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Why do materials behave the way they do ? It has a lot to do with how
atoms are arranged in materials, i.e. with the atomic-scale “structure”,

and that is why we need to know it well.

Diamond (crystal) - hard,
transparent, insulating and
expensive.

Graphite (crystal) - soft, black,
conducts heat and electricity
and cheap.

It is all just Carbon

Carbon nanotubes
Stronger than steel

Amorphous
Carbon

Catalysis



Atomic ordering in materials is determined by X-ray diffraction: Principles

PHY 101: Diffraction of light

CRYST 101: Diffraction of x-rays from a single row of
atoms (Klug and Alexander in “X-ray diffraction
procedures”)

No Intensity loss, just Intensity re-distribution !



Structure of long-range ( μm-range) ordered materials: Crystals

The atomic scale structure of crystals may be described on the basis of 3D

periodic lattices in terms of a few parameters: Lattice type and symmetry
Unit cell parameters a, b, c, , ,  Atomic positions inside the unit cell: (x,y,z).

Diamond Graphite

These parameters/numbers allow to compute, understand and predict properties of crystals;
also allow to “patent” crystalline pharmaceutical materials.



Example - Aspirin

C.A. Medendorp et al. J. Pharm. Science 97 (2008) 1361.



Non-crystalline materials: glasses, polymers, composites..

Example: again carbon but
“amorphous”, i.e. coal.

Example: again carbon
but “nanotube”..

Atoms in non-crystals do not sit on the
vertices of 3D periodic lattices.
Such materials are called “structurally
disordered” yet they have a very well defined
local (short + often intermediate) atomic
ordering.
Why ? Nature of chemical bonding does not
change (usually) between crystalline and
amorphous state (e.g. quartz – silica glass)
We still need structure models
parameters/numbersparameters/numbers to describe this
ordering.

Could we use x-rays ?



Crystals

Bragg peaks only Both Bragg peaks and
diffuse scattering
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Bragg angle, 2

“Nanomaterials”

Diffraction patterns of “crystals” show many well-defined Bragg peaks.
Diffraction patterns of “glasses” show diffuse scattering only.
Diffraction patterns of “crystals with disorder”, “nanoparticles”, “composites”
etc. may show both Bragg-like peaks (usually not so many and not so sharp)
and diffuse scattering (that may not be neglected…)

Simulated

2d patterns

1d patterns

Non-crystals
Long-range (~mm), periodic order Limited (~ nm) but measurable order Short-range ( sub-nano) order only

Diffuse scattering only

Simulated

2d patterns

1d patterns
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Experimental situation we face:



What can be done ? Total XRD = High-energy XRD and real-space data analysis

Q=4sin()/=1.0135sin()E[keV]
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G(r) = 4r[(r) - o]
(r) is the local and
o the average atomic density

Diffraction

experiment
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i) The atomic PDF peaks at characteristic interatomic distances reflecting the 3D structure of
materials. No long-range order or periodicity implied, i.e. well suited for any material.
ii) Total XRD, and its Fourier transform, the atomic PDF takes into account both the Bragg-like
peaks and the diffuse scattering component of the XRD data. Both carry structural information !

Need x-rays of higher energy – to reach higher Q
Need stronger flux & more efficient detectors – to measure the

diffuse component of XRD patterns with good statistics
What do we need ?



Q: Where is the PDF’s definition coming from ?
A: See below (after Klug and Alexander..)

For a collection of N atoms..

Here s=

For a multicomponent system si(s) is
“replaced” by F(Q) where:



Welcome to real space world: Si standard
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Si
S.G: F d 3 m (227)
Structure: diamond type
Cell parameters:
a=b=c=5.4309 A

α= β= γ= 90.0° 
Si (8a) 0.125, …

Reciprocal/diffraction space Real space

0 10 20 30 40 50

-0.4

-0.2

0.0

0.2

0.4

0.6

0 2 4 6 8 10

-0.4

-0.2

0.0

0.2

0.4

0.6

P
D

F
G

(r
)

Radial distance [A
-
]

P
D

F
G

(r
)

Radial distance r [A]

(....)

(12)

(6)

(12)
(12)

CN= (4)

Fourier
couple

S(Q)=1+   22. )(/)()( QfcQfcQI iiii
el  G(r) = (2/) 




max

,)sin(]1)([
Q

oQ

dQQrQSQ



Back to pharmaceuticals: Aspirin

ab
c

E = 80.7 keV, =0.1534 Å
1-ID, APS

P21/c

Structural parameters: a list of {Ri ,CNi}

Ri – coordination radii
CNi – coordination numbers

real space

reciprocal space



Bragg peaks Unit cell Indexing Extinctions Space group

Structural model Rietveld refinement

Si-standard material
11ID-C – APS/Argonne
λ = 0.1083Å

Structural determination assuming perfect 3D atomic ordering. Crystalline
materials

Interatomic Distances,
angles
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 nd sin2Bragg’s Law:

Crystalline materials produce well defined Bragg peaks that can be used to solve the
average, long-range structure of material. Bragg peaks come from a stack of regular
atomic planes (Miller indexes) !

A useful comparison: Traditional XRD/Rietveld Analysis (reciprocal space)
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High-resolution G(r) can be obtained by collecting diffraction data in wide Q-
ranges  High-energy x-rays.

Si-standard material
11ID-C – APS/Argonne
λ = 0.1083Å, Qmax = 25Å-1

However, traditional (reciprocal space) and PDF (real space) analyses have different
sensitivity to the atomic ordering in materials.
Traditional – Long-range order and translational periodicity (Bragg peaks only)
PDF – Any atomic ordering, periodic or not….does not matter.

Structure refinement using PDF

Pair Distribution Function Analysis (real space)

PDF peaks =
Interatomic distances

Structural model (search and
refinement)

If necessary may
compute the XRD
pattern

PDFs peaks reflect frequently occurring atomic pairs/coordination distances/spheres
and not atomic planes ! Any material has a particular/unique coordination spheres
distribution..…may serve as a “structural fingerprint” !



How it is done: In-house high-energy XRD/PDF Experiments

In-house set up
E (x-rays) ~
MoKa 17 keV/ lambda=0.71 A

Ag Ka 22 keV/lambda=0.55 A
Qmax ~ 16-20 A-1

CMU, Department of Physics

Mo



High-energy XRD/PDF experiments at synchrotrons

Synchrotron x-rays

Continuum of wavelengths
Energy range (0 ~ 150 keV vs 8 keV from Cu tube)

(Advanced Photon Source, Argonne, Chicago)

390 meters (1,225 feet)



Example 1: Structure studies of cellulose by atomic PDFs



Structure studies of cellulose by atomic PDFs

Cellulose IICellulose IbCellulose Ia

Traditional (Bragg) XRD patterns; Cu Ka radiation

Collaboration with ICDD



Structure studies of cellulose by atomic PDFs

Traditional (Bragg) XRD patterns; Mo Ka radiation



Structure studies of cellulose by atomic PDFs

Atomic PDFs from synchrotron data



Structure studies of cellulose by atomic PDFs



Cellaburate is a reaction product of cellulose,
acetic anhydride or acetic acid, and butyric acid or
butyric anhydride....

Example 2: Structure studies of other organic polymeric products…

Collaboration with ICDD



Structure studies of other organic polymeric products…

Atomic PDFs from synchrotron data



Example 3: Crystallization of lactose

XRD patterns/synchrotron

Sample dried at different conditions and crystallized for different times
Collaboration with Sandra Weiling, U. Bonn and Panalytical



Crystallization of lactose:

Atomic PDFs from synchrotron data



Dendrimers: consist of a series of

chemical shells built on a small core
molecule. Can be designed with a
variety of organic and inorganic cores
and branches, with tunable branch
length, multiplicity and surface
functionality:

Applications:
Polymer mimics of globular proteins
Building blocks of multifunctional
nanocomposites
Hosts of guests molecules and
nanoparticles

Example 4: Organic macromolecules for drug delivery

Questions: Is the interior hollow ?
How big is the free volume, if any ?

Collaboration with DNT



Organic macromolecules for drug delivery



PAMAM dendrimers in more detail

core

branches

3D structure depends on the
preparation technique employed
(divergent/convergent,solvent), repetitive units,
generation number etc.



Structure study of 7th generation
PAMAM
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Experimental(dots) and model(line) atomic
PDFs for fullerene, PAMAM dendrimers and
hyper-branched polymers

Fragments of structure models for
fullerene, PAMAM dendrimers and
hyper-branched polymers

Dendrimers – semi regular network with open
interior narrow distribution of cavities

Dendrimers – semi regular network with open
interior narrow distribution of cavities

Hyper-branched: less regular but still open
network; wide distribution of cavities

Hyper-branched: less regular but still open
network; wide distribution of cavities

slice

slice

slice

Fullerene – 3D ordered lattice of rigid C60 moleculesFullerene – 3D ordered lattice of rigid C60 molecules



PDF study of 7th generation PAMAM

3D models of PAMAM dendrimers

Too regular

Realistic

Collapsed.

.

.

Exp. data – symbols
Model data – line in red



PDF study of 7th generation PAMAM



Example 5: Chemical specificity: PtPd nanoparticles in solution

PtPd

Pure Pt Pure Pd

PtPd random alloy

Pt-core/Pd-shell

Pd-core/Pt-shell

I. Sanchez et al. JACS 131 (2009) 8683.

Collaboration with ICDD

Collaboration with R. Nuzzo, U. Illinois



Total vs Pt differential PDFs

Cores and shells in PtPd are fcc-type but structurally incoherent !

How would this affect their properties ? Pt Pd



Resonant XRD application in pharmaceuticals:

Traditional anti-cancer drugs……



MRI ……



MRI relies on contrast agents

Search for better contrast agents is going on:

Gd-Gd pairs distribution is a critical parameter of MRI contrast agents

Gd edge resonant XRD and differential PDFs would help a lot

Collaboration with DNT



Example 6: NanoMedicine has just arrived…..

Resonant XRD can be very useful here !
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Indeed atomic PDFs have proven to be very useful with nanocomposites: (Polyaniline)xV2O5nH2O

Atomic ordering in (PANI)xV2O5nH2O as
determined by the present PDF studies.
The vanadium-oxygen octahedra (in red)
are assembled in bilayers and the polyaniline
chains occupy the interlayer space. The model
atomic configuration is periodic and involves
476 atoms allowing theoretical studies on
material’s properties.

Comparison between the experimental
(symbols) and model (solid line in red) PDFs
for (PANI)xV2O5nH2O. The model PDF is
calculated from the atomic configuration
shown on the left.

More in Petkov et. al JACS 127 (2005) 8805.Collaboration with M. Kanatzidis, MSU



NanoMedicine will be around for a long time…..

Can Atomic PDFs be used to characterize
metal-organic frameworks,
nanocomposites etc ?



and with metal-organic frameworks, and many more…



Conclusions:

Accurate structural characterization of disordered bulk and nanosized
pharmaceutical materials can be done by high-energy XRD coupled to
PDF (real space) data analysis. The approach succeeds because it relies
on total scattering data (Bragg plus diffuse) measured over an extended
range of wave vectors. It probes the material as a whole (i.e. it is not
surface only sensitive/imaging like TEM) over its entire length (not only
the first/second coordination sphere like EXAFS/spectroscopy) of
structural coherence. It is flexible with respect to sample’s state,
morphology, amount, phase homogeneity and environment. Could be
done using in-house or synchrotron sources of x-rays, and offer chemical
specificity (resonant XRD/differential PDFs) The approach has all the
potential to become a “standard structural characterization tool” in
pharmaceutical research and industry.

The work would have been impossible without the help of NSF, DoE, ARL
and an army of collaborators and students ! Thank you all !
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Atomic PDFs workshop coming soon:
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