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Why do materials behave as they do ? It has a lot to do with their
structure, i.e. how the atoms arrange themselves in space.

Diamond - hard, transparent,
Insulating and expensive.

Graphite - soft, black, conducts y
heat and electricity and cheap.

And now we have nanotubes...




Structure: How It 1s determined ?

Theory: C T

For the aboire diazam Braes conditions ate met when D = CE and @ = @,
Thetefore, 4 sm @ = D2 and AT sin @ or 24T sing = D + OF
Let: d=40Cand D2 + CF = 1k

Themn :

What do we actually learn & use:

Lattice parameters: a,b,c,a, 5,7,
Symmetry: S.G.
Atomic positions: (x,y,z) and B(A?)

Experiment:
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Diffraction patterns of perfect crystals show Bragg peaks only. Diffraction patterns of
materials of limited structural coherence contain a diffuse component which is of low
intensity and is widely spread in reciprocal space. All components of the diffraction patterns
have to be accounted for in the atomic structure determination.




The Atomic Pair Distribution Function Technique
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The atomic PDF, G(r), peaks at characteristic interatomic distances and thus reflects the structure
of materials. It is the Fourier sine transform of the experimentally observable structure factor S(Q)
which is related to the elastic part of the total diffracted intensity Ie"(Q). Since both the sharp
Bragg peaks and the diffuse components of the diffraction spectrum contribute to G(r) it reflects
both the average, long-range structure and the local structural imperfections. The PDF is
barely influenced by diffraction optics and experimental factors. Also, high-resolution G(r)'s can be
obtained by accessing high values of Q. This can be done by using high energy x-rays.



The Atomic PDF function ~ Patterson function
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High energy x-ray diffraction experimental

set-up
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Examples of recent structure studies

on materials with intrinsic disorder:

1. In-Ga-As semiconductor alloys

2. V,0O¢ nanotubes

3. Dendritic and hyper-branched macromolecules
4. Ca/Al silicate glasses

5. Gold nanopatrticles




Thermal conductivity (W/m.K)

Local structure of InxCai-xAs semiconductor alloys

6.1 :

Zinc-blende type structure: . Q
a(GaAs)=5.653 A; B .
a(InAs)=6.038 A % 5.9 .
® -1n,Ga (0,0,0) A

- 5.7 -
® - As (1/4,1/4,1/4) 5 6_5,5

However, 5.5

From Veqgard's law:

NN[(In;Ga)-As] = 2.447 A; x=0
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Maycock, Solid State Electronics 10 (1967) 161.
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E =60 keV,
A2, CHESS

Intensity, a.u.

Consider the total scattering:

In, G, As
1.5+

High-

QIS(Q)-1]

25 30 3
W avevec tor Q (A™)

High energy x-ray datafrom
N, sGay 5AS

Very little structure is evident in
the raw data at high-Q (inset to
top panel)

However, significant diffuse scattering
IS present in the total scattering
function Q) from the same data

It becomes evident by dividing the raw
datato <f(Q)>2 and multiplying by Q.

The structural information is there
If we measure carefully enough




Local structural disorder In-Ga-As alloys - experimental data

E:60keV,ICHESS Local structure fAverage structure
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alloys exhibit significant local positional

disorder due to the presence of two distinct
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Petkov et al. PRL 83 (1999) 4089




Gir)

Gir)

In-Ga-As alloys - average & local crystal structure refinement by a PDF full profile fitting.
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Here is how the zinc-blende lattice distorts locally to accommodate
the two distinct Ga-As and In-As bonds present of In-Ga-As alloys.
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Structure study on V,0O. nanotubes

Crystaline V,O iswidely used in
application as chemical sensors,
catalysts and solid state batteries.

The material possesses an outstanding
structural versatility and can be
manufactured into nanotubes that have
many of the useful properties of the
parent crystal significantly enhanced.
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The lack of long range order due to the
curvature of the tube walls has a profound
effect on the diffraction patterns. That of
the crystal shows sharp Bragg peaks. The
diffraction pattern of the nanotubes has a
pronounced diffuse component rendering
the traditional techniques for structure

determination impossible.



V,0O; nanotubes - search for a structure model

(a) crystalline V,O, model

| ! | ! | !
crystalline Zn,V, O., model
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Radial distance r(A)
Exp. Data— symbols
Model data—solid line



Structure study on V,0. nanotubes — PDF analysis

0.70

The wdl known 16-atom unit
cell of crystalline V,O; (S.G.

y W ™

Pmmn) fits the experimental 035+
datawell. The agreement W/:

documents the fact the atomic ,aw '

0.00-

PDF provides areliable basis
for structure determination.

Best fit to the experimental
PDF data for the nanotube~

\,O, crystal

Symbols— exp. data

was achieved on a basis of
a46-atom unit cell (S.G.
P 1). Even ananocrystal
with the complex
morphology of V,O
nanotubes possesses an
atomic structure very well
defined on the nanometer
length scale and well
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Structure study on V,0O. nanotubes — outcomes 9

{E:] o

Structure description of V,0 nanotubes: Double layers of V-O, octahedral (green)

and V-0, tetrahedral (red) units are undistorted and stacked in perfect registry with the
crystal (a). When bent (b) such layers may form nanoscrolls (c) or closed nanotubes (d).
Double layers of such complexity may sustain only alimited deformation. As aresullt,
V,0O, nanotubes occur with inner diameters not less than 5 nm. The real-size models shown
in (c) and (d) have an inner diameter of approx.10 nm and involve 33,000 atoms.The bending
of vanadium oxide layers into nanotubes can be explained by the presence of an anisotropy
in the distribution of vanadium 4+ and 5+ ions.

More detailsin Petkov et al Phys. Rev. B 69 (2004) 085410.
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Polymer nanoscience
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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

Questions: Isthe interior hollow ?
How big isthe free volume, if any ?




branches

i

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

Gl :
_ :
Hilek
D
o ‘ 4

generation number etc.

N - ) =,
- L. o e
".F l"‘-._ ':"!'-\.u- (e .?|I;'~_:
5 L e o y
kY e . f g i
A Y
F e 2 T
Xy FET o
L 1




PDF study of dendrimers Fullerene—3D ordered lattice of rigid Cy, molecules

Atomic PDF G(r)

Experimental (dots) and model(ling) alomic  Fragments of structure models for
PDFsfor fullerene, PAMAM dendrimersand  fyjjerene, PAMAM dendrimers and

hyper-branched polymers hyper-branched polymers
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What do we know about the atomic ordering in network
calcium aluminosilicate glasses ?

Lew AI/Ca content

Si*-O (tetrahedral) ~ 1.6 A

AlR+-O (tetrahedral) ~ 1.75 A
AlR+-O (octahedral) ~1.85 A

Ca?*-0~2.32A

Questions:

What is Al-O coordination ? Bridging oxygens (BO)

What is Ca-O coordination ?

Where are the NBO'’s ? o
Non-bridging oxygens (NBO)




Samples: Ca, Al Si, O, glasses (x=0,0.25,0.5,0.67)

Tabés 1 Composition {in mal) of glass samples similar o Call Sil,

Glass & Flass B
495 = 0.1 AcL
FEO0 =02 e
265 = 01 23
Qe =02 o
BE+1 4

Q 70 3QMAS NMR
i ,-f/\"'-., "-.IH Stebbins and Xu

/1 )\, Nature 390 (1997) 60

\ s

29Si & 2’Al NMR
Engelhardt, Phys. Chem. Glasses 5 (1985) 157




Calcium aluminosilicate glasses. Experimental results:
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By employing high-energy x-ray diffraction
structure factors extended to at least 40 A1
can be obtained even for materials composed




Gaussian fit to the peaks in the experimental PDFs:

Si-O ~ 1.60(1) A

Al-O ~ 1.75(1) A

Ca-O ~ 2.35(1) A

g(r)

/81 3(Si,Al-

2.61-2.85 A




Coordination polyhedra and connectivity in Ca, Al Si, O, glasses. Answers:

First neighbour Si-O, Al-O, Ca-O and O-O distances and average coordination

Continuous network (x=0,0.25): numbers in Ca,,Al,Si, O, glasses (x=0,0.25,0.5,0.67) obtained by a Gaussian fit

Only are present and to the corresponding high-resolution PDFs, g(r) = p(r)/p,.
the average coordination numbers
of both Si and Al are 4. X Si-O Al-O Ca-O
Ca 0 1.61(1) A /4.0(2)
% 0.25 1.60(1) A /3.95(10) 1.75(1) A /3.95(10) 2.32(2) A /15.3(2)
/\ 0.5 1.60(1) A /3.85(10) 1.75(1) A 14.0(1) 2.36(2) A 15.2(2)
) \ 0.67 1.60(1) A /3.2(1) 1.75(1) A /3.95(10) 2.34(2) A 15.3(2)
X Si-O Al-O Ca-O
0 tetrahedral /
0.25 tetrahedral / tetrahedral/ well defined unit
0.5 tetrahedral / +NBO’s  tetrahedral / well defined unit
0.67 tetrahedral / +NBO’s  tetrahedral / well defined unit
i) Ca,,Al Si, O, glasses are i) the breaking of the network
built up of interconnected Si-O proceeds via the creation of
and Al-O tetrahedra with the NBO’s located on Si-O but

degree of their connectivity

decreasing with increasing x. not Al-O tetrahedra.

Disrupted network (x=0.5,0.67):
Both and NBO’s are present.
The emerging of NBO’s effectively
removes Si-O bonds and the average
Si-O coordination number drops
below 4 without necessarily creating
oxygen vacancies.

lii) Even when two strong network-formers such
as Si and Al as well as NBO’s are present the
network-modifier Ca acquires a well-defined

and constant coordination sphere and
so itis very likely to play arole in
the formation of the glass structure.




Structure study of dendrimer stabilized Au nanoparticles

TEM image of Au nanoparticlesin water

Collaboration with DNT



Structure study of dendrimer stabilized Au nanoparticles
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Structure study of dendrimer stabilized Au nanoparticles

Atomic PDF G(r)

dendrimer stabilized Au

44in air :
v i

I ﬁ
f j

dendrimer stabilized™ A

in agueous solution
-1 — . —_— , —— , — . , .
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Distance r(A)

Exp. data— symbols
Model datafor fcc Au—solid line



Atomic PDF Gir)

Structure study of dendrimer stabilized Au nanoparticles

Exp. data— symbols
Model data- line

Random modeél - 5,000 atoms




Atomic PDF i

Structure study of dendrimer stabilized Au nanoparticles

05

Exp. data— symbols
Model data- line

Non-crystallographic
cluster model



Atamic PDF G(r)

Structure study of dendrimer stabilized Au nanoparticles

distorted foc lattice (line) R
q exp. data - symbaols

Distorted fcc lattice
~ 300 atoms
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High energy/high-Q = High real space resolution
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High energy resolution = high sensitivity to chemical species

flelectrons)

NSLS, X7A

E= 27,626 keV
E,= 27.806 keV

E,,,." 17,920 keV
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Good Q-space resolution = increased sensitivity to longer-range correlations

Intensity, arb. u.

La0.75cao.25MnO3

APS data
CHESS data
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Wave vector Q(A™Y)

15

10

E

6(r) (87%)

0

320A

2

10.4 10.6
Q &™H

gure 3
xperimental data shown in all frames are ordered as NPDF, NPD, GEM,
PPD, SEPD and GLAD (from top to bottom). GLAD data have Qax
, while the others have Q. of 38.0 A
10.50 A" taken from the diffraction pattern of Pb. (b) Low-r region of
| experimental Pb PDFs where the differences are very small. (¢) High-r
gion of the experimental Pb PDFs where the differences are rather
mificant. (d) A focused region of the experimental Pb PDFs. Note that
iPD and GLAD data are amplified by 2 and 12, respectively.
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High flux = good statistical accuracy

Reduced structure factor Q[S(Q)-1]

-
=

Reduced siruciure Factar CI[S(0)-1]

o
=
N




Extended area/fast detectors = fast experiments

Image plates: exposure time — 1 sec.
Point (Ge SSD) detector — 10 hours
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Conclusions:

http://www.phy.cmich.edu/peopl e/petkov/software.html

http://www.phy.cmich.edu/peopl e/petkov/nano.html

http://www.pa.msu.edu/cmp/billinge-group/programs/di scus/pdffit.html




