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Introduction

Dendritic molecules have been known for more than 20
years.[1] They feature a highly ordered shape and a cas-
cade-like repetition of certain building blocks.[2,3] Among
dendrimers, so-called “starburst-dendrimers”, space-filling
molecules bearing certain end-groups, are a subject of spe-
cial interest.[4]

Dendrimers consisting of an initiator core of multiplic-
ity Y and branches of multiplicity Z lead to Y•(Z)X terminal
groups in the Xth generation (Figure 1). As the diameter of a
dendrimer grows linearly with the number of repetition steps
while the volume of the functional groups in the outer sphere

grows exponentially, a “self-limiting generation” may ap-
pear.[5] This generation is determined by Y and Z as well as
by the dimensions of the building blocks, e.g. by the use of
spacers.

The highest multiplicity attained so far for a symmetri-
cal three-dimensional initiator core is Y = 4 for adamantane
[6] and pentaerythrol [4] (Figure 2).

If the dendrimer synthesis is carried out in the presence
of other molecules, these molecules can be incorporated into
the dendritic structure. This is then called a “dendritic box”.
[7] Cavities and clefts within the dendritic structure can be
utilized for the insertion of functional groups or to form
host-guest-complexes with other molecules.

Topic of investigation

The intention of this investigation was to develop methods
for the modeling of a new class of dendrimers synthesized
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for the first time by Hirsch et al..[8] This new class of com-
pounds exhibits an exceptionally high multiplicity of Y = 12
for the initiator core, the fullerene C60, as shown in Figure 3.
Fréchet-type benzyl ether dendrimers of a multiplicity of Z =
2 with rather short repetition units have been used as branches
(Figure 4, see also [9]).

Figure 1 Principle of dendritic growth

Figure 2 Adamantane (left) and pentaerythrol (right): Up
to now the highest known 3D multiplicity, Y = 4, of an initia-
tor core

Thus, only a small number of generations of the dendrimer
should be necessary to reach sterically overburdened, com-
pact structures.

Classical molecular mechanics and molecular dynamics
calculations were carried out with the MM+ force field im-

Figure 3 C60 hexa-adduct leading to an initiator core with a
multiplicity of Y = 12

Figure 4 Fréchet-type benzyl ether branches leading to a
multiplicity of Z = 2
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plemented in the software package HyperChem 4.5.[10] These
geometries were compared to those obtained by the structure
generation program CORINA.[11]

Based on these model systems (Figure 3) with R1 and R2,
and R1 = R2, respectively, we intended to predict the struc-

tures of hexa-adducts in terms of availability of space in con-
secutive generations of the dendrimers.

As mentioned above, the fullerene dendrimers can form
several clefts and cavities within the molecule. Figure 5 il-
lustrates such a cleft in a fullerene dendrimer. Thus, an ad-

Figure 5 Cleft within a
fullerene dendrimer to encap-
sulate guest molecules

Figure 6 Two different generations of fullerene dendrimers with porphyrins as functional groups
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duct of a fullerene core and a functional group exhibiting
special chemical or electronic properties might leave enough
empty space within the molecule after adding the dendritic
branches to form host-guest-complexes with other molecules
that are small enough to fit into the clefts and cavities.

Figure 6 shows two fullerene cores functionalized with
porphyrin groups and two different generations of dendrimer
branches. Interactions between the porphyrin groups and the
fullerene cores strongly influence the electronic behavior of
these compounds, so called dendrimer-encapsulated porphy-
rin fullerene diads.[12]

Furthermore, these functionalized fullerenes lead to the
concept of “chemzymes”,[13] artificial enzymes consisting
of inherently chiral mixed hexa-adducts functionalized with
catalytically active sites. Figure 7 gives an example for a
“chemzyme”.

With our comparative calculations we wished to gain in-
formation about the gas phase structure at ambient tempera-
ture and about possible solid-state structures. Finally, we tried
to find evidence for the occurrence of a “self-limiting gen-
eration”, which should result in strongly increasing energies
due to close atom contacts within the molecule.

Methods

The packages for the molecular mechanics, molecular dy-
namics, and semiempirical quantum mechanical calculations
are standard commercial software and are therefore only

briefly mentioned. The software CORINA for the empirical
construction of 3D molecular models is also a widely distrib-
uted commercial package. However, as it was developed in
one of our research groups we are in a position to give more
information on the scientific background of the methods con-
tained in this software.

Molecular mechanics and molecular dynamics studies

Molecular mechanics calculations were performed with the
MM+ force field implemented in the software package
HyperChem 4.5. Molecular dynamics calculations were also
carried out with the methods contained in HyperChem 4.5.

Semiempirical quantum mechanical calculations

The calculation of the structure and the molecular orbitals of
the mono-adduct 7 was performed with AM1 contained in
the software package SPARTAN.[14]

3D structure generator CORINA

The development of CORINA was initiated in 1984 and has
matured through a series of versions T  [15-18]. It was origi-
nally developed to model the influence of the spatial arrange-
ment of the atoms of a molecule on its reactivity within the
reaction prediction program EROS,[19,20] but has found a

Figure 7 Artificial enzyme (“chemzyme”) promoting
enantioselective cyclopropanation by synergism at the
bisoxazoline units with the inherent chiral addition pattern
of the fullerene

Figure 8 Outline of the Program Flow in CORINA

T CORINA Version 2.4 is accessible for the free conver-
sion of a maximum of 1,000 structures via the Internet: http:/
/www2.ccc.uni-erlangen.de/software/corina
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wide range of applications from infrared spectra simulation
[21] to drug design.[22]

Overview on the CORINA algorithm

CORINA is a rule- and data-based program system and can
be considered as an automatic model building kit. The gen-
eration of 3D molecular models in CORINA is based on a set
of rules derived from experimental data and theoretical in-
vestigations, such as X-ray crystallography, force field cal-
culations, and geometric considerations. In addition, a con-
densed set of data on bond lengths, bond angles, and ring
geometries is included. The rules and data involved in the
build-up process have a broad range of validity to ensure that
the program is applicable to a large variety of chemical struc-
tures; in fact it covers the entire range of organic chemistry
and a large variety of organometallic compounds. Figure 8
shows the general principles of CORINA.

CORINA requires as input a connection table (CT) con-
taining information on the number of atoms, atom types,
bonds, and stereochemical descriptors where appropriate. In
the first step, bond lengths and bond angles are assigned to
standard values depending on atom types, the atomic hybridi-
zation states, and the bond order of the atom pair under con-
sideration. Since bond lengths and angles possess only one
rigid minimum, these values are taken from a table
parameterized for the entire periodic table. For bonds where
no appropriate entry can be found in the table, reasonable
values are calculated from electronegativity and covalent
atomic radii. Atoms with up to six neighbors can be handled
according to the Valence Shell Electron Pair Repulsion
(VSEPR) model. When stereo-descriptors are lacking, rea-
sonable assumptions are made.

Since torsional angles may assume a series of reasonable
values, two major problems arise. First, in ring systems only
sets of torsional angles are allowed that fulfill the ring clo-
sure condition properly. Secondly, non-bonding interactions
between parts of flexible chains must be minimized. Thus,
CORINA handles rings and chains separately. A molecule is
fragmented into ring systems and acyclic parts. Ring sys-
tems are then separated into small rings with up to eight at-
oms, rigid macrocyclic systems containing large rings with

low flexibility and flexible macrocyclic systems consisting
of one large flexible ring which might be fused or bridged to
small rings.

For small ring systems consisting of less than nine atoms,
the number of reasonable conformations is rather limited.
Thus, these systems are processed by using a table of allowed
single ring conformations. Ring templates are stored as lists
of torsional angles, for each ring size and number of
unsaturations in the ring, ordered by their conformational
energy. Figure 9 gives an example for the conformations of
cyclohexane and cyclohexene as they are stored in the ring
conformation table.

In the case of fused or bridged systems, a backtracking
search procedure finds a contradiction-free set of conforma-
tions for each single ring following some geometric and en-
ergy restrictions. Figure 10 illustrates this procedure for
cubane. After the smallest set of smallest rings (SSSR) has
been determined (five four-membered rings in the case of
cubane), the algorithm starts with the lowest energy confor-
mation (torsion angle sequence: 30°, -30°, 30°, -30°; enve-
lope form). Two of these conformations can be fit together,
but a third one cannot be fused to this assembly. The back-
tracking procedure then selects the next possible conforma-
tion from the list of ring templates (0°, 0°, 0°, 0°, planar

Figure 9 Ring templates for cyclohexane and cyclohexene

Figure 10 Backtracking procedure for the generation of a
3D model of cubane

Figure 11 3D model of a macrocyclic molecule and its cor-
responding superstructure
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form). Again, the fusion of more than one ring to the enve-
lope form is not possible. Thus, the planar geometry is as-
signed to the first ring, too, finally leading to the correct skel-
eton of cubane.

The number of possible conformations rises drastically
with increasing ring size. Therefore, large ring systems can-
not be handled with the methods applied to small rings. How-
ever, in rigid polymacrocyclic structures often an overall gen-
eral outline can be found, a so-called superstructure. The
porphyrin-bridged cyclophane molecule in Figure 11 shows
a cage-like superstructure. This superstructure retains approxi-
mately the shape and symmetry of the complete system by
reducing the original structure to the number of macrocycles
and bridgehead atoms (anchor atoms).

The so-called “principle of superstructure” is implemented
in CORINA for generating a 3D structure for rigid
macrocyclic and polymacrocyclic systems. First, the ring
system is reduced to its superstructure, preserving the essen-

tial topological features. As this superstructure contains only
small rings, albeit with very long bonds, the algorithms de-
scribed for small ring systems can be applied to generate a
3D model for the superstructure by using long (super-) bonds.
Finally, the removed atoms are restored and a complete 3D
model of the entire ring system is obtained.

The conformational behavior of flexible macrocyclic struc-
tures is quite different. Thus, the method described above
cannot be applied to large flexible ring systems, because the
definition of one single superstructure is not possible. Figure
12 illustrates this for cyclononane. In such a situation, a con-
formational analysis procedure generating and evaluating
several geometries has been implemented, based on Dale’s
assumption [23] that large rings exhibit a polygon-like su-
perstructure (Figure 12).[24] This assumption was translated
into a 1D representation of the structures, consisting of the
numbers of bonds between the corner atoms (anchor atoms
of the superstructure) defining the polygon. This linear nota-

Figure 12 Superstructures of
cyclononane resulting in
more than one conformation

Figure 13 Reduced confor-
mational analysis to avoid
non-bonded interactions
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tion can be translated directly into a 3D model and into a
symbolic strain energy value for a ranking of the generated
conformations.

After generation of the ring systems through the methods
described above, CORINA uses a reduced force field to
optimize the ring geometries. Two simplifications lead to this
so-called pseudo-force field: First, ring systems are consid-
ered as rather rigid. Thus, influences of torsional energies
and steric influences of exocyclic substituents can be ne-
glected. Only the ring skeletons need to be optimized. Sec-
ondly, the major aim is to optimize geometries and not to
calculate energies, i.e., no actual energy values need to be
calculated. These assumptions result in a large reduction of
energy terms to be calculated, guaranteeing a fast conver-

gence after a few iterations and short computation times dur-
ing the optimization process.

For acyclic fragments and molecules, the principle of long-
est pathways has been implemented in CORINA. The main
chains are stretched as much as possible by setting the tor-
sion angles to trans configurations, unless a cis double bond
is specified. This method effectively minimizes non-bonding
interactions.

After combination of the three-dimensional fragments of
the ring systems and of the acyclic parts, the complete 3D
model is checked for overlap of atoms and for close contacts.
If such situations are detected, CORINA performs a reduced
conformational analysis to avoid these interactions as fol-
lows (Figure 13); firstly, a strategic rotatable bond within the
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(b): ring atoms only
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Figure 14 Histograms of the
RMS deviations of the 3D co-
ordinates of the X-ray geome-
tries to those generated with
CORINA: All non-hydrogen
atoms (a); ring atoms only (b)
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pathway connecting the two interacting atoms is determined,
depending on topological features and double bond charac-
ter. Secondly, the torsional angle of this bond is changed ac-
cording to rules of conformational preferences of torsional
angles in open chain portions derived from a statistical analy-
sis of crystal structures, until non-bonded interactions are
eliminated.

Quality of generated molecular models

In order to illustrate the quality of the molecular models gen-
erated by CORINA, the program was tested using a dataset
of 639 experimentally determined structures from the Cam-
bridge Structural Database (CSD).[25] This test set was com-
piled by choosing 19 chemical classes from the CSD, each
structure containing at least one ring system and a proper
stereochemical description. CORINA (version 2.4, Decem-
ber 1998) is able to convert 100% of the structures into 3D
within 42 s on a Silicon Graphics R10000 UNIX workstation
(0.07 s/molecule). Finally, the models generated were com-
pared to the X-ray structures. Figure 14 shows the histograms
of the RMS deviations of the 3D atom coordinates for all
non-hydrogen atoms (Figure 14a) and for ring atoms (Figure
14b) of the experimental structures compared to those gener-
ated with CORINA. For the comparison of all non-hydrogen
atoms, 46% of the structures have an RMS deviation of less
than 0.3 Å and can be regarded as identical conformations.
Clearly, as open chain structures can exist in a variety of low
energy conformations, larger RMS deviations must also be
expected. The comparison of ring atoms only shows that
CORINA reproduces 90% of the ring geometries almost ex-
actly. A complete study with a previous version of CORINA

(version 1.5) including an evaluation of other commercially
available model builders is given in [11].

Handling of large datasets

To demonstrate the broad validity of CORINA, the open part
of the database of the National Cancer Institute (NCI, Devel-
opmental Therapeutics Program) [26] has been converted into
3D molecular models. This dataset contains 246,620 struc-
tures and was processed by CORINA (version 2.4) within
18,843 s (0.08 s/molecule) on a Silicon Graphics R10000
UNIX workstation with a conversion rate of 99.5% without
program crash or any intervention, a rather impressive per-
formance. 820 compounds were excluded because of struc-
tural insufficiencies in the 2D information (e.g. R groups)
and only 347 compounds (0.14%) could not be converted by
CORINA because of internal problems in the program.

Handling of large molecules: preparation of the input
information and modeling of fullerene dendrimeres

Molecular modeling software requires structure information
on molecules in machine readable form, in formatted files
that can be interpreted by computer programs.

This can be one of the various standard file formats for
the handling of chemical data (MDL SDFile, SYBYL
MOLFILE, PDB Files, SMILES linear notation, etc.). These
structure data files are usually generated automatically by
drawing and storing the molecule with the help of graphic
molecule editors. The datafiles contain the connection table
(CT) of the molecule, consisting of an atom list, a bond ta-
ble, and stereo descriptors, thus providing the topological
features (the constitution) of the structure. This information
is sufficient to build up a three-dimensional model of the
molecule automatically by CORINA.

Since the molecules in the present investigation are quite
large, and the generation of the input data becomes rather
time consuming and difficult, there is clearly the need for an
automation of this process. Figure 15 shows a fullerene
dendrimer, which has been modeled in this study with
CORINA, consisting of 1278 atoms (762 non-hydrogen at-
oms).

Figure 15 3D model of the fullerene dendrimer 3D consist-
ing of 1278 atoms generated by CORINA

Figure 16 Automatic combination of molecules to generate
a large connection table
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Thus, a program was developed that automatically gener-
ates the CT of the entire molecule by combining smaller and
easily accessible building blocks. In the case of highly sym-
metric structures, like the fullerene dendrimers, this build-up
process can be done in a single step. Figure 16 schematically
shows the build-up of a dendron in form of a malonic acid
derivative with two connection points (marked hydrogen at-
oms) and a benzyl unit with two ether groups.

The marked hydrogen atoms are eliminated in order to
form a new bond between the oxygen atom of the carboxyl
group and the exocyclic carbon atom of the toluene deriva-
tive. This software tool can also be used for the generation of
virtual combinatorial compound libraries by producing all
possible combinations of various building blocks.

Experimental section

One of the main problems of this investigation was the gen-
eration of a geometry for the compounds under considera-
tion. Due to the high multiplicity of the initiator core with a
Th symmetric hexa-adduct, one rapidly arrives at a sterically
overburdened system.

Two approaches were taken: One route generated a rather
artificial geometry that was then optimized by force field
calculation. The other approach utilized an empirical 3D struc-
ture generator that started from information on only the con-
stitution of the molecules concerned.

Starting geometries for MM+ force field calculations

The starting geometry for the force field calculations was
built from pre-optimized dendrons, connecting them by
methano-bridges with very long bonds of 30-60 Å as shown
in Figure 17. This was done to prevent the interruption of the
optimization in a local minimum at high energy caused by
steric hindrance of the branches. To perform the optimiza-
tion on such unusual structures, special precautions have to
be made as will be explained now.

Force field optimization

The “steepest descent”-optimizer, suitable for investigations
of very large systems, cannot be used in this special case as it

Figure 17 Starting geometry for MM+ force field optimization
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rapidly reduces strong forces, i.e., the long bonds are prima-
rily shortened first.

To prevent this, the “Polak-Ribiere”-optimizer with con-
jugate gradient was applied to distribute the energy of the
long bonds onto the branches. Then, all bonds in the system
are simultaneously extended and the branches can adjust to
the overloaded structure while the long bonds are slowly short-
ened. The optimization was performed up to a gradient of
0.1.

Molecular dynamics calculations of the pre-optimized
structures

Minimum gas phase structures at 0 KSimulated anneal-
ing was carried out with the MM+ pre-optimized structures.
Starting at 0 K the molecule was heated for 5 ps, equilibrated
for 15 ps at 1000 K and cooled to 0 K for 50 ps. Finally,
optimization was executed up to a gradient of 0.1.

Gas phase structures at ambient temperatureStarting from
the same MM+ pre-optimized structure the molecule was
equilibrated at �constant temperature� for 50 ps at 300 K.

Semiempirical calculations

The software package SPARTAN used for the calculations
was limited to 150 atoms, semiempirical calculation with
AM1 was carried out for only one typical case to investigate
the π-π-interactions of gas phase structures.

To this end, the structure 7 obtained from simulated an-
nealing was converted into an xyz-file with HyperChem. This
file was manually changed to obtain a SPARTAN-type file
which was used for a semiempirical single point calculation
to obtain information about the electronic behavior of the
molecule.

Results

Table 1 summarizes the calculations performed and the re-
sults obtained. The structures 1 to 7, for which the calcula-
tions reported in Table 1 were performed are outlined in Ta-
ble 2. The letters A, B, C, D, and E refer to different geome-
tries of a compound obtained with the various computational
schemes.

MM+ force field Molecular Molecular CORINA Molecular
optimization dynamics (MM+) dynamics (MM+) dynamics (MM+)

0 K / 1000 K / 0 K 300 K 0 K / 1000 K / 0 K
5 ps/15 ps/50 ps 50 ps 5 ps/15 ps/50 ps

energy energy energy energy energy
[kcal·mol-1] [kcal·mol-1] [kcal·mol–1] [kcal·mol-1] [kcal·mol-1]

hexa-adducts
1st generation 766.13 459.02 701.18 593.29 525.74
270 atoms 1A 1B 1C 1D 1E
2nd generation 1549.09 1471.84 2069.50 720.07 539.60
606 atoms 2A 2B 2C 2D 2E
3rd generation 1875.50 1526.44 2710.94 1040.90 569.80
1278 atoms 3A 3B 3C 3D 3E
4th generation 1981.34 964.07 9445.20 4697.08 3657.35
2622 atoms 4A 4B 4C 4D 4E

mixed hexa-adducts
2nd generation 1323.59 1274.78 1733.54 666.37 1463.54
534 atoms 5A 5B 5C 5D 5E

mono-adducts
4th generation 865.81 578.94 1597.60 788.94 588.02
478 atoms 6A 6B 6C 6D 6E

Table 1 Energies (heats of formation) resulting from the dif-
ferent optimization methods. The green columns give the ge-
ometries obtained by classical force field optimization (se-
ries A) and of those further processed by simulated anneal-
ing (series B) as well as by molecular dynamics calculations
at ambient temperature (series C). The blue columns show

the geometries obtained by CORINA (series D) and of those
further processed by simulated annealing (series E). Except
of the molecules of series C, all structures have been optimized
up to a gradient of 1. All structures can be moved interac-
tively by clicking on the compound name
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Table 2a Investigated structures

Structure Fullerene Core R1 R2

hexa-adducts
1A – 1E
1st generation

270 atoms O

O

= R1

2A – 2E
2nd generation

606 atoms O

O

O

O
= R1

3A – 3E
3rd generation

1278 atoms

O

O

O

O

O

O

O

O

= R1
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Table 2b Investigated structures

Structure Fullerene Core R1 R2

hexa-adducts
4A – 4E
4th generation

2622 atoms

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

= R1

mixed hexa-adducts
5A – 5E
2nd generation

534 atoms O

O

O

O
O

O
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Table 2c Investigated structures

Structure Fullerene Core R1 R2

mono-adducts
6A – 6E
4th generation
478 atoms

R2
R2

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

7
1st generation

111 atoms
O

O

O

O

Energies

Some general trends can be observed in the calculations sum-
marized in Table 1.

With three exceptions (1B, 4B, and 6B), CORINA (series
D) provides the best geometries (i.e. structures with lowest
energies). These energies are even lower than the ones ob-
tained by simulated annealing (series B). For the structures
3D and 4D, CORINA detects 36 and 1050 close atom con-
tacts, respectively (non-bonded atom distances lower than

the sum of the van der Waals radii). This explains the rather
high energy values, particularly in the case of 4B. In these
cases, the rules implemented in CORINA are not able to avoid
the close contacts. In such situations, CORINA gives a warn-
ing message informing about such non-bonded interactions
in the structure.

Of course, the energies derived from classical force field
optimization (series A) are always higher than those obtained
after simulated annealing (series B). The highest energies
originate from molecular dynamics calculations at ambient
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temperature (series C) as this is the only method that is not
performed at 0 K.

Structures

The following trends can be observed for the geometries of
the different molecules.

Series A: No systematic characteristics can be derived.
Series B: These are all rather compact, globular structures.
Series C: The conformations of the dendrimer branches

are randomly populated.

Series D: Locally symmetric, “crystal-like” structures are
obtained with clefts and cavities.

Series E: Again, these are all rather compact, globular
structures.

Computation times

The molecular mechanics and molecular dynamics calcula-
tions were performed on a Pentium system with 200 MHz
and 64 MB.

Calculation times range from 3 hours (6A) to 71 hours
(4A) for the classical force field optimizations, from 5 days
(6B) to 10 weeks (4B), or (4E) for simulated annealing, and
from 4 days (6C) to 7 weeks (4C) for molecular dynamics
calculations at ambient temperature.

The CORINA runs were performed on a Silicon Graphics
R10000 Unix workstation with 180 MHz and 256 MB and
were much faster, taking only from 2 s (1D), 31 s (2D), 160 s
(3D), to 1128 s (4D), 24 s (5D), and 18 s (6D).

Semiempirical calculations

The simulated annealing calculations led to rather compact,
globular structures (series B and E). We therefore performed
semiempirical AM1 calculations to investigate whether evi-
dence for an interaction between the fullerene and dendrite
can be found within a semiempirical quantum mechanical
calculation. A mono-adduct 7 of the first generation of the
dendrimer groups was chosen for this investigations.

After simulated annealing of the model compound 7, a
rather compact, globular structure is obtained. A semiem-
pirical single point calculation shows a LUMO shared by

Figure 18 Projection of the LUMO of 7 onto the electron
density surface. The blue areas show a high orbital coeffi-
cient, whereas the red areas indicate a low orbital coeffi-
cient

0.00

0.50

1.00

1.50

2.00

2 3 4

number of generation of the hexa-adducts

en
er

gy
 p

er
 a

to
m

 o
f 

th
e 

de
nd

ri
m

er
 b

ra
nc

he
s 

[k
ca

l/
m

ol
]

2A - 4A (MM+ force field)

2D - 4D (CORINA)

2E - 4E (CORINA,  MD at 0 K)

Figure 19 Energy per atom
of the dendrimer branches for
the 2nd to 4th generations of
the hexa-adducts (2A - 4A,
2D - 4D, and 2E - 4E)



J. Mol. Model. 2000, 6 393

both fullerene and the dendrite as illustrated in Figure 18.
This indicates π–π-interactions between the fullerene core
and the benzene rings of the dendrimer.

Discussion

The analysis of the energies and the geometries of the struc-
tures obtained should address a series of questions posed in
these investigations.

Energies

Is there a way to distinguish a self-limiting generation for
the fullerene-dendrimer-hexa-adducts?A self-limiting
generation should be characterized by a rapidly increasing
energy. It should be mentioned that the fullerene is an
endergonic compound while the branches are exergonic. Thus,
to find out a self-limiting generation, the heat of formation
of fullerene (527.88 kcal mol-1) is subtracted from the energy
of the entire structure and the energy of the dendrimer thus
obtained is divided by the number of atoms of the dendrimer.

This method shows (Figure 19) that for the overburdened
systems 4, simulated annealing gives lower energies than
CORINA. This is also the case when globular structures can
be formed through π–π-interactions (6B).

The heats of formation obtained by simulated annealing
at ambient temperature (series C) can not be compared to the
energies at 0 K of the series A, D, and E. The compounds of
series C have been equilibrated at 300 K for the investigation
on cavities or clefts within the structure at room tempera-
ture.

Structures

Are the structures from simulated annealing “realistic"?
As shown in semiempirical calculations (7), π–π-interactions
provide the compact structures, thus verifying the results from
simulated annealing. These geometries should therefore be
realistic models for the structures in the gas phase at 0 K.

Are the structures from CORINA “realistic”? Because of
the methods implemented in the structure generation algo-
rithm of CORINA, the geometries obtained are more “crys-
tal-like”, forming clefts and cavities.

For very large, sterically overloaded systems where one
would need a careful geometry-fitting procedure to find a
feasible 3D structure, the rule- and data-based method reaches
its limits.

As CORINA is based on knowledge derived from experi-
mental data (e.g. X-ray crystal structures) obtained at room
temperature, the geometries generated by this method should
differ from structures at 0 K in the gas phase. However,
CORINA provides a simple and rapid access to good starting
geometries for molecular dynamics and simulated annealing
calculations.

Which structures can be expected at room temperature?
To obtain a picture of the structures at ambient temperature,
an equilibration at 300 K (series C) was performed instead of
an optimization at 0 K. The molecule 5C was taken as a model
compound for dendrizymes, as it was expected to develop
cavities.

Video Clip 1 shows the trajectory of the molecular dy-
namics calculations of compound 5C at 300 K. The pink re-
gions show the fullerene core, the blue parts indicate the
dendrimer branches, and the yellow areas the ethylester
groups. The dendrimer branches of 5C are quite flexible.
There is free access to the yellow parts of the molecule
(ethylester groups). This indicates that no cavity should be
formed around an active site at the second generation of the
dendrimer.

How can minimum structures be found for sterically over-
burdened systems?With highly complex molecules, clas-
sical force field optimization (series A) and CORINA (series
D) might get stuck in local minima at high energies. In such
situations, molecular dynamics is the best method to arrive
at minimum structures for such large systems. During the
simulated annealing all bonds are extended, enabling the
branches to rotate in any direction. Thus, they can fit to an
ideal conformation in the cooling process.

This is demonstrated in Video Clip 2 for the compound
5B. It shows the trajectory of the molecular dynamics calcu-
lations of compound 5B at 1000 K and then cooling to 0 K.
The pink regions show the fullerene core, the blue parts indi-
cate the dendrimer branches, and the yellow areas the
ethylester groups.

To give an insight into the flexibility of large systems at
high temperatures, the trajectory of the molecular dynamics
calculations of compound 4B, the largest system modeled in

Video Clip 1 Trajectory of the molecular dynamics calcula-
tions of compound 5C at 300 K. (By clicking on this legend, a
video clip is started showing the behavior of compound 5C
at 300 K. The pink regions show the fullerene core, the blue
parts indicate the dendrimer branches and the yellow areas
the ethylester groups)

Video Clip 2 Trajectory of the molecular dynamics calcula-
tions of compound 5B at 1000 K and cooling to 0 K. (By
clicking on this legend, a video clip is started showing the
behavior of compound 5B at 1000 K and then cooling to 0 K.
The pink regions show the fullerene core, the blue parts indi-
cate the dendrimer branches and the yellow areas the
ethylester groups)

Video Clip 3 Trajectory of the molecular dynamics calcula-
tions of compound 4B at 1000 K and then cooling to 0 K. (By
clicking on this legend, a video clip is started showing the
behavior of compound 4B at 1000 K and then cooling to 0 K.
The pink regions show the fullerene core and the blue parts
indicate the dendrimer branches)
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this study, at 1000 K is shown in Video Clip 3. The pink
regions show the fullerene core, the blue parts indicate the
dendrimer branches.

Conclusions

One major aim of this study was to develop computational
methods able to predict and to model three-dimensional struc-
tures for very large molecular systems, such as the fullerene
dendrimers described. Two approaches have been developed
and used successfully to solve this problem: Classical force
field calculations for structure optimization and molecular
dynamics calculations and the rule- and data-based 3D model
builder CORINA.

In most cases, structures with the lowest energies were
obtained by the structure generator CORINA. This is the more
gratifying, as CORINA has fast and simple building proce-
dures compared to the rather time-consuming construction
methods of the MM+ force field. Starting with the CORINA
geometries, post-processing by simulated annealing leads to
the lowest energies obtained during this study. The computa-
tion times of the CORINA runs are orders of magnitude shorter
than those of the other methods. On the other hand, the algo-
rithm implemented in CORINA reaches its technical limits
at sterically overburdened systems like the fullerene hexa-
adducts with the fourth generation of dendrimers (series 4
with 2622 atoms but 1050 close atom contacts). Neverthe-
less, CORINA is able to give a fast and reliable insight into
the three-dimensional world of very complex and large sys-
tems.

The question where a self-limiting generation of the
fullerene dendrimers is obtained cannot be answered com-
pletely within this study. The heats of formation of the fourth
generation (series 4) show that there might be space for at
least one additional generation. The computations necessary
for clarifying this question within reasonable computation
times would require large and powerful supercomputers.

Simulated annealing and the calculated trajectories of the
fullerene mixed hexa-adduct dendrimers (series 5) show a
relatively free accessible non-dendrimer substituted conjunc-
tion point of the fullerene, i.e., there is no evidence for cavi-
ties within the structure to form “dendritic boxes” or host-
guest-complexes.

The compact and globular structures obtained from mo-
lecular dynamics calculations are mirrored by the results of
semiempirical quantum mechanical calculations (7). These
show π–π-interactions between the fullerene core and the
benzyl groups of the dendrimer branches.
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Supplementary material available The structures (1A–1E,
2A–2E, 3A–3E, 4A–4E, 5A–5E, and 6A–6E) which have
been modeled in this study are available in PDB file format
for download in Table 1. The trajectories of the molecular
dynamics calculations of the structures 4B, 5B, and 5C (Video
Clips 1-3) are available for download in mpeg file format.
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