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Abstract

The atomic ordering in dendritic and hyper-branched macromolecules has been determined by X-ray diffraction. The

approach of the atomic pair distribution function technique has been used due to the lack of 3D periodicity in these polymeric

materials. Dendrimers are found to possess a semi-regular structure riddled with nanosize cavities. The cavities are joined into

channels connecting dendrimer’s surface and core. In contrast, hyper-branched polymers are rather irregular at the atomic scale

and with less accessible interior.

q 2005 Elsevier Ltd. All rights reserved.
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Dendrimers are a novel class of structurally controlled

macromolecules derived through a so-called ‘branches-

upon-branches’ growing process. Branches radiate from a

central core and are synthesized through a repetitive

reaction sequence that guarantees a complete shell for

each generation, leading to polymeric macromolecules that

are globular in shape and are monodisperse [1]. Dendrimers

can be designed with a variety of organic and inorganic

cores and branches, with tunable branch length, multiplicity,

and surface functionality. The ability to control the structure

at this level has created substantial interest in the use of

dendrimers as polymers mimic globular proteins [2,3] and
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building blocks of multifunctional nanocomposites [4].

Hyper-branched polymers are made through similar but less

directed procedures and do not truly achieve regular

dendritic growth. As a result they show many but not all

of the useful properties of dendrimers.

The concept of an empty interior is central to the

understanding of important properties of dendrimers and

hyper-branched polymers, in particular the ability to

accommodate guest molecules and nanoparticles. Early

theoretical studies of de Gennes and Hervet [5] concluded

that dendrimers evolve in concentric shells enclosing a

plenty of open space. Major assumptions of the model are

that the branches are dominated by a single conformation

and always stretch out as the generation number increases.

Later theoretical studies [6] questioned those assumptions

and arrived at the conclusion that dendrimers are indeed

with filled interior. Experimental evidence is also
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Fig. 1. Experimental (symbols) and model (solid line) atomic PDFs

for (a) crystalline C60, (b) dendritic and (c) hyper-branched

PAMAM macromolecules. First PDF peaks are labeled with the

corresponding atomic pairs. The model atomic PDFs shown in (a),

(b) and (c) are calculated from the atomic configurations presented

in Fig. 2(a)–(c), respectively.
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controversial. While SAXS data [7] have been interpreted in

terms of globular macromolecules with dense interior, NMR

experiments [8] have found considerable free volume inside

dendrimers. Not much is known for the atomic ordering in

hyper-branched polymers either. Good knowledge of the

geometrical characteristics of dendrimers and hyper-

branched polymers is an important prerequisite to under-

standing and utilizing the great potential of this novel class

of materials.

Here we use X-ray diffraction and the atomic pair

distribution function (PDF) technique to determine the

atomic arrangement in dendritic and hyper-branched poly

(amidoamine) (PAMAM) macromolecules. This approach

has been widely used to study bulk polymers [9] and only

recently has been successfully applied to study the structure

of inorganic nanocrystals [10]. Here we demonstrate that it

also can be used to determine the 3D structure and

geometrical characteristics of polymeric macromolecules a

few nanometers in size.

We find that monomer branches in dendrimers are

arranged in a semi-regular network supporting cavities with

diameter ranging from 5 to 15 Å. The cavities are uniformly

distributed throughout the interior of the macromolecules

and are organized into channels connecting its surface and

core. The picture is distinctly different from that observed

with hyper-branched polymers that appear to be rather

irregularly structured and with much less accessible interior.

The atomic PDF is a function that gives the number of

atoms in a spherical shell of unit thickness at a distance r

from a reference atom. It peaks at characteristic distances

separating pairs of atoms and thus reflects the structure of

materials. The PDF, G(r)Z4pr[r(r)Kr0], is the sine

Fourier transform of the so-called total scattering structure

function, S(Q),

GðrÞZ ð2pÞ

ðQmax

QZ0
Q½SðQÞK1�sinðQrÞdQ (1)

where r0 is the average atomic number density, r(r) the

atomic pair density, Q the magnitude of the wave vector and

S(Q) is the corrected and properly normalized powder

diffraction pattern of the material [11]. As Eq. (1) implies,

the PDF is obtained with no assumption of periodicity. Thus

materials exhibiting any degree of structural coherence,

ranging from crystals to glasses and liquids, can be studied

using the same approach. In addition, the PDF is a sensitive,

structure-dependent quantity that provides directly the

relative positions of atoms in materials. This enables the

convenient testing and refinement of structural models.

Three samples were measured. One was crystalline

buckminsterfullerene (C60) obtained from MTR Ltd. The

second was dendritic PAMAM polymer. It was made by

alkylating dodecanediamine with excess methyl acrylate

followed by amidation with excess ethylenediamine (EDA)

at low temperatures. The product from each step was

purified. This reiteration of methyl acrylate and EDA was
repeated to produce dendrimer macromolecules of 7th

generation. The third sample was hyper-branched PAMAM

polymer. The sample was made by adding methyl acrylate

to tris(2-aminoethyl) amine. The material was heated until

the ester carbonyl, as identified by infrared spectroscopy,

had completely disappeared, and the size of the resulted

hyper-branched macromolecules approached that of 7th

generation PAMAM dendrimers. It is well known that

dendrimers swell or shrink when in solution, i.e. that

solvents modify their geometrical characteristics [12]. To

avoid any such effect we carefully dried the polymeric

samples before subjecting them to X-ray diffraction

experiments. The samples were sealed between Kapton

foils and their diffraction patterns measured using X-rays of

energy 29.09 keV (lZ0.425). The experiments were carried

out at the beam line X7A of the National Synchrotron Light

Source (NSLS), Brookhaven National Laboratory. Scattered

radiation was collected with an intrinsic germanium detector

connected to a multi-channel analyzer. The raw diffraction

data were corrected for flux, background, Compton scatter-

ing, and sample absorption. The intensities were normalized

in absolute electron units, reduced to structure functions

S(Q) and Fourier transformed to the corresponding PDFs,

G(r). All data processing was done using the program RAD

[13]. Experimental atomic distribution functions are shown

in Fig. 1. They all show a strong first peak centered at

approximately 1.54 Å which is the first neighbor distance

within the carbon backbone of the materials studied. In

addition, the first peak in the PDFs for dendritic and hyper-

branched macromolecules has a low-r shoulder at 1.1 Å.

This is the hydrogen–carbon pair distance in these

polymeric materials.

Buckminsterfullerene is a molecular crystal made of



Fig. 2. 3D models (on the left) for (a) fullerene C60, (b) dendritic and

(c) a hyper-branched PAMAM macromolecules. Slices cut trough

the central part of the models are shown on the right. PAMAM

dendrimers with the structure shown in (b) exhibit relatively open

interior with cavities (big open circles) ranging from 5 to 15 Å in

diameter.
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rigid units ordered in a face centered cubic arrangement as

shown in Fig. 2(a). Each fullerene molecule consists of 60

carbon atoms bonded in a nearly spherical configuration

enclosing a cavity with diameter of 7.1 Å. Since the

molecule is rigid, all interatomic distances within it are

well defined and the corresponding peaks in the atomic PDF

are well resolved (Fig. 1(a)). At room temperature C60

molecules spin almost freely in their crystal positions, so

they look like soccer balls. The correlation between the

carbon atoms from neighbouring molecules are lost and,

starting at 7.1 Å, the atomic PDF turns into a low-frequency

oscillation reflecting the ‘ball–ball’ correlations. A model

PDF calculated from crystal structure data for fullerene [14]

is shown in Fig. 1(a). The agreement between calculated and

experimental PDF data is very good. The results for the

buckminsterfullerene demonstrate the fact that the atomic

PDF is sensitive to both intra and intermolecular ordering of

nanosized objects and may serve as a reliable basis for

studying their geometrical characteristics. If the molecular

branches in dendrimers are arranged in a regular pattern and
enclose nanosized cavities, just like C60 molecules in

buckminsterfullerene do, then the atomic PDF for dendri-

mers should bear similarities to that of buckminsterfuller-

ene. A careful inspection of the experimental data presented

in Fig. 1(b) suggests that this indeed may be the case since

the PDF for PAMAM dendrimers too shows a series of well-

defined peaks extending to approx. 8 Å followed by an

almost featureless tail. With crystalline fullerene the change

in the shape of PDF at 7.1 Å is very sharp since the intra and

intermolecular correlations do not overlap. This behavior

reflects the presence of a 3D ordered array of identical

cavities inside the molecular solid (Fig. 2(a), on the right). In

PAMAM dendrimers the change in the shape of PDF is not

so abrupt indicating that the intra and intermolecular

correlations overlap to a certain extent, i.e. that the branches

may approach each other at various distances. This behavior

implies a smaller degree of atomic ordering and the presence

of cavities of somewhat different dimensions. The PDF for

hyper-branched PAMAM polymers also shows peaks

extending to approx. 8 Å but these peaks are rather poorly

defined (Fig. 1(c)). Obviously the spatial arrangement of

molecular units/branches in this material is less regular and

the distribution of cavities is much broader than those in

dendritic macromolecules.

To reveal the atomic ordering in the studied polymeric

materials in more detail we constructed 3D atomic models

as follows: amidoamine (CH2–CH2–CO–NH–CH2–CH2–

NH2) monomer units were attached to a diaminododecane

core (C12H28N2) and then to each other in a repetitive

manner mimicking the chemical route employed in the

preparation of dendrimers. Care was taken that each

monomer unit/branch has the same end multiplicity of two

and the units do not overlap each other. It turned out that

different amidoamine conformations, derived by prelimi-

nary ab initio calculatiuons [15], had to be taken into

account to make the building process successful. Realistic

bond angles and lengths around the branch points (nitrogen

atoms) were strictly enforced. Modeling was done with the

help of Materials Studio software. The use of plausible

chemical constraints and rigid building units (amidoamine

monomers) resulted in a polymeric macromolecule with a

very little degree of backfolding of the constituent branches.

This is in contrast to many previous modeling studies [16]

using flexible spacers as building blocks of dendrimers.

Thus constructed model of a 7th generation PAMAM

dendrimer involving 9186 atoms is shown in Fig. 3(a) (on

the left). As can be seen the model atomic configuration is

fairly well ordered and with a very open interior (Fig. 3(a)

on the right). An atomic PDF calculated from the model

reflects the very high degree of atomic ordering and shows

well defined peaks out to large interatomic distances (Fig.

4(a)). This is not exactly the picture seen with real

dendrimers as a comparison between the experimental and

model PDF data show (Fig. 4(a)). To obtain a more realistic

model we relaxed the initial one using COMPASS-type [17]

atomic-level force fields designed explicitly for polymer and



Fig. 3. 3D models (on the left) of PAMAM dendrimers with (a)

unrealistically highly ordered, (b) semi-regular and (c) collapsed

structure as explained in the text. Slices cut trough the central part of

the models are shown on the right. Dendritic PAMAM macromol-

ecules with the structure shown in (b) are penetrated by channels

(marked with arrows) connecting molecule’s core and surface.

Fig. 4. Experimental PDF for PAMAM dendrimers (symbols) and

model PDFs (solid line) calculated: (a) from the 3D atomic

configurations shown in the Fig. 3(a), (b) from that in Fig. 3(b) and

(c) from that in Fig. 3(c).
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organic applications. Several relaxation runs were carried

out, each ending with a model relaxed to a different degree,

the resulted atomic configurations were saved, the corre-

sponding atomic PDFs calculated and compared to the

experimental PDF. The approach of using a structure-

sensitive experimental quantity to discriminate between

competing models is widely applied in traditional crystal-

lography. Here we apply it in search of a model that is not

only chemically correct and relaxed using realistic intera-

tomic potentials but consistent with the experimental PDF

data as well.

A model that is relaxed and shows a PDF (Figs. 1(b) and

4(b)) in good agreement with the experimental data is

presented in Figs. 2(b) and 3(b). A model that is relaxed but

shows a PDF (Fig. 4(c)) that does not agree with the

experimental data is presented in Fig. 3(c). The latter model

features a very disordered arrangement of monomer units/

branches that approach each other closely and leave little

open space inside the macromolecule. Such a type of atomic

arrangement and a PDF lacking any sharp features already at

3–4 Å is the usual picture seen with glass-like polymers [9].

A similar approach was adopted to build a model for the

hyper-branched PAMAM polymer. The only difference was

that the degree of branching of amidoamine units was kept

lower than that with the dendritic PAMAM macromolecule.

A model atomic configuration that is relaxed and shows a

PDF (Fig. 1(c)) in good agreement with the experimental

data is presented in Fig. 2(c). It is worth noting that both

macromolecules shown in Fig. 2(b) and (c) have the same

building molecular units and total number of atoms. What is

different is the way the individual branches are arranged in

space.

Analysis of the model atomic configurations shown in

Fig. 2 allows one to draw important conclusions about the

atomic ordering in dendritic (Fig. 2(b)) and hyper-branched

(Fig. 2(c)) macromolecules. PAMAM dendrimers of higher

generation, when not affected by any solvent, turn out to be

globular in shape and with a relatively open structure. The

diameter of the 7th generation PAMAM macromolecule

shown in Figs. 2(b) and 3(b) is approx. 85 Å which is in line

with the findings of SAXS and size exclusion chromatog-

raphy experiments [1,7]. For comparison, the diameter of

the macromolecule with collapsed structure shown in Fig.

3(c) is only 65 Å. Branches inside dendrimers are not

arranged in exactly concentric shells, as the model of de

Gennes suggests, but in a semi-regular pattern forming a

network-like structure. This branched network supports

cavities with a narrowly distributed diameters ranging from

5 to 15 Å (Fig. 2(b)). The cavities occur throughout the

interior of the macromolecule and some are joined into

channels connecting its surface and core (Fig. 3(b)). As can

be seen in Fig. 2(c) hyper-branched PAMAM macro-

molecules appear with rather irregular atomic arrangement

and are not globular in shape. These findings are well in line

with the predictions of other independent studies [18]. In

particular, the macromolecule shown in Fig. 2(c) (left) has a



V. Petkov et al. / Solid State Communications 134 (2005) 671–675 675
long and short dimension of 110 and 70 Å, respectively.

Branches inside the hyper-branched PAMAM macromol-

ecules form an irregular but still relatively open network

supporting cavities with a broad distribution of sizes. Many

of the cavities, however, are enclosed within ring-like

structural fragments and are almost isolated from each other

(Fig. 2(c)). The interior of hyper-branched macromolecules

thus appears to be less accessible than that of dendritic ones.

In conclusion, using X-ray diffraction and the atomic

PDF technique we have provided direct structural evidence

that PAMAM dendrimers are well ordered at the atomic

scale and with a relatively open interior. Due to their unique

structure dendrimers can accommodate small molecules and

atomic clusters and provide them with a unique nanoenvir-

onment. This useful property of dendrimers has already

found a number of practical applications [19]. Furthermore,

as modeling studies [12,20] suggest the size of free volume

inside dendrimers may be tuned using appropriate solvents.

This opens even more opportunities for future applications.

Much easier to synthesize hyper-branched polymers are less

ordered at the atomic scale and with a less accessible but

still relatively open interior and thus may also be used in

controlled delivery applications. The results presented here

are another demonstration of the great potential of the PDF

technique in determining the atomic ordering in nanos-

tructured materials.
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