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Overview:
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- definition of nxéhqmmaterials;

“‘%,
%

- properties and apphcatuons of titanium dioxide (TiO,)
nanocrystals;
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- synchrotron (X-ray) radiation bgﬁs%“‘eq%analytical methods;

- electron paramagnetic resonance

- Mn?* doped TiO, nanoparticles.
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~ Nano is big business
(Prof. Marc Ratner)

American National Sc%ié%ééhq%e Foundation (NSF) predicts that
nano-related goods and“services could be a

growing industrles In history but-@a_!so larger than the
combined telecommunications and information technology
industries at the beginning of the technelogy boom in
1998.
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Nanoscale science and engineering here refer to the

.,
‘“\

fundamental ur‘;\*"de;(_standing and resulting technological

N
e,

advances arising from the

o,




Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Th%é“"u.% from a 50 nm gold nanocrystals is

miIIi'B"mjpld larger than the
Y from any molecule or even quantum dot chromophore.

L
o

Ap Sphares Ag Spheres
=100 nm ~80 nm

E  200nm (same for all the images)

Figure 1. Sizes, shapes, and compositions of metal nanoparticles can be systematically varied to produce materials with
distinct light-seattering properties.

In a metallic nanoparticles, incident light can couple to the plag“mqkn ,
excitation of the metal which involves the light induced motion of the
valence electrons.
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quan\tum dots (QDs), are sSemiconductor composed of:

“

%H'\:
Y

-V elements (e.g., InP, GaAs)

.
e,
M

A (Wannier) exmton\ean be defined as the bound state of an electron-hole pair, due
to a Coulomb interaction between the charge carriers.

is the

. Amee, ﬁl[ 1 ]
g =———| —+—

m,e 1,

m.*and m,* are the effective electron and hoIe masses respectively,
- 1S the high-frequency relative dielectric constant ofthe medlum

The resulting Bohr radius is much larger than that of a hydrdgen atom, since the
effective masses are considerably smaller than the mass of the electron at rest,
m,, and €« is considerably larger than 1. >

Values for aj for the common semiconductors are in the range 10-100 A (1-10 nm)%"% :
~~
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The effect of size on the electronic structure of a
semiconductor crystal for three different size-ranges:

(a) a macrocrystalline semiconductor (R>>ag) with
the filled valence band (VB) and empty conduction band
(CB) and the bandgap energy (E,).

(b) semiconductor nanocrystal with a

%(G\)%highly quantised dot (R<<ag) with

o
%ﬁe

N
m%

Absorption (solld lines) and emission (dotted
lines) spectra of colloidal CdSe quantum dots,
showing that the absorphon edge shifts towards
higher energies with respect to bulk CdSe (1.84
eV) and that {
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robust ~_fluorescence emitters with size-dependent emission
wavelengths from UV to IR.

%

nanocrysfal\ex made of emit in the range between

Y
M,

o, .
larger nanocrystals emit between
M

.
N
N

e, .
.

-extreme brightness and enables the use of

very low laser intensities over extended ‘ttme perlods

M,
m.,‘

-especially useful for live-cell imaging, N

-the intense brightness is helpful for
increasing number of biomedical assays.
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A true-color image of a series of
silica-coated core (CdSe)-shell
(ZnS or CdS) nanocrystal probes in
aqueous buffer all illuminated
simultaneously with a ultraviolet
lamp.

2

Normalized fluorescence

- Size- and material- dependent emission spectra of several surfactant-coated QDs in a variety of sizes:

-the represents different sizes of CdSe QDs MRS G eye112.1, 2.4, 3.1, 3.6 and 4.6

(from right to left).

-the representsfia] (indium phosphide) (@] LFvith diameters of m

-the GocecaicjinAs (indium arsenide) QDsGCEREEEN#.8, 3.6, 4.6, and 6.0

nm | (arbitrary units on y-axis).




Rutile TiO,
(tetragonal)

dy_o=1.949 A
d Ti —Ti= 357 A

Eg=3.0eV
p =4.250 g/cm?3
AGs=-212.6 kcal/mol
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Anatase Rutile

Share corners & 4 edges Share corners & 2 edges
with neighbor octahedra |
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Oksidaciic

Ti0,—™ s e + " + TiO,
hv = 3.0eV e +h" +Ti0,—— Ti0, + heat and /or hv'

(TiO" —O* =Ti"" y=OH, + I}, —— (Ti0" —O* =Ti"-OH" + H*

{}I(aa&] + €pe— Uyaa
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1972, Fujishima i Honda otkrivaju da je moguca fotoelektroliza vode na elektrodi od TiO,
Fujishima A. and Honda K, Nature 1972 (37) 238);

AG= -237 kJ mol' (2 x 1.23 eV)

&
7]
@
g
2
(=4
g

2.8eV | 2.3eV

OX: 2h* + H,0— 2H* +1/2 O,

RED: 2e- + 2H* - H,

N

U:H,0 — H, + 1/20,
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~-upotreba TiO, za ,
(Fox, M.A  Acc Chem Res 1983 (16) odnosno za
preci§éavanje otpadnih voda i zagadjenog vazduha,
(Schiavello,M, Ed. Photocatalysis and Envi. 1988 i M.
Kaneko and “““Imx_pkura, Eds. Photocatalysis Science and

Technology). “\\

S

-heterogena fotokatalii“a\-kpoéinje da se primenjuje i u

organskoj sintezi, (Fox,M.A J. Org. Chem. 1989, (54)
3847) Ny

-
M
9

-D. Bahnemann posvecen primeni fkpza razgradnju
polutanata (Solar Energy 77 (2004) 445-459).

o
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. Advantages on nanoscale:
%I%ar;_ge surface area — significant quantity of electrons can be exchanged
betV‘vagn phases

i,

Y
%."%

Gratzel cell:
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—TiO,
— 2,3-dihydroxybenzoic acid
— 2,5-dihydroxybenzoic acid
— 3,4-dihydroxybenzoic acid
gallic acid
— catechol
pyrogallol

Absorbance
—
o
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wavelength, nm
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.
S,

TSV“‘Vagd Electronic Coupling of Nanoparticles ~ Coupling of electronic )
N properties of nanoparticles

with molecules requires
molecular understanding of
surface sites:

Surfé%é@tes Of Nanocrystalline Metal Oxides

Mo

N
N%11%‘-- " "
In nanosize regime reconstruction
of the surface results in
&

%M\z.
,

N
i
o

Unique and
nanoparticles

Adsorption induced/x/

Dopamine sites and tunable shift of
abosrption
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Unl\ie(sal for high curvature surfaces of octahedral metal oxide nanoparticles,
also Fe, 04, ZrO,

1/d = 2.64 nm"’

-
.,
,
o,

N,
P
R,
II‘

3 70%0. ZOA , Enediol ligand
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. The monochromatically tunable X-ray source for measuring an X-ray absorption

sp*egtrum (XAS) is synchrotron radiation, which covers all the wavelengths of the
electramagnetlc spectrum with an intensity of more than 100 times higher than
the com?entlonal X-ray tubes, used for crystallography or X-ray diffraction
instruments.

'“%.
9
9

The source is optiﬁﬁzgd to put large quantities of high-energy photons into a very
small area in a very shﬁmgme.

e Argnnne Central Campus =
= A TETT, 4 T—-__ -_"‘-_*:';q_ -
Central Lab/Office Bldg. :

=APS Conference Center
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‘"]I:IEJ"""‘ l scft X—ravs l ’ Qamma ravs
II.I|tIF|k-'iD|Et light l l hard :":.'—I&'_-.-'SE

The energies used range from relatively "soft" x-rays (3-5 keV) to "hard" x-rays
at 100 keV and sometimes higher. -
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A. Linear Accelerator
Produ\cmg brilliant x-ray beams begins with electrons emitted from a cathode
heated t@._;1100° C. The electrons are accelerated by high-voltage alternating

T
electric field‘s-q,g a linear accelerator (linac) to
e,
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B. The Booster Synchrotron
Electrons are injected into the booster synchrotron (photo below), a racetrack-

" _shaped ring of electromagnets, and

b

in one-half second. (By comparison, the electron
beam that I|ghts a TV screen is only 25,000 electron volts.)

. The accelerating force is supplied
by electrlcal f‘eLds in four radio frequency (rf) cavities. In order to maintain the
orbital path of \he electrons, bending and focusing magnets increase the

electron field strength in synchronization with the rf field.
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C. The Electron Storage Ring

, a circle of more than 1,000 electromagnets and
associated equipment,

RADHIC
FREQUEMCY
EQUIPMENT

RING [@ sToRAGE !
RIMNG |

@ INSERTION
N DEVICES

EXPERIMENT HALL

LAB/OFFICE
MODULES

N
A powerful electromagnetic field focuses the electrons into a Dar‘r/{w%
beam that is bent on a circular path as it orbits within aluminum-alloy
vacuum chambers running through the centers of the ejgcfromagnets.

il
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X-Ray Absorption Spectroscopy

X

Auger
Scattered x-rays — '
2 Photo- Electron
electron

i
e Ey
I I | °

Fluorescent
Fliorescence xX-rays Photon

Incident x-rays Transmitted x-rays

E A
Photoelectrons

X-ray absorption and
multiple electron scattering:

low energy

photon 4 “._ photon

through a sample of thickness x will get a reduced intensity |
according to the expression:

A narrow parallel monochromatic x-ray beam of intensity I, passing k4 / S 1 electron

. e L -
A A A A h, A A A
l. Y2 78 Y0 T e T T
— A A A e F A
In (IO /I) - “ x 2 TE Ya T T: Te "r:T- hi

VoV i i
B YA YE Y2 TH e YR T

where p is the linear absorption coefficient, which depends on the ! A A SAS A A

: . YR YR YA'YR e
types of atoms and the density p of the material.
sample atoms

The XAS principle is based on the determination of i o
the x-ray absorption coefficient depending on the

photon energy (hv) at a fixed angle of illumination 6.
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At certain energies where the absorption increases drastically, and gives rise to an
absorption edge.

Each such edge occurs when the energy of the incident photons is just sufficient to
cause excitation of a core electron of the absorbing atom to a continuum state, i.e. to
produce a photoelectron.

E,-10eV B, FE,+10eV¥  E,+50eV
| e :

= Thus, the energies of the
absorbed radiation at
these edges correspond to

the binding energies of
XANES - X ay absorpion near g structure electrons in the K, L, M,

DRI mRgm oy Asepalierinie etc, shells of the absorbing
elements.

EXAFS - Extended X-ray absorption fine siructure

The absorption edges are labelled in the order of increasing energy, K, L', L" L'
M',...., corresponding to the excitation of an electron from the 1s (°S,,), 2s (281/2) 2p
(2P1/2) 2p (?P55), 3s (3S.)), ... orbital (states), respectively.
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Beyond the é%bsp%rption edge the intensity of a monochromatic x-ray passing
through a mediurﬁ»qj thickness d will follow the absorption law

Whereby p depends the atomic number Z of the medlum and decreases with
increasing photon energy hv
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Ahﬁ“”x:ray absorption spectrum (XAS) can be measured in two different ways:

1)

s,
o
s 3
B
N

Transmission mode, where the intensity of the x-ray beam is
measured before (l,) and after passing through the sample (l,)
using ion chamber gas detectors. Here, the number of x-ray photons
absorbed by core electrons to create a photoelectron (and a “hole”) is

counted.
The XAS spectrum will then show the variation of
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10 eV — 100 eV above the edge

e
C
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<

Energy (eV)
0.0 | | |
11400 11500 11600 11700 11800 11900 Single scattering

-Minor features in the pre-edge region are usually due to the electron transitions from the core level to the
higher unfilled or half-filled orbital (e.g., s — p, or p — d).

-In the , with close energy occur.

-In NEXAFS, the ejected photoelectrons have low kinetic energy (E-E,is small) and experience strong multiple
scattering by the first and even higher coordinating shells.

-In the , the photoelectrons have (E-Eqis large), and
normally dominates. Detailed
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will

A schematic diag?é‘mnof the radial portion of the with a low kinetic
energy (solid lines) being backscattered by the surrounding atoms (dotted lines)

b

-since

doing the
backscattering and

The net result is a series of '/ Lo pEE e it is from the
oscillations on the high photon by ) i i central atom, information
energy side of the absorption “ b S S regarding the

e . , A s




\,\%

This powerful tEChpique for probing the
local structure around almost any specific
element in the periodicx“*ta{xble (except the
lightest) gives information 6h;['he number
and chemical identities of nea?“mgighbors

EXAFS studies can be performed at
trace levels (<1000 ppm), which is
useful e.g., for studying metal
complexes on surfaces, catalysts
and metal sites in bioinorganic
samples.
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X-ray Absorption Near Edge Structure (XANES) Spectroscopy

The near edge structure of an x-ray absorption spectrum is sensitive to the coordination,
oxidation state and density of states of the absorbing atom.

For example, the XANES region of:
1 mM Cr3*(agq) and 1 mM [Cr6*O%]2- (aq) are very different (M. Lytel, et al., Plant, 1998, 206, 293-299).

1 mM Cr'* Solution |
1 mM CrO}* Solution

Normalized Absorpligh Coefficient

T |
60 B0 100
X-ray Energy (eV)
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Sulfur has a rich XANES structure, with a 13 eV shift from
S(-2) in sulfide to S(+6) in sulfate.

2452.506

” 52 mM
ji}leEC)q

Normalized Absorption

Comparison between
XANES spectra of
equimolar  solutions of
elemental sulfur in p-
Xylene, and Na,SO, in
water.

=
2
="
z
E
-
z
s
=
E
Fa

2470 2480 2490
Energy (eV)

2465 2470 2475 2480 2483
Energy (V)
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is that structures can be
studied in (including liquid, gasses and frozen solutions).

Y
N
£

- non-crystalline materials,

S,
™,

- metallo-proteins in their n%’tugally occurring states.

%“%_‘

- glasses

-distances between central and neighboring atoms

-numbers of neighboring atoms, types and disorder > :
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o
“,

Compleﬁi“éax_ary Structure Probes:

e R,
-
Is"“sy

powerful and fast (if‘r‘ax) need good crystals, no solutions

V%\“a
V%\“c.
V%\“c.
.
P,
N
8

Atomic resolution structures in solution, no large molecules, slow

M_Q\ ’
s,

Gives short range structure around metal atom, slow.

R

%
A
.,
=,

probes orbital matrix elements and occupancy.
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Related“f“é“etlniques:

.
e

,_%K

Uses circularly poIaFizqd x-rays to probe magnetic structure.

o,
N

Analyzes the fluorescence radlatlon at high resolution, providing a 2-D excitation
map. Provides a great deal of |nformat|on in the near-edge region.

Essentially allows one to obtain XAFS like inFB“rmﬂation using high energy x-rays

Q%'.
-
%'.
-
.

Hybrid diffraction/XAFS gives sensitivity to nonequwalenis;tes in crystals and
multilayers
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“Reshapmg of TiO, Nanotubes in neutral media (pH~7) and acidic media (pH<5) during additional hydrothermal
process.

Changing initial concentration of Nanotubes in
neutral media results in Nanorods with
different aspect ratios.

Length 200-300 nm
Rad/us 60-70 nm

Length 50-60 nm N
Radius 20 nm

2h/250°C.
Rate of nucleation is -
higher than the rate of
crystal growth Rate o‘ﬁqrysta/ growth IS h/gher
e ate of nucleation

Reshaping of TiO, Nanotubes in
acidic media (pH<5) resulfs
in facetfed Nanoparticles
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-complementary methods for determining:
1) size,
2) size distribution
N 3) structure
of a wide range of disordered (non-crystalline or semi-crystalline) materials:
polymers, liquid crystals, 0|Is, suspenswns and biological samples like fibers or protein
~~molecules in solution.

e,
.
.

in the size range 2-200 nm
- This angular range contains information about the shape and size of

characteristic distances of partially ordered materials, pore sizes, and other data.

- SAXS is capable of delivering structural information of macromolecules between 5 and 25 nm, of
repeat distances in partially ordered systems of up to 150 nrn USAXS (ultra-small angle X-ray
scattering) can resolve even larger dimensions.

routinely covers the resolution with
precision of 0.1A in the size range 1-100 nm. "

Data presented in , © is the one-half of thg“"“sqgteregafﬁ/le.

A =0.67 A at 20 keV energy probing X-ray in the range of 0-6 A-!
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~ There is no inhomogeneity raised by the presence of Mn?* ions or
*° indication of MnO clustering
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Mn K-edge XANES spectra

The valence of the Mn?* ion is retained after incorporation Mn;

Mn-Tio, K-edge jump at 6.549 keV.

— Mn0
Mn(IlYAcac
Mn{lll)Acac
is consequence of constructive
. and destructive interferences related to Mn distant

“““‘“‘ne%jghbors 5-6.5 A around central Mn atoms.

Appearance of the peak at 6.5432 keV confirm
successful Incorporation of mainly isolated Mn?2*
lons into T|O2 ‘New electronic properties due to
contributions of Ti dlstant neighbors.

x,%
R

Average Mn-O bond Iength is 0.1-0.14 A longer ,
than the Ti-O bond length in undoped anatase Tlgz//

«»«% /
-
| | % g

8

&

-
[11]
=
)
=
=
w
W
_‘D
Py
w
=
@
=
-
®
S
=
T
-
®
=
i

(=]




Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.




Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.




Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

-EPIi““s»ggctroscopic technique

%’“w,n

free radicals,
transition metal ions
defects in materials

‘Q\K o

. s"\x
.

-free electrons are often short-lived, but still play crucialxﬂrblgs in many processes:
- photosynthesis
- oxidation
- catalysis
- polymerization reactions.
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How does EPR work?
-EPR is a magnetic resonance
technique similar to NMR.

mg =+ 1/2 -like a proton, the electron has
spin, which gives it a magnetic
property known as a magnetic
AE =E+172-E1/2 moment (m=+1/2; m,=-1/2).

-when we supply an external
b= = magnetic field, the paramagnetic
. electrons can either orient in a

Magnetic Field direction parallel (m,=-1/2) or
antiparallel (m=+1/2) to the
direction of the magnetic field.

“N/ microwave imadiation
g excites an electron to

\hwgﬂﬂ. P lfopied This creates two distinct energy
g ﬁ‘"“""' Lohadird levels for the unpaired electrons

s| and allows us to measure them as

'3 they are driven between the two

levels.

> -we are

/\‘\_

magnetic field (B,)
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MicroWE‘Va§ frequencies in the range of: 9000 — 10000 MHz (9 — 10 GHz)
Magnetic fie"“t@l.%s%corresponding to about 3500 G (0.35 T).

A collection of IMm: centers, such as free radicals, is

M
",
%‘év
b

By increasing an external magnetlc field, the gap
between the m, = +1/2 and m, = -1/2 energy
states is W|dened until it matche& the energy of
the microwaves. At this point the unpa|red
electrons can move between their tWo spln
states.

S
%,
%,
S,

v = 9388.2 MHz

Absorbance

Since there are typically more
electrons in the Iow@rxstate due to
the Maxwell-Boltzmann distribution
here is a net absorption of energy,
and it is this absorption which |s
monitored and converted into

spectrum. //ﬁV

First Derivative

3346 3348 3350 3352 3354
Magnetic Field Strength (G)
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N\%\'V*““«Emlgndamental equation of EPR spectroscopy: hv -9 eM BBO

whé?&_ge is the of the electron ( )
C , and g is

the A

-
-

An unpaired electrc;ﬁargsponds not only to a spectrometer's applied magnetic field
B,, but also to any Ioca*i\‘maqnetic fields of atoms or molecules. The effective field
B.x experienced by an elec?t‘”rQQ is thus written:

B

 By=Bq(1-0)

where o includes the effects of local field}'fqmcan be positive or negative).

N%"‘%
o

Therefore, the hv = g_ugB, 4 resonance conditiorix(‘algove) is rewritten as follows:

hv=9g UgBes=gelsBo(1- O) Nk“’w-w
The quantity g.(1 - o) is denoted g and called simply the Q"ifagtor:

hv =gugB,

A free electron has a g value of 2.002319304386 (electronic g-factor). §
For radiation at the commonly used frequency of ca. 10 GHz (microwa\Le/’%-band),
resonance occurs at a magnetic field of about 0.34 Tesla (3400 Gausa//
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If an atom%vvistt) which an unpaired electron is associated has a
. then its%“mggnetic moment will affect the electron. This leads to the
phenomenon of , analogous to J-coupling in NMR,

The g-factor and hyperfine coupling in an atom or ‘molecule may not be the same for all
orientations of an unpaired electron in an external magn@tm field. This depends
upon the electronic structure of the atom or molecule (e.g., free radical) in question, and
so can provide information about the atomic or molecular orbLtaI contalmng the unpaired
electron. /
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EPﬁ”"sampIes are very sensitive to local environments. Therefore, the
technique sheds light on the molecular structure near the unpaired electron
or incorporated dopants.

-due to the %“"“‘bﬁgtween paramagnetic ions and their neighbors,

iy
T “
o,
o

-sometimes, the EPR spectra exhibit dramatlc Ime shape changes, giving insight into
their chemical nature, oxidation state and the local symmetry

- . EPR reveals the ar ) of selected
atoms in the different environments.
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I\/In2+ ions (3d°, electron spin S=5/2)

e,
<,

The number of lines in EPﬁ"épgctrum=2Ml+1
M-number of nuclei; I- nuclear spin

The EPR spectrum of Mﬁ%ﬁgpnsists of six hyperfine lines due to weak
magnetic interaction between its unpaired electrons and the

manganese nucleus:

-

11800 12000 12200 12400 12600
Magnetic Field (Gauss)
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e B (B -Hyperfine splitting (5°Mn nucleus, nuclear spin 1=5/2) is
superimposed on broad resonances of the fine structure of
X-Band Mn2* broadened due to their strong angular dependence.

O 5GHz six resonance lines correspond to allowed (Am,=0) hyperfine
AL=92G A=30mm ransitions between Zeeman sublevels (m,=%1/2)

1 nucleus 1=5/2
linewidth 80 G — experiment

2D=700 G P -Hyperfine splitting constant A;.,

m 1/2=3/2
m 3/2=e5/2

First Derivative Intensity (arb. units)

1500 2000 2500 3000 3500 4000 4500 5000 5500
Field (Gauss)

N -upon illumination a decrease of all spectral features
assocnated with manganese signal was observed
-Mn2+ dopant atoms participate as electron-donating
centers in theprocess of light excitation
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Tioz:Mn(u)h;\MQ(nl) + xeg + (1-X)Ti(lll)
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] | | D band -two sets of hyperfine sextets imﬁ”digating two species in
N

different coordination geomet
130GHz HEHEITRESIERTTR

ESE Intensity

-Undercoordinated geometry, ,30-9(?9,/ of Mn?* iohs
within surface of nanocrystals. -
/

e
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High field EPR D-band derivative spectra recorded at different temperature
D band A=2,1 mm; v=130 GHz

-line width of the spectrum having larger hyperfine constant
(undercoordinated surface sites) decrease faster with
temperature;

[ ]
o

-species within surface relaxes much faster than the one in
a bulk;

‘m’”‘kfgwster relaxation suggests stronger exchange interaction
of Mn atoms with host matrix i.e.electronic states of
anatase lattice.

ESE first derivative intensity
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Dialyzed sample

-one sextet of lines with a hyperfine splitting
constant of A,,,=86G indicating only presence
of Mn?* ions in anatase like coordination

1 nucleus 1=5/2
linewidth 40 G
2D=1100G

First Derivative Intensity (arb. units)

" ' 2500 3500 4000 4500 ' 5500
Field (Gauss)
__»1.99g

. -illumination of the sample with Mn2* ions within
“bulk core in anatase octahedral symmetry does
not have any effect on the EPR signal for Mn2*
-anﬁibq_s does not participate in charge separation
process
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LT L 0“‘-&#““

Saturation magnetic moment of
1.23g

-exchange interaction between Mn atoms
T within nanoparticles

e
-

-absencé““@tprdering of Mn atoms within
anatase crystal structure

S

-absence of long-range ordering of

L nanocrystals in the film
2000 4000 D
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:\.%

Conclusions: %

M,
S

- hydrothermal syntﬁé‘sj\%_s of Mn doped TiO, anatase nanoparticles,

-Mn?* ions occupy two diffé\rk\éntx_“sites having different binding energy,

‘}\»

-contribution to the paramagnetic t;xé“’h.@vior

S

-contribution in the light excitation processx"\m

S,
s,




