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Atomic pair distribution functions analysis of
disordered low-Z materials

V. Petkov,*a Y. Ren,b S. Kabekkoduc and D. Murphyd

Results of high-energy X-ray diffraction experiments coupled to atomic pair distribution function analysis

of disordered low-Z materials are presented. Several scientifically and technologically important classes of

disordered low-Z materials such as small and large organic molecules, graphitic powders, polymers and

liquids are intentionally explored to certify the technique’s performance. Results clearly show that

disordered low-Z materials can be well characterized in terms of material’s phase identity, relative

abundance in mixtures and atomic-scale structure. The demonstrated efficiency of the technique

provides the scientific community with much needed confidence to apply it more often than now.

1. Introduction

Phase identity, relative abundance in mixtures and atomic-scale
structure are important material characteristics both from a
scientific and technological point of view. Traditionally they are
obtained by Bragg X-ray diffraction (XRD). Traditional XRD,
however, is straightforwardly applicable only to crystalline materials.
Many materials of scientific and technological importance are
structurally disordered and not amenable to Bragg X-ray diffrac-
tion. Further complications arise when disordered materials are
made of low-Z (Z o 10) atomic species since those scatter X-rays
rather weakly. High-energy XRD coupled to atomic Pair Distri-
bution Function (PDF) analysis has proven very successful in
characterizing disordered high-Z materials from glasses and
nanoparticles to crystals with intrinsic disorder.1–4 Examples of
the application of the technique on disordered low-Z materials
are, however, scattered posing questions about its efficiency with
such materials. In this paper we show several examples of high-
energy XRD and atomic PDFs studies on disordered low-Z
materials. The examples deliberately cover various classes of
disordered low-Z materials including nanocrystalline derivatives
of cellulose, very fine graphitic powders, small organic molecules
used as pharmaceuticals or for energy harvesting, polymers
and liquids. We demonstrate that high-energy XRD coupled to

atomic PDFs analysis can be as efficient with disordered low-Z
materials as it is with high-Z ones providing the scientific
community with much needed confidence to apply this non-
traditional technique more often than now.

2. Experimental
2.1 Samples

All samples studied here are of high purity standards obtained
from reliable commercial sources such as Aldrich (graphitic
powders, cellulose and trehalose, C60, ammonia borane), Bristol-
Myers Squibb (indomethacin and polyvinylpyrrolidone) and
Dendritic Nanotechnologies (7th generation PAMAM dendrimers).

2.2 High energy X-ray diffraction experiments

Most high-energy XRD experiments were carried out at the
11-ID-C beamline at the Advanced Photon Source using X-rays
with an energy of 115.232 keV (l = 0.1076 Å) and a large-area
(mar345) detector. Synchrotron radiation X-rays were used for
two reasons. Firstly, the higher flux of synchrotron radiation
X-rays makes it possible to measure the rather diffuse diffrac-
tion patterns of disordered low-Z materials with a very good
statistical accuracy. Secondly, the higher energy of the synchrotron
radiation X-rays used makes it possible to reach higher wave-
vectors, Q, which is essential for the atomic PDF analysis. With
the present experiments diffraction data were collected to wave
vectors as high as 25 Å�1. For the experiments, samples were
loaded in thin walled glass capillaries. Empty capillaries were
also measured to estimate the overall background scattering
(capillary plus air). A few selected samples, in particular indo-
methacin and polyvinylpyrrolidone, were also measured with
higher-energy X-rays produced by in-house equipment using
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Ag Ka radiation (E = 22 keV; l = 0.56 Å) and a single point
(scintillator) detector. These samples were also loaded in thin walled
glass capillaries and data taken to wave vector as high as 20 Å�1.

2.3 Basics of the atomic PDFs analysis

The frequently used reduced atomic PDF, G(r), gives the number
of atoms in a spherical shell of unit thickness at a distance r
from a reference atom as follows:

G(r) = 4pr[r(r) � ro] (1)

where r(r) and ro are the local and average atomic number
densities, respectively. It is a one-dimensional function that oscil-
lates around zero showing positive peaks at distances separating
pairs of atoms, i.e. where the local atomic density exceeds the
average one. As demonstrated in the examples below the oscillations
are characteristic of the particular phase state and atomic-scale
structure of disordered low-Z material studied. The atomic PDF
G(r) is an experimentally assessable quantity since any condensed
material can act as a diffraction grating when irradiated with X-rays
producing a diffraction pattern that is a Fourier transform of the
distribution of the distinct atomic pair distances in that material/
grating.4 Therefore, by collecting an X-ray diffraction (XRD) pattern
and Fourier transforming it, the distribution of the atomic pair
distances can be obtained for any condensed material, be it crystal-
line or not. In particular, the atomic PDF G(r) is the exact Fourier
transform of the structure sensitive part of the scattered X-ray
intensities, also known as structure function, S(Q), i.e.

GðrÞ ¼ ð2=pÞ
ZQmax

Q¼Qmin

Q½SðQÞ � 1� sinðQrÞdQ; (2)

where Q is the magnitude of the wave vector (Q = 4psin y/l), 2y
is the angle between the incoming and outgoing X-rays and l is
the wavelength of the X-rays used.5 Note that the structure
function, S(Q), is related to only the coherent/elastic part of the
scattered X-ray intensities, Icoh.(Q), as follows:

S(Q) = 1 + [Icoh.(Q) � Sci|fi(Q)|2]/|Scifi(Q)|2, (3)

where ci and fi(Q) are the atomic concentration and the X-ray
scattering factor, respectively, for the atomic species of type i. Other
definitions of S(Q) and the atomic PDF are also known but less
frequently used.6 Therefore, to obtain an experimental atomic PDF
(i) an XRD data set should be collected to high-wave vectors, (ii) only
the coherent part, Icoh.(Q), of it extracted, (iii) reduced to a structure
factor S(Q) (eqn (3)) and (iv) then Fourier transformed (eqn (2)) to a
PDF. For a material comprising n atomic species a single diffraction
experiment would yield a total atomic distribution function, G(r),
which is a weighted sum of n(n + 1)/2 partial PDFs, G(rij), i.e.

GðrÞ ¼
X
i;j

wijGijðrÞ; (4)

where wij are weighting factors4–6 depending on the concen-
tration and scattering power of the atomic species as follows:

wij = cicjfi(Q)fj(Q)/|Scifi(Q)|2. (5)

For practical purposes wij’s are often evaluated for Q = 0.

Note that the coherent (elastic) scattering of atomic species
of the low-Z number is quite weak while the incoherent
(Compton) scattering – quite strong4 rendering the derivation
of experimental PDFs from experimental XRD patterns not as
easy as it is with high-Z materials. Nevertheless by carefully
conducting the XRD data collection and reduction procedures
good quality atomic PDFs for disordered low-Z materials can be
obtained and used to obtain important material characteristics
as demonstrated by the examples below.

3. Results and discussion
3.1 Cellulose and derivatives

Cellulose is an organic polymer with the formula (C6H10O5)n.
From a structural point of view it is built of chains of several
hundred to over ten thousand D-glucose (C6H12O6) molecules
(see the inset in Fig. 2). It is the most common organic
compound on Earth that has many applications in paper,
textiles and pharmaceutical industries requiring careful struc-
tural characterization of cellulose on a daily basis. Several
different crystalline modifications of cellulose and its deriva-
tives are known, differing in the connectivity of the building
glucose units. In particular, natural cellulose crystallizes in the
so-called type I structure, where two modifications – Ia and Ib
are known. Regenerated cellulose usually crystallizes in the type
II structure.7 Cellulose acetate (C6H10O5), that is used as a film
base in photography, as a component in some adhesives and as
a synthetic fiber, is also made up of chains of glucose molecule
units but the side units attached to the glucose molecules are
different from those in cellulose (see Fig. 2). Trehalose
(C12H22O11) can be found in animals, plants, and micro-
organisms. It is composed of glucose molecules that are linked
by oxygen bridges, with the packing of the glucose molecules
here is different from that in cellulose (see Fig. 2). Cellulose,
cellulose acetate and trehalose, however, are rarely used as
crystals. More often than not real life applications are based on
their non-crystalline forms that produce the type of XRD
patterns shown in Fig. 1. The patterns have strong broad peaks
at low diffraction angles followed by a few low amplitude
oscillations. Such diffraction patterns are not easy to interpret
in the traditional way. When they are reduced to the corre-
sponding atomic PDFs the structural differences between the
three glucose-molecules based materials are seen in a much
clearer way.

As can be seen in Fig. 2 the experimental PDFs have very
sharp peaks at low-r values reflecting interatomic distances
within the glucose building molecules and the side chain
radicals attached to them. In particular all three PDFs show a
strong peak at approximately 1.44 Å due to C–C bonds within
the glucose molecules. The cellulose acetate shows a low-r
shoulder in the first PDF peak due to the numerous C–H bonds
(B1.1 Å) from the CH3 side units. This shoulder is not seen in
the PDFs of nanocrystalline cellulose and amorphous trehalose
that show a distinct first peak at 0.98 Å arising from the
abundant O–H bond distances in the respective side units.
This allows us to immediately differentiate the disordered
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modification of cellulose acetate from those of pure cellulose
and trehalose. Furthermore, the profiles of the PDFs for cellulose
and trehalose distinctly differ from each other for distances

longer than 2.5 Å reflecting the different way glucose molecules
pack together in these materials. This difference allows an
unambiguous differentiation between structurally disordered
cellulose and trehalose. Obviously, disordered materials based
on glucose molecules can be unambiguously identified thanks
to the presence of very distinct features in their atomic PDFs.

Analysis of experimental atomic PDFs also allows determining
the particular structure type of disordered materials based on
glucose molecules. This can be done, for example, by comparing
the experimental PDFs with model ones computed from the
structures of the respective crystals. As illustrated in Fig. 3 the
experimental PDF for the nanocrystalline cellulose studied here is
best described in terms of a structure model based on the Ib
crystalline modification7,8 of cellulose. That of amorphous
trehalose is best approximated with a structure model based
on the h-crystalline modification of trehalose.9 Note that upon
such a comparison an agreement factor Rw defined as:

Rw ¼
P

wiðGexp :
i � Gcalc:

i Þ2P
wiðGexp :

i Þ2

( )1=2

; (6)

where Gexp. and Gcalc. are the experimental and calculated PDFs,
respectively, and wi are weighting factors reflecting the quality
of the individual data points computed. Such Rw’s may appear
(see Fig. 3) somewhat high when compared to agreement factors
resulted from traditional (e.g. Rietveld) analysis of XRD data.
This mostly reflects the fact that atomic PDFs take both the
sharp, Bragg like features and the diffuse component of the XRD
data into account while traditional XRD data analysis considers

Fig. 1 Experimental XRD patterns of cellulose acetate thin film, very fine
powder cellulose and amorphous trehalose.

Fig. 2 Experimental atomic PDFs extracted from the diffraction data of Fig. 1.
The molecular glucose unit of cellulose acetate, cellulose and trehalose is shown
by the respective data sets. Shortest interatomic distances occurring in these
materials are marked by arrows.

Fig. 3 Fits to the experimental atomic PDFs of nanocrystalline cellulose and
amorphous trehalose (symbols). The fits (solid line) are based on the Ia, Ib and II
crystalline phases7,8 of cellulose, and a and h crystalline phases9 of trehalose. The
respective agreement factors Rw are given by each of the fits.
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only the former. The inherently higher absolute value of the
agreement factors Rw used in PDFs analysis, however, does not
affect their functional purpose as a residuals quantity that
allows differentiating between competing structure models.

3.2 Disordered graphitic materials

At present a significant research effort is underway worldwide to
find advanced negative electrode materials for Li-ion batteries.
Graphitic carbon is a material of great interest because it can
accommodate Li atoms fast, reversibly and without generating
much mechanical stress. Under normal conditions pristine
graphitic carbon can accommodate up to one Li atom per
six carbon atoms.10 Real-life applications, however, demand
higher Li storage capacities and scientists have been looking
into ways to go beyond what bulk LiC6 can offer. Technology
friendly routes such as ball milling have shown good promise
leading to 2–3 times increase in the Li storage capacity. The
increase has been explained in terms of the ‘stacks of fallen
cards’ model which features breaking, upon the impact of ball
milling, of the extended graphitic layers into smaller pieces that
are randomly oriented with respect to each other, thus posing a
diminished steric hindrance for Li to intercalate. The increased
Li storage capacity, however, has been found to fluctuate with
the milling time, puzzling scientists for more than a decade.
High-energy XRD and atomic PDFs analysis allow resolving this
puzzle with success. Fig. 4a shows the high-energy XRD pattern
of pristine graphitic carbon that has several sharp Bragg peaks
as it should be for a micron-sized crystalline material. The
peaks are getting progressively broader with milling times to a
state where they merge into a few broad humps in the diffrac-
tion pattern for 1270 min milled carbon. Bragg peak broad-
ening may come from smaller crystallite sizes, increased lattice
strain and/or the presence of a substantial number of structural
defects. Traditional XRD, however, is not able to reveal the exact
nature of these structural modifications. Here is where the
atomic PDFs analysis comes to help. Experimental atomic PDFs
are shown in Fig. 4b. Peaks in the respective atomic PDFs occur
at distances separating well defined pairs of carbon atoms.

In particular, the first PDF peak in all carbon samples shown in
Fig. 4b is positioned at a distance of 1.41 Å, which is the first
neighbor (sp2) carbon–(sp2) carbon distance in graphite. The
PDF for the pristine (i.e. not milled) graphitic carbon shows
many well-defined peaks extending to long interatomic
distances as it should be with polycrystalline materials. The
experimental PDF for the sample milled for 10 min is very
similar to that of the not-milled one indicating that short
milling times hardly affect the atomic-scale structure of
graphitic carbon, except for breaking the graphitic layers into
smaller pieces. Milling for longer times, however, affects it
considerably since the PDF peaks, i.e. the atomic coordination
spheres they reflect, start losing their sharpness leading to a
reduction of the length of structural coherence, measured by
the real space distance at which the PDF data decay to zero, to
only 20–30 Å. Indeed the atomic PDFs for graphitic carbon
milled for 70–1270 min resemble very much those of low
crystallinity carbon obtained by a thermal decomposition of
organic precursors.11 The graphitic planes in those low crystal-
linity carbons have been found to be rich in structural defects
and heavily buckled. For the samples studied here this atomic-
scale picture is confirmed in very good detail by reverse Monte
Carlo simulations11 (see Fig. 4b). They show that the graphitic
layers are perfect and well lined up in the not-milled samples
only. Carbon atoms in the 10 min milled sample (Fig. 5(b)) are
somewhat displaced out of the initially perfectly flat graphitic
layers. Some missing atom-type vacancies appear on the layers
as well. With the samples milled for longer times more and
more carbon atoms move further and further out of the
graphitic layers opening extended missing atom-type vacancies
on them (see Fig. 5(e) and (f)).

Some of the atoms displaced from the layers end up trapped
in between the layers, turning the carbon milled for 310 and
1270 min into an assembly of heavily distorted (out-of-plane),
defective (missing atoms) and locally fused together graphitic
layers (see Fig. 5). Results from this study show that the
‘stack of fallen cards’ model is valid for graphitic carbon milled
for only very short times. The graphitic planes in such carbon
do break into smaller pieces and remain rather flat. As a result
Li atoms can easily be accommodated in between the layers, at
the edges of smaller size layers and at defect sites within the
layers resulting in an increased Li storage capacity.11 The
graphitic layers in carbon milled for longer times, however,
become too buckled and locally fused together (see Fig. 5(e)
and (f)) making it increasingly difficult for Li to intercalate in
between them. As a result the lithium storage capacity drops
substantially.10 To increase it other technological routes that
not only yield very fine size graphitic platelets but also retain
their out-of-plane structural integrity have to be explored.
Atomic PDFs analysis will be indispensable in this line of
research.

Modern technology uses carbon not only in its graphitic
form. Several others, mostly nanophase forms of carbon such
as graphene sheets, mesoporous carbon, carbon nanotubes and
C60 fullerene find many applications in bio-sciences12 and
energy harvesting.13

Fig. 4 (a) Experimental XRD patterns of pristine and ball milled graphitic
powders. The respective milling times are given by each dataset. (b). Atomic
PDFs extracted from the powder patterns in (a) (symbols) and reverse Monte
Carlo fits to them (solid line). Arrows mark the shortest interatomic distances in
graphite.
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Experimental high-energy XRD patterns of graphitic carbon
and several carbon nanophases are shown in Fig. 6. The
diffraction data show a few sharp features at low Bragg angles
followed by hardly discernible, low frequency oscillations. The
respective atomic PDFs, however, are rich in distinct features
allowing an unambiguous identification of the different carbon
nanophases.

For example, the first two peaks in the experimental PDFs in
Fig. 7 are centered at 1.41 Å and 2.42 Å corresponding to the
two shortest distances between carbon atoms sitting on the
vertices of hexagonal rings, confirming the (sp2)–(sp2) bonding
in all carbon nanophases studied here. Beyond the first and
second peaks/coordination sphere, however, the experimental
PDF shows distinctly different behavior coming from the differ-
ent ways carbon atoms arrange at longer interatomic distances.
The PDFs for single carbon nanotubes and mesoporous carbon

decay to zero very fast reflecting the presence of single sheets of
hexagonally coordinated carbons in both materials. The sheets
are folded in a circular manner with the nanotubes and remain
flat and riddled with extended defects (missing atoms) with the
mesoporous carbon, respectively. This difference renders the
respective PDFs different. On the other hand, the PDFs for

Fig. 5 Fragments of the RMC constructed models of graphitic carbon guided by
the experimental PDF data (see Fig. 4b). Lateral view is shown on the left and top
view of the layers – on the right. Pristine state is shown in (a) and ball-milled for
10 min in (b), for 70 min in (c), for 150 min in (d), for 310 min in (e) and for 1270 min
in (f). Circles and ellipses (right panel, in red) mark the extended planar defects
(missing atoms) in the graphitic planes of the ball-milled samples.

Fig. 6 Experimental XRD patterns of crystalline graphitic carbon (top) and
several carbon nanophases.

Fig. 7 Experimental atomic PDFs of crystalline graphitic carbon (top) and
several carbon nanophases.
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multiwalled carbon nanotubes and stacks of graphene nano-
sheets decay to zero at much longer interatomic distances due
to the multiscroll nature of the former and the lack of structural
defects in the latter. The PDF peaks at these longer distances
are, however, different again due to the different local sym-
metry of the respective nanophases: inherently circular with the
tubes and extended planar with nanosheets. Obviously by
comparing experimental PDFs various carbon nanophases of
current scientific and technological interest can be identified
unambiguously. The identification can be greatly facilitated if
the experimental PDFs are stored in a database and subjected
to search/match algorithms of the type employed in the powder
diffraction file with XRD patterns for polycrystalline materials.14,15

3.3 Small organic molecules used in the pharmaceutical
industry

At present the pharmaceutical industry is facing a revolution
involving a transformation from crystalline to non-crystalline
drug formulations taking advantage of the improved solubility
of the latter. Intensive research has been going on to charac-
terize such non-crystalline drug formulations and mixtures.16,17

A typical example considered below is a mixture of the
drug indomethacin (C19H16ClNO4) with polyvinylpolypyrrolidone
(C6H9NO)n obtained by fast co-spraying. This technological route
allows for a better mixing of the two materials resulting in an
improved thermal stability and solubility.

Experimental XRD patterns for crystalline indomethacin,
spray dried indomethacin and polyvinylpyrrolidone (PVP) as
well as mixtures of co-dried indomethacin and PVP are shown
in Fig. 8. Crystalline indomethacin exhibits a series of sharp
Bragg peaks that almost disappear when the material is fast
dried. The XRD pattern of dried PVP is also almost featureless
indicating a heavily disordered structural state. The XRD
patterns of the mixtures of spray co-dried indomethacin and
PVP do not show any well-defined diffraction features indicating
a completely amorphous structural state. When the XRD
patterns are converted into the corresponding atomic PDFs
distinct peaks appear allowing unambiguous quantitative and
qualitative identification of the different non-crystalline phases.
The atomic PDFs for crystalline indomethacin and sprayed PVP
show a characteristic sequence of low-r peaks coming from the
intact molecular units building these materials (Fig. 9a). The
peaks have different intensity. Besides, the PDF for crystalline
indomethacin shows a series of higher order peaks, allowing a
clear differentiation between it and sprayed PVP.

The differentiation can be clearly done using synchrotron or
in-house data with the resolution of the latter is slightly
compromised due the shorter wavelength (0.56 Å vs. 0.1015 Å)
used. Obviously going to synchrotron radiation sources is not
always necessary when qualitative characterization of disor-
dered low-Z materials is needed.

A closer look at the experimental atomic PDFs (see Fig. 9b)
reveals a systematic evolution of the intensity of the first three
PDFs peaks with the relative indomethacin/PVP ratio. These
peaks are marked with horizontal arrows in Fig. 9b and given
on an enlarged scale in Fig. 10a. The relative ratio of either the

Fig. 8 Experimental XRD patterns for crystalline indomethacin, spray dried
indomethacin and polyvinylpyrrolidone (PVP) (a). Experimental XRD patterns of
mixtures of spray dried indomethacin and PVP (b).

Fig. 9 Comparison between experimental PDFs for crystalline indomethacin and
sprayed PVP obtained using synchrotron and in house (Ag Ka) radiation (a).
Experimental PDFs for a mixture of spray dried indomethacin and PVP. The mixing
ratios are given by each data set. Horizontal arrows mark PDFs peaks whose
intensities change systematically with the indomethacin/PVP mixing ratio (b).
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first to second or the second to third PDF peaks (see Fig. 10b)
can be used to generate a calibration curve for the volume
concentration of indomethacin and PVP in their mixtures. The
very good linear relationship between the PDFs peak derived
calibration curves and the known indomethacin/PVP mixing
ratio shows that intensity/area of peaks in the atomic PDF can
be used to estimate the relative abundance of disordered low-Z
materials in mixtures of such. The approach is similar to the
one applied in the traditional XRD phase analysis of poly-
crystalline materials where intensities of characteristic Bragg
peaks of a given phase are used as representatives of the relative
abundance of that phase in polycrystalline mixtures.

3.4 Atomic PDFs studies on liquids

Water defines life on Earth from cellular to the terrestrial levels.
Yet the molecular level arrangement in water is not well under-
stood posing problems in comprehending its very special
chemical, physical and biological properties. The molecular
arrangement of water has been a subject of intensive XRD
studies for quite a while.18 Here we present our recent high-
energy XRD and atomic PDFs data for water.19

To demonstrate the often questioned sensitivity of X-rays
derived PDFs to water we first measured it when frozen (250 K)
at normal atmospheric pressure. The experimental XRD pattern
obtained is shown in Fig. 11a. It shows a series of sharp Bragg
peaks reflecting the crystalline nature of hexagonal Ice-Ih in

which water freezes under ambient conditions.19,20 A closer
look at the base of the Bragg peaks (see Fig. 11(b)) reveals a
strong diffuse scattering component indicating the presence of
a substantial local structural disorder in Ice-Ih. The disorder
involves the positioning of the hydrogen atoms about oxygen
ones as well as the relative positioning of the neighboring H2O
molecules with respect to each other.

The XRD data were reduced to an atomic PDF shown in
Fig. 11c. As can be seen in the figure, the experimental atomic
PDF for Ice-Ih shows a series of well defined peaks reflecting
the presence of a sequence of very well defined coordination
spheres in this crystalline material. All PDF peaks can be very
well approximated with a structure model20 featuring the well-
known hexagonal structure of Ice-Ih.

XRD data for liquid water were obtained at room tempera-
ture and reduced to the so-called inter-molecular atomic PDF
shown in Fig. 12. It has a first peak positioned at 2.80(1) Å
followed by a small hump at about 3.5(1) Å and a clearly split
second peak with two components located at 4.1(1) and 4.7(1) Å.
A third broad peak is seen positioned between 6 and 8 Å. As
already well established the peak positioned at 2.80(1) Å reflects
the correlations between the immediate neighbor H2O mole-
cules in water. The distinct PDF features beyond it show the
presence of a specific organization of the second and further

Fig. 10 (Upper part) Experimental PDFs for a mixture of spray dried indo-
methacin and PVP. Peaks that vary systematically with the indomethacin/PVP
ratio and so may be used to generate a calibration curve are marked with
horizontal arrows; (lower part) calibration curves relating the ratio of peaks in the
experimental PDFs to the volume fraction of spray dried indomethacin and PVP in
their mixture.

Fig. 11 Experimental XRD patterns of Ice-Ih (line in blue). Several Bragg peaks in
the XRD pattern for Ice-Ih are labeled with their Miller indices (a). Zoom in on the
base of the Bragg peaks in the XRD pattern of Ice-Ih showing the presence of a
substantial diffuse scattering (b). Experimental (circles) and model (line in red)
atomic PDFs for Ice-Ih. The model PDF is computed from literature data20 for the
average structure of Ice-Ih not accounting for the presence of local structural
distortions. The shortest interatomic distances in Ice-Ih are labeled with the
corresponding atomic pairs.
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coordination spheres of those molecules. That organization
may be well explained in terms of a structure model featuring
water as a random network of tetrahedral-like units where the
tetrahedral units having various degrees of perfection are
further interconnected via hydrogen bonds in flat or buckled
rings preferably made of 6, and to a lesser but definitely not
negligible extent of 5 and 7 such units.19

Experimental atomic PDFs for ethanol (C2H6O) and toluene
(C7H8) obtained by us are also shown in Fig. 12. They, as it
should be, clearly show that the molecular ordering in ethanol
and toluene is distinctly different from that in water. It was
worth noting that the first peak in the PDF for ethanol is
positioned at 1.5 Å which is the length of single C–C bonds
in its molecule. For toluene this distance is at 1.41 Å reflecting
the double CQC bond in its molecule. These results clearly
show that high-energy XRD coupled to atomic PDFs analysis is
sensitive to finest structural details not only of disordered low-Z
solids but also of low-Z liquids.

3.5 Atomic PDFs studies of large organic molecules

Dendrimers are a novel class of 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 com-
plete shell for each generation, leading to polymeric macro-
molecules that are globular in shape and are monodispersed.21

The notion of nanosized cavities that are present in their
structure and are vital for drug encapsulation and delivery is
a central question for scientists to address. Here we show

results for 7th generation PAMAM dendrimers (C12H28N2)n

and, as a standard sample, C60 that is known to be a rigid
molecule with a diameter of 7.1 Å.22 Experimental high-energy
XRD patterns are shown in Fig. 13. The patterns exhibit strong
features at low diffraction angles and do not tell much about
the molecular ordering in PAMAM and C60. The respective
atomic PDFs shown in Fig. 14 are much more informative.
They exhibit a strong first peak centered at approximately 1.54 Å
which is the first neighbor distance within the carbon back-
bone of PAMAM and C60. In addition, the first peak in the PDFs
for PAMAM dendrimers has a low-r shoulder at 1.1 Å. This is the
hydrogen–carbon pair distance in this polymeric material.
Obviously, when abundant as in PAMAM dendrimers hydrogen
bonds can be clearly revealed by high-energy XRD atomic PDFs
studies. C60 is a rigid molecule consisting of 60 carbon atoms
bonded in a nearly spherical configuration that encloses a
cavity with a diameter of 7.1 Å. Since the molecule is rigid, all
interatomic distances within it are well defined and the corre-
sponding peaks in the atomic PDF are well resolved (Fig. 14, up).
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 the neighboring balls is lost.
As a result, 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
(red line in Fig. 14) approximates the experimental data very
well attesting to the very good quality of the results of high-
energy XRD and PDFs technique deliver. The PDF for PAMAM
dendrimers too shows a series of well defined peaks extending
to approx. 10 Å followed by an almost featureless tail. With
fullerene the change in the PDF shape at 7.1 Å is very sharp

Fig. 12 Experimental atomic PDFs for water, toluene and ethanol. The respec-
tive molecular units are shown by each data set. Selected interatomic distances
occurring in the liquids are marked by arrows.

Fig. 13 Experimental XRD patterns for fullerene (C60) and 7th generation
PAMAM dendrimers.
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since the intra and intermolecular correlations do not overlap.
This behavior reflects the presence of a 3D ordered array of
identical ‘‘rigid balls/cavities’’ (Fig. 14, top right). In PAMAM
dendrimers the change in the shape of PDF is not so abrupt
indicating that the intra and intermolecular correlations over-
lap to a certain extent, i.e. the PAMAM 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 (Fig. 14, bottom right). Indeed
extensive computer simulations21 based on the experimental PDFs
data reveal that branches inside dendrimers are not arranged in
exactly concentric shells but in a semi-regular pattern forming a
network-like structure. This network is riddled with cavities
ranging from 5 to 15 Å in diameter and some of the cavities are
joined into channels connecting the PAMAM’s surface and
core. Thus by using high-energy XRD and the atomic PDF
technique it is possible to provide direct structural evidence
that PAMAM dendrimers are relatively well ordered at the
atomic scale and with a relatively open interior. Due to their
unique atomic-scale structure dendrimers can accommodate
small molecules and atomic clusters rendering them very
suitable for bio-imaging and drug delivery applications.

3.6 Atomic PDFs studies on hydrogen storage materials

Hydrogen is one of the most promising energy storing materials.
It does not add to the environmental pollution when generated
from renewable sources. For applications in the automobile

industry its compact storage and efficient release are important
issues. Among other possibilities, storage as a solid hydride is
attractive from safety and gravimetric points of view. A material
of great interest is ammonia borane (BH3NH3). Hydrogen can be
readily generated either by hydrolysis or by heating ammonia
borane above 80 1C. Knowledge of the atomic-scale structure of
ammonia borane thus becomes important since it is directly
related to the hydrogen release mechanism. The structure of
ammonia borane and its storage in inorganic scaffolds have
been investigated by several groups.23,24 Now it is firmly estab-
lished that at low (below 220 K) temperature it crystallizes into
an orthorhombic space group (Pmn21). Motion of the –BH3 and
–NH3 groups increases with temperature and at room tempera-
ture ammonia borane adopts a body centered tetragonal struc-
ture (S.G. I4mm). This structural picture is, however, obtained
from traditional analysis of powder XRD and so is a representa-
tive of the average positions of –BH3 and –NH3 groups only.
An experimental high-energy XRD pattern of ammonia borane
taken at room temperature is shown in Fig. 15 (upper part). The
respective atomic PDF is shown in Fig. 15 (lower part) together
with the ammonia borane molecule. The experimental PDF
reflects very well the B/N–H bonds at 1.1 Å and the B–N bonds
at 1.6 Å, again proving the great sensitivity of high-energy XRD
and atomic PDFs to the presence of well-defined molecules in
low-Z materials. A model based on the average tetragonal
(S.G. I4mm) structure is compared to the experimental PDF
data (red line in Fig. 15; bottom part). The model approximates

Fig. 14 Experimental (symbols) atomic PDFs for fullerene (C60) and 7th genera-
tion PAMAM dendrimers extracted from the XRD patterns of Fig. 13. Shortest
interatomic distances in the two materials are marked with arrows. Fits (solid line)
to the experimental PDFs are based on the structure models shown by the
respective data sets.

Fig. 15 Experimental XRD patterns of ammonia borane (a). Experimental
(symbols) and model (line) atomic PDFs for ammonia borane. The ammonia
borane BH3NH3 molecule is shown as well. Shortest interatomic distances in
ammonia borane are marked with arrows (b).
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the major peaks in the experimental data but misses several
fine PDF details indicating that the local structure of ammonia
borane at room temperature departs from the average one.
More studies are necessary to reveal the exact atomic ordering
in ammonia borane close to the temperature of hydrogen
release (80 1C) so that its hydrogen storage properties are better
understood and utilized. High-energy XRD and atomic PDFs
analysis may prove very useful in this investigation.

3.7 Atomic PDFs studies on composites of low-Z and
high-Z materials

In recent years, conducting organic–inorganic composites have
attracted much attention because of their properties and a wide
variety of potential applications. Of particular interest are
composites based on polymeric polyaniline (PANI) and V2O5

xerogel. Here the combination of the conducting properties of
PANI and the inorganic host results in a nanophase material
with very valuable charge- and ion-transport properties. To
understand and so make a better use of these properties a
detailed knowledge about the atomic scale structure of the
PANIx�V2O5 composite is needed. Traditional XRD is helpless in
the case of organic–inorganic nanophase composites since they
lack the extended structural order and periodicity of conven-
tional crystals. By employing high-energy XRD and atomic PDFs
analysis the structure of PANIx�V2O5 can be determined in very
good detail.25 The experimental atomic PDF for PANIx�V2O5

obtained by high-energy XRD experiments is shown in Fig. 16.
It is rich in sharp features indicating that this composite

material has a very well defined local atomic ordering. A com-
parison between the experimental PDF for PANIx�V2O5 with that
for pure V2O5 xerogel is shown in Fig. 16, upper part. It reveals
that the PANIx�V2O5 composite shares several of the structural
features of the inorganic host indicating that the structural
integrity of the latter is preserved in the former. The intensity of
several peaks in the experimental PDF is, however, badly missed
indicating that a structure model based on the inorganic host
alone is not capable of explaining the experimental data.

When PANI polymeric chains are included in the structure
model in a way shown in Fig. 17 the agreement between the
experimental and model PDF data is improved very sub-
stantially. The result shows that high-energy XRD and atomic
PDF analysis can be quite sensitive to the low-Z component of
low-Z(polymeric)–high-Z(inorganic oxides) composites. In the
particular case of a PANIx�V2O5 composite this non-traditional
experimental approach helps reveal25 the atomic-scale structure
as a regular arrangement of double layers of V2O5 octahedra
sandwiching PANI chains in the way shown in Fig. 17. Note that
other orientations of the PANI chains with respect to the V2O5

layers have been tested but only the one shown in Fig. 17 was
found to be consistent with the experimental PDF data.25 Other
successful studies on the low-Z component in low-Z/high-Z
materials are also known.26

4. Conclusions

High-energy XRD coupled to atomic PDFs analysis is a very
useful experimental technique for characterization of disordered
low-Z materials both in solid (e.g. C60 fullerene) and liquid
states (e.g. water, ethanol, toluene). It can be used for qualitative
(e.g. cellulose derivatives, nanophase carbons) and quantitative
(e.g. amorphous pharmaceuticals) material’s phase analysis,
revealing fine structural features (e.g. hydrogen bonds in
ammonia borane), the presence of defects (e.g. as in ball milled
carbons) and can provide a firm basis for atomic-scale structure
simulations (e.g. PAMAM dendrimers). The technique can be
sensitive to the low-Z component of low-Z–high-Z mixtures (e.g.
PANI in V2O5), requiring a relatively small amount of samples,

Fig. 16 Comparison between the experimental PDF for the PANIx�V2O5 compo-
site (symbols) and model PDFs for the V2O5 matrix without (solid line, upper part)
and with (solid line, lower part) polyaniline intercalated between the V–O layers
as shown in Fig. 17.

Fig. 17 Structure of the PANIx�V2O5 composite as determined by computer
simulations guided by experimental atomic PDFs. The structure features double
layers of octahedral V–O6 units (shaded) with polymeric PANI chains intercalated
between them.
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studies in various environments and can be practiced both on
in-house equipment (Mo or Ag radiation) and at synchrotron
radiation facilities. Given this the technique should find wide
spread utility.
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