ( I  (1  . I  I I 1 2 I I ( I  ( I  (1 I1 H1 
7 2 5  2 3 4 5 6 H I0 I1 (1 II I1 .I I 2 3 2 I I I1 I1 0 I) MO 
126 2 3 4 5 6 8 9 0 l 1 0 0 4  I I 3 2  I I O O O I )  K 7  
727 2 3 4 5 6 7 1 0  0 0 0 0 6 2 4 5 4 4 4 7 2 0 0 2 S R  

7?Y 2 3 4 5 6 7 x 0 0 I) I 1  h 2 J 5 7 7 4 3 2 I 1  1 )  ? . I 1  
7-311 2 3 4 z 6 7 Y o o ( I  n 6 2 7 s 4 4 4 3 2 n I) 252 
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214 P. GANGOPADHYAY and T.P. KADHAKRISHNAN 

7 3 0  I 5 6 7 8 9 1 0  0 0 0 0 4 I 3 3 3 3 7 I I 0 0 I 6 1  
7 7 1  1 ~ ~ 7 ~ 9 1 0 0 o u o 4 1 ~ 1 1 0 0 o n n o  54 
iv  I 4 F 7 R Y I O  n o n n 1 I 2 3 7 7 7 I I ii i i  15.1 
7 1 1  I 4 5 x Y l o  o o n o 1 o I I I I I o n IJ I I  72 
714 I 4  5 5 7 9 1 0  0 0 0 0 5 1 7  3 4 4 3 I i 1) 0 I85 
775 I 4  5 ') 7 8 1 0  0 0 0 0 4 I 4  1 3  7 I l ( 1  0 171) 
77h I 4 5 7 R Y n o o n 4 I 3 3 i i i I I n n IM 
717 I 7 6 1 8  9 1 0  o o o o 4 I z I o o o n n o o 40 
738 I 1 2 7 8 Y I O  o o o o 3 I I 7 2 3 3 I I n n 1411 
779 l 3 5 ~ 1 ~ 9 1 0 O O O O 3 o o I I I I O O ~ ! 0 4 6  
740 I 3 5 5 7 9 I0 0 0 0 0 5 I 2 3 3 4 1 I I 0 0 171 
741 1 7 5 ~ 7 8 1 0 0 0 0 0 4 1 3 3 Z 3 ? 1 1 0 ~ 1 5 ~  
742 I 3 z :1 7 8 9 0 n o  o 4 I z 3 z 3 3 I i n n 150 
741  I 7 4  ~ e 9 1 0 0 0 n 0 ~ 0 1 0 a a o n o n r ~  I R  
744 I 1 4  6 e 9 1 0  o I) n o 3 (I o o n 0 o o o 11 n 1 2  

746 I ~ I ~ ~ ~ R I O O O O ~ ~ I ~ I O O O O O D ~  46 
7 4 7  I ~ 4 r , 7 ~ 9 n o n o 4  I 2 I n n o n n o n  4n  
7413 I 7 4 5 x 9 1 0  o o o o 3 I o 2 I I I (I n n (I TH 
719 I 3 4 5 7 9 1 0  o o o o 1 I I 3 2 3 3 I I n o 14 
750 I 7 .i 5 7 X I O  n o o 0 3 i 2 3 2 3 3 I I n n 146 
7 5 1  I 3 J s 7 x 9 o o o o 7 I I 3 2 3 7 I I n n 140 
752 1 7 4 5 h 9 i o 0 0 0 0 3 ~ 0 1  I I i o o o o  46 
7.53 I ~ ~ ~ ~ R ~ O ~ O O O ~ O I I I I I O O ~ O ~ ~  

735 I 3 4 6 7 9 1 0  0 0 0 0 5 I 2  I I I 0 0 0 0 0 G I  

754 1 ~ 4 5 6 8 9 0 0 0 0 3 o O 1 1 1 I 0 o o 0 ~ ~  
7 5 5  I 7  4 T 6 7 1 0 0 0 0 0 5  I 1  1 7 4  7 I I O ( l 1 7 7  
756 I 3 4 5 6 7 9 0 0 0 0 5 1 2 3 .? 4 7 I I 0 0 171 

7 5 8  I 2 h 7 x 9 10 (1  0 0 0 4 I :1 I I 0 I) 0 0 0 (1 51 
759 I Z 5 7 8 9 1 0  0 0 0 0 3 I 2  3 3 3 3 I I 0  0 154 
760 1 ? 5 h R 9 1 0 0 0 0 D 7 0 1 1 1 1 1 ~ 0 0 ~ ~  5 2  
761 1 2 5 4 7 9 1 0 0 0 0 0 5 1 ~ 3 4 4 3 1 1 o 0 1 8 5  
7 6 2  I Z S 4 7 8 10 0 0 0 0 4 I 4 3 3 3 i 1 I 0 0 170 
763 I 2  5 f, 7 8 9 0 0 0 0 4 I 7  3 1 3  7 I I 0  0 161 

765 I ~ 4 6 8 9 1 0 0 0 0 0 4 1 1 0 0 1 0 0 0 ~ 0  7I> 

727 I 7 J T 6 7 R 0 ( I  o n  5 I 3 3 z 7 3 I I o o IMI 

764 I ~ ~ ~ R ~ I O O O O O ~ I ~ ~ I I I O I O ~ ~ ~ I  

7~ I 2 4 6 7 9 1 n  o o o o b 2 I I 2 2 n I o n o inil 
~7 I z 4 6 7 8 1 0  n n n n 5 2 4 I I I D I ( I  o n RO 
70x I Z ~ ~ ~ X ~ O ( I ~ O S ? ~ ~ I  I O I O O O  x~ 
7 w  I Z A  ~ ~ 9 1 n n n 0 n 4 ~  I 2 t 2 I n n n n  R I  

772 I 2 4 7 7 ~ ~ ( i ( i o n 4 t 2 7 1 4 i ?  I O O I H I  

7711 I 1 4 F 7 Y 1 0  I I  ( I  I) (I 5 2 2 7 7 4 7 2 1 0 0 187 
771 I Z J 5 7 R I f 1  0 0 (1 0 4 2 1 7 1 4 1 2 I 0 0 1x0 

777 I 2 4 < f, 4 1 0  0 0 0 l l  4 I I I I ? I 0 0 0 I 1  711 
774 I 1 .I < 6 X 1 0  0 0 0 0 4 I 2 I I 2 I I )  f J  0 ( 1  7(, 
7 7 5  1 2 1 5 6 X Y 0 0 0 0 4 l  I I I Z I O O O O  711 

777 I 2 ,1 5 h 7 Y 0 0 0 0 h 2 7 7 4 5 1 2 I 0 0 ? I 4  
776 I 2 4 r i  7 1 0  n o o o 6 2 4 I .I 5 4 2 I o o zzo 

77X I 2 J 5 6 7 X (1 0 0 I) 6 2 4 3 3 4 1 2 I 0 I) 2111 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 215 

779 I 2 3 7 8 9 1 0 0 0 0 0 3 0 I  0 0 0 0 0 0 0 0  18 
780 1 2 3 6 8 9 1 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0  I2 
781 I 2 3 6 7 9 1 0  0 0 0 0 5 1 2 I I I 0 0 0 0 0 61 
782 I Z 3 6 7 8 1 0 0 0 0 0 4 1 3 1 0 0 0 0 0 0 0  46 
783 I 2 3 6 7 X 9 0 0 O 0 4  1 2  I 0 0 0 0 0 0 0  4 0  
784 1 2  3 5 8 9 1 0  0 0 0 0 3 1 0  2 I I I 0  0 0 0 58 

786 I 2  3 5 7 8 1 0  0 0 0 0 3 I 2  3 2 3 ? I I 0  0 146 
787 I 2  3 S 7 8 9 0 0 0 0 3 1 I 3  Z 3 3 I I 0  0 I40 
788 1 2 3 5 6 9 1 0 0 0 0 0 3 0 0 I I I I 0 0 0 0 4 6  
789 1 2 3 5 6 8 1 0 0 0 0 0 3 0 I I I I 1 0 0 0 0 5 ?  
790 1 2 3 5 6 8 9 0 0 0 0 3 0 0 1 1 1 1 0 0 0 0 4 6  
791 I 2 3 5 6 7 1 0  0 0 0 0 5 I 3 5 3 4 3 I I 0 0 177 
792 1 Z 3 5 6 7 9 0 0 0 0 5 I 2  3 3 4 3 I I 0  0 171 
793 1 2  3 5 6 7 8 0 0 0 0 5 I 3  3 2 3 3 I I 0  0 IM) 
794 1 2 3 4 8 9 1 0 0 0 0 0 4 1 0 0 0 1 0 0 0 0 0  30 

796 I 2 3 4 7 8 1 0  0 0 0 0 4 I 2 ( I  0 I 0 I 0 0 0 5 3  
797 I 2 3 4 7 x Y 0 0 0 0 4 I I 0 0 I 0 I ( I  0 0 47 
798 1 2 3 4 6 9 1 0 0 0 0 0 4 1 0 0 0 1 0 0 0 0 0  30 
799 1 2 3 4 6 8 1 0 0 0 0 0 4 1 1 0 0 1 0 0 0 0 0  36 
800 1 2 3 4 6 A 9 0 0 0 0 4  I 0 0 0 1  0 0 0 0 0  30 
801 I 2 3 4 6 7 1 0 O O O O 6 2 3 1 I Z O I O O Q 9 6  
802 1 2 3 4 6 7 9 0 0 0 0 6 2 2 1 t 2 0 I 0 0 0 9 3  
803 1 2 3 4 6 7 8 0 0 0 0 6 2 3 1 0 1 0 1 0 0 0 7 9  
804 1 2 5 4 5 9 1 0 0 0 0 0 4 2 0 ? 1 2 1 0 0 0 0 7 6  
805 I Z Z 4 5 S 1 0 0 0 0 0 4 ~ 1 2 1 2 I 0 0 0 0 8 2  
806 1 2 3 4 5 8 9 0 0 0 0 4 2 0 2 1 2 1 0 0 0 0  76 
807 I 2 3 4 5 7 10 0 0 0 I) 5 2 2 3 2 4 3 2 I 0 0 179 
808 I 2  3 4 5 7 9 0 0 0 0 5 2 I 3  2 J 3 2 I 0  0 173 
809 I 2  3 4 5 7 8 0 0 0 0 5 2 2 3 2 4 3 2 I 0  0 179 
810 I 2 3 4 5 6 1 0  0 0 0 0 4 I I I 1 2 I 0  0 0 0 70 
811 I 2  3 4 5 6 9 0 0 0 0 4 I 0  I 1  2 I 0  0 0 I) 64 
812 I 2  3 4 5 6 8 0 0 0 0 5 1 I I I 2 I 0  0 0 0 74 
813 I 2 3 4 5 6 7 0 0 0 0 7 2 3 3 3 5 3 2  I 0 0 ? 1 0  
814 5 6 7 8 9 1 0  0 0 0 0 0 5 I 4  5 4 3 4 3 3 I 0 1 6 5  
815 4 6 7 8 9 1 0 0 0 0 0 0 5  I 3  I I O 0 O O O l l  5X 
R16 4 5 7 8 9 1 0  0 0 0 0 0 4 I 3  5 S 4 5 3 3 I O 2 R 2  
817 4 S 6 8 9 1 0  0 0 0 0 0 4 0 2 3 Z I I 0 0 (1 0 R4 
818 4 5 6 7 9 1 0  0 0 0 ( I  0 6 I 4  5 5 J J 3 3 1 0 2 x 6  
819 4 5 6 7 8 1 0  0 0 0 0 0 5 I 5  5 4 3 4 3 1 I 0 2 7 1  
820 4 9 6 7 8 9 0 0 0 0 0 5 I 4  5 4 3 J 1 3  I 0 2 6 5  

785 I 2 3 5 7 9 1 0  o o o o 4 t I 3 2 3 3 I I o n 144 

79s I 2 3 4 7 9 1 0  o n 0 0 s I I o o I 0 I o o o 5 1  

821  3 6 7 I 9 10 o o 0 o 4 I I o o 0 o o o 40 
n x  3 5 7 s 9 1 0  o o o o ( I  3 I 2 5 4 4 J 3 2  I I  ( 1 ~  
XZ3 3 S 6 8 9 10 0 0 0 0 ( I  3 0 I 3 Z I 1 0 0 0 0 74 
824 3 5 6 7 9 1 0 0 0 t ) 0 0 5 1  3 5 4 4 4 3 1 0 0 2 4 3  
825 3 S 6 7 8 1 0  0 0 0 0 0 4 I 4  5 3 3 4 3 2 0 0 2 2 8  
826 3 5 6 7 8 9 0 0 0 0 0 4 I 3  5 3 3 -I 7 Z 0 0 222 
827 3 4 7 A 9 10 0 0 0 0 0 3 0 I 0 I I  I1 0 I1 0 0 (1  I X  
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1011 I 2  3 4 8 9 0 0 0 0 0 4  1 0 0 0  I O I I O O O  7IJ 
1012 I ~ 7 4 7 1 o o o o o o 5 1  2 0 0 1  o i n n n  57 
1013 I ~ ~ ~ ~ Y O O O O O ~ I ~ O ~ ~ O I O ~ O ~ I  
i (114 I z 3 4 7 B o o n o 0 5 I 2 n o I o I 0 n (1 J7 

1016 I L ~ 4 6 9 o n o n n 4  I n n n  I o o o n o  YI 
l o 1 7  I z I 4 h 8 0 o o n n 5 I I o n I n o i) o o i o  

1020 i 2 7 4 ~ 9 o o o o o 4 2 0 2 1 2 1 n o o o  76 
in21 I 2 3 4 ~ s o o o o o 5 2 1  2 1  2 1 0 0 0 0  

1015 I 2  7 4 6 1 0 0 0 0 0 0 4  I 1  0 0  1 0 0 0 1 3 0  7 0  

1018 I 2  3 4 6 7 0 0 0 0 0 7 2 3 I I 2  0 I 0  0 0 I l Y )  
1019 I 2 3 4 5 1 0  0 0 0 0 0 4 2 I 2 I 2 1 0  0 0 0 8 2  

1022 I 2  3 4 5 7 0 0 0 0 0 6 2 2 7 Z 4 7 2 I 0  0 183 
1 0 2 7  I 2  7 4 F 6 0 0 0 0 0 5 I I I 6  2 I 0  0 0 0 74 
1024 I 2 3 4 5 6 7 8 9 1 0  0 5 2 2 3 2 4 3 2 I 0  0 179 

LARGEST IWSUM 305 
FOR DIGRAPHS . 283, 548 
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VISUALIZING SUPRAMOLECULAR MACROCYCLIC FORMATIONS 219 

Vertices in the directed 13-cycle (permutation 283 above) 

(C1 -Pl-Q5-C4-P4-CZ-Q19-C 1 1-R1-C 1 O-Q17-C6-R10) 

This cycle is shown in Fig. 4b 
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