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Dendritic polymers are regarded as highly branched regular three-dimensional monodisperse macromolecules with a
branch occurring at each monomer unit. Our present study looks into more details in the molecular structure of globular
N,N-disubstituted hydrazine phosphorus-containing dendrimers of the fourth generation having 96 terminal groups with
either cationic [G4(NH Et,Cl ™ )gg] (GI) or anionic [G4(CHCOO "Na™)y¢] (Gy ) character. We show that the behaviour
of those dendrimers in water leads to the formation of a branched, star-like structure, yet this structure is not completely
spherical as previously thought. This finding can explain the differences in thickness of dendrimer thin films produced by
Layer-by-Layer deposition. The dendrimers were built, their behaviour in water was determined and the energy
minimisation of the system was carried out using computing routines contained within the Materials Studio software.
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1. Introduction

Dendritic polymers, referred mostly as dendrimers are
highly branched regular three-dimensional monodisperse
macromolecules with a branch occurring at each
monomer unit. Large dendrimers adopt a globular
shape. They are characterised by the presence of a
large number of functional groups on the surface, which
result in solubility, viscosity and thermal behaviours
different from those of more classical polymers. They are
also characterised by the presence of internal cavities,
which can be functionalised, and by a core that does or
does not bear functional groups. There are several
dendrimers prepared in many different synthetic routes
order to achieve certain electronic and/or magnetic
properties [1-8]. The general structure of those
dendrimers is schematically represented in Figure 1.

The increase in the number of branches and the
variety of the core structure also controls the architecture
of these dendrimers. It affects not only the chemical
properties but also the physical properties in terms of
rigidity of the overall structure and/or its ability to
interact with electric or magnetic fields.

Several types of dendrimers generations 2, 3 and 4
have been synthesised especially to carry either a
positive or negative charge on their outer surface, finding
applications in Layer-by-Layer (LbL) assembly of
supramolecular structures [9—14].

The alternate deposition of G, /G by the LbL
deposition was successfully demonstrated and has shown

a monotonous increase in film thickness as a function of
the number of bilayers. The composite multilayers
comprised of these shape persistent dendrimers and
nanocrystals could be utilised as nanostructured building
blocks with excellent control over their porosity,
functionality and dimension [13,14].

The multi-layers comprised of pure dendrimers were
characterised by electrochemistry to examine the
permeability properties using [Fe(CN)¢]> " = as the
redox couple. None of the previous experimental studies
touched the modelling of such massive dendritic
polymers or elaborated their behaviour in water, which
is crucial to the LbL deposition both on flat Gold surface
and/or functionalised Alumina surfaces.

Previous modelling studies done on dendrimers
showed that charged and uncharged poly(amidoamine)
PAMAM dendrimers strongly adsorb to mica surfaces,
resulting in deformation of the molecules [16]. Model-
ling of other dendrimer structures shows hydrogen
bonding upon aggregation, although in the minimum
energy conformation such hydrogen bonds did not exist
[17]. Modelling also helped to assign proton and carbon
resonances of first- and second-generation phenol-
terminated carbosilane dendrimers and the second
generation of the analogous titanium-ended carbosilane
dendrimer [18] and to reveal the structure of stilbenoid
dendrimers of third generation by the help of small angle
X-ray scattering [19]. The use of unsymmetrical
dendrimers was demonstrated to provide nanoscale
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Figure 1. Schematic representation of a fourth generation
dendrimer.

platforms for design of bimolecular guest binding
receptors [20] and a promising vehicle for intracellular
delivery of low-solubility drugs [21].

Several modelling studies of dendritic polymers dealt
with “self assembly” of those polymers [22—27] or the
properties and applications of different dendrimers in
biological and pharmaceutical applications [28—32].

Our present study looks in more detail at the
molecular structure of globular N,N-disubstituted hydra-
zine phosphorus-containing dendrimers of the fourth
generation having 96 terminal groups with either cationic
[G4(NHTEt,Cl )6l (GJ) or anionic [G4(CHCOO™
Nat)gg] (G, ) character. The chemical structure of both
dendrimers is illustrated in Figure 2.

2. Results and molecular modelling procedure

Materials Studio® software provided by Accelrys has
been used to model the structure of such a massive
dendrimer. Other software provided by the same
company has been used successfully in modelling the
intermediate smectic mesophase in polyethylene tereph-
thalate [33]. The software has also been used to model
inclusion of drugs [34], drug delivery [35], calculation of
radius of gyration of dendrimers [36,37] and calculating
properties of supramolecular structures [38,39].

(1) The builder in Materials Studio was used to build
the G and G, dendrimers under investigation.

The seed structure was built separately in a 3D
atomistic document. The correct number of
generations is constructed using the building
fragments in order to build the G, dendrimers.
Connection points were clearly indicated on the
dendrimer seed and fragment. The new dendrimers
were then created and viewed in 3D atomistic
document.

(2) Finally the terminating fragment was built carrying

either carboxylic acid or a tertiary amide group and
connected to the building fragments in order to
create the correct structure of the dendrimer
carrying either 96 negative or positive charges
respectively.

(3) The structure resulting from initial dendrimers were

“cleaned” to tidy up the geometry. This is not an
energy minimisation, but, instead, uses a look-up
table of standard bond lengths and angles to give a
first approximation to the correct geometry of the
modelled dendrimers. The structure of the seed,
building fragment, positive and negative termin-
ation fragments, as well as the overall structure of
the positively and negatively charged dendrimers,
are illustrated in Figure 3. We emphasise here the
planar structure of the NP3 core (Figure 3(a)), as
well as the N—P bond in the Building fragment
(Figure 3(b)).

(4) In order to add water to the system, an “amorphous

cell” is constructed where one dendrimer (to reduce
the simulation time) is added in a confined space
with a certain number of water molecules.
The number of water molecules used in the
simulations discussed here ranged between 1000
and 2000 water molecules. This helped in reducing
the computation time limiting the total number of
atoms contained in the system ~ 10,000.

(5) Amorphous cells were constructed so that the end
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density of the resulting cell is 1. This was done by
adjusting the cell dimensions and the number of
water molecules. Adjusting the density value
corresponds to the actual density values obtained
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Chemical structure of the positively and negatively charged dendrimers.
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Structure of the (a) N3P3 Building core, (b) Building fragment, (c) negatively charged terminating fragment, (d) positively

charged terminating fragment, (e) negatively charged G4 dendrimer and (f) positively charged G4 dendrimer.

(6)

experimentally at concentrations of 1 mg ml~"' [14].

The resulting amorphous cell containing both the

positively and negatively charged dendrimers is

shown in Figure 4.

The energy of the resulting amorphous cell was

minimised using the smart minimiser. This method

combines the following steps:

o Steepest Descent, quickly reduces energy. This
step is composed mainly of the so-called line
search, which modifies the coordinates to
generate a new, lower-energy structure. The line
search direction is defined along the direction of
the local downhill gradient. It will quickly
reduce the energy of the structure during the
first few iterations. However, convergence will

o Conjugate Gradient, compares energy with

previous iteration. This improves the line search
direction by storing information from the previous
iteration. It is chosen because the system is too
large for storing and manipulating a second-
derivative matrix. The time per iteration is longer
than for steepest descents, but this is more than
compensated for by efficient convergence [41,42].

o Newton—Rhaphson, when the system is close to

zero potential. It requires computation and storage
of second derivatives and thus is expensive in terms
of computer resources. For this reason it is only
recommended for systems with a maximum of 200
atoms. However, it has a small convergence radius
but it is very efficient near the energy minimum
[43].

slow down considerably as the gradient
approaches zero. It is used when the gradients
are very large and the configurations are far from
the minimum; typically for poorly refined
crystallographic data, or for graphically built
molecules [40].

(7) Applying all previous three steps in a cascading
manner, adding to that the equilibrium values of bond
lengths and angles, plus the force constants, Van-der-
Waals radii and associated constants required to
calculate the nonbonded interactions.
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Figure 4. Amorphous cell of (a) Gf{ and (b) G, dendrimers in
water.

3. Discussion

The combination of all previous parameters with the
functional forms of the individual energy terms is known
as a forcefield. Condensed-Phase Optimised Molecular
Potentials for Atomistic Simulation Studies (COMPASS)
is the forcefield used in the energy minimisation in the
present report. It is an ab initio based forcefield that was
parameterised using extensive data for molecules in the
condensed phase. It is able to make accurate predictions
of structural, conformational, and vibrational properties
for a broad range of compounds, especially polymers,
both in isolation and in condensed phases [33-36,38,39].

The coordinates of a structure combined with the
COMPASS forcefield create an energy expression. This
energy expression is the equation that describes the
potential energy surface of a particular structure as a
function of its atomic coordinates.

The potential energy in this case can be expressed as
a sum of valence (or bond), cross term and non-bond
interactions as represented in Equation (1):

Etmal = Evalence + Ecrosslerm + Ennn*hnnd (1)

The energy of walence interactions is generally
accounted for by bond stretching, valence angle bending,
dihedral angle torsion and inversion, also called out-of-
plane (oop) interactions terms, which are part of the
forcefield for covalent systems and the Urey—Bradley
(UB) term may be used to account for interactions

between atom pairs involved in 1-3 configurations, i.e.
atoms bound to a common atom. This is represented in
Equation (2):

Evalence = Ebond + Eangle + Elorsion + Eoop + EUB (2)

Cross terms are used to account for factors as bond or
angle distortions caused by nearby atoms. These terms
are required to accurately reproduce experimental
vibrational frequencies and, therefore, the dynamic
properties of molecules. Cross terms can include
stretch—stretch, stretch—bend—stretch, bend—bend, tor-
sion—stretch, torsion—bend—bend, bend—torsion—bend,
and stretch—torsion—stretch. Non-bond interactions are
accounted for by Van der Waals, electrostatic (Coulomb)
and hydrogen bond terms, represented in Equation (3):

Enon—bond = Evaw + Ecoutomb + Ehbond 3)

As an example for the complete energy expression,
for water molecules we consider the following Equation
(4), which might be used to describe the potential energy
surface of a water structure:

2
V(R) =Kon(b — b2)* + Kon (b — bY,)

)
+ Knon (6 = bhcn)

The forcefield defines the bond lengths (») and angles
(0), the functional form (a simple quadratic in both types
of coordinates, the force constants (K), the reference
O—H bond length (b O) and H—O—H angle (00) are the
values for an ideal O—H bond and H—O—H angle at
zero energy, which is not necessarily the same as their
equilibrium values in a real water molecule.

The expression corresponding to the general,
summed forcefield function can be written as follows:

VR) =) Dyl —exp(—a(b — b)* + Y He(0 — 6’
b 0

+ ZH‘I’[I + scos (np)] + ZHXXZ

X

+ iZbe'(b — bo)(b' — b))
+ iima(e — 0o)(0 — 6))

+ iiF bo(b — bo)(0 — 6p)

+ ié“fw(@ — 60)(6 — ) cos

A; B
et O

DI IEDY l L4494
X X

6
ij>i

if g T

The first four terms in Equation (5) are sums that
reflect the energy needed to stretch bonds (b), bend
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angles (0) away from their reference values, rotate
torsion angles ( ¢) by twisting atoms about the bond axis
that determines the torsion angle and distort planar
atoms out of the plane formed by the atoms they are
bonded to (y).

The next five terms in Equation (5) are cross terms
that account for interactions between the four types of
internal coordinates.

The final term in Equation (5) represents the non-bond
interactions as a sum of repulsive and attractive Lennard-
Jones terms as well as Coulombic terms, all of which are a
function of the distance (r;;) between atom pairs.

All these terms are included in the COMPASS
forcefield were validated in earlier studies [44—-47] and
used in the accelrys software. More mathematical details
are not shown here for simplicity but can be referred
to on the Accelrys website (Www.accelrys.com) and in the
help menu of Materials Studio and other related software
e.g. Cerius®. They are also dealt with in more detail
during the validation studies of the forcefield [44—47].

Values of bond lengths, bond angles, dihedral angles
as well as exact co-ordinates of each atom are always
saved in a special file during the energy minimisation
process. Initial values are consistent with those reported
in the literature [48—51]. The resulting structure after
energy minimisation procedure explained above for the
positively and negatively charged dendrimers is shown in
Figures 5 and 6. Five thousand iterations were applied to
minimise the energy. Only the scale of 200 iterations is
shown in the graphs (Figure 5(a) and Figure 6(a)) for
clarity and simplicity purposes. This shows how the
steepest descent method and the conjugate gradient
method were used efficiently to reduce the potential
energy of the amorphous cell to approach zero.
The Newton—Ralphson method was used afterwards to
refine the structure.

4. Conclusion

Materials Studio was used efficiently to build a
dendrimer/water amorphous cell. It allowed us to
minimise the energy of the resulting structure and
study the actual behaviour in water. This system is of
extreme importance for bio-sensing and will be explored
further in order to examine the behaviour of the system in
the presence of counter ions. The model obtained so far
shows that these dendrimers under investigation are not
completely spherical as they were first regarded. Also the
long branches tend to bend giving the dendrimer
a diameter of ca ~1-3 nm, depending on the degree of
collapse of the chains, which is in good agreement with
Surface Plasmon Resonance and Quartz Crystal Micro-
balance with Dissipation experimental studies performed
in our group [13,14,52]. We are in the process of not only
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validating experimental data using Materials Studio but
of predicting the structures and their behaviour to suit our
experimental needs.
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