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Spectroscopy Temp./Pressure Acquisition Spatial Molecular-level

Limitations Time  Resolution Information
LEIS 500°C/UHV mins 150 nm - - -
SIMS 500°C/UHV mins 100 nm YES
AES 500°C/UHV mins 100 nm ---
XPS 500°C/mbar mins 1um ---
HR-TEM 925 °C/mbar 0.5-mins 0.1 nm ---
EPR 500 °C/1 bar mins None YES
NMR 325°C/several bar min-hrs Some YES
STM (conductor)/no press. limit mins 0.1 nm ---
AFM No temp/no press. limit mins 30 nm
IR 500 °C/no press. Limit msec 10 pm YES
UV/Vis 1500 °C/no press. limit msec 10 pm YES
Raman 1500 °C/no press. limit ~1 sec 1um YES
EXAFS/XANES 925°C/no press. limit min/msec mm ---

XRD 1500°C/no press. limit min mm ---



* Vibrations related to symmetry of molecule

* Only vibrations with a change in dipolar moment are
IR-active (asymmetric vibrations; symmetric
vibrations also present if reqular symmetry is broken)

* IR Is a bulk technique, but is also able to detect
surface vibrations (M-OH, M=0O, adsorbed
molecules and surface intermediates)

* Molecular nature of IR spectroscopy makes this a
very powerful technigue (esp. at high T and P)
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Typical FTIR absorption spectrum of pyridine adsorbed
on an alumina supported metal oxide catalyst.

B - Characteristic absorption bands of the pyridinium ion PyH+
chemisorbed to a Bronsted afid surface site appear at:
1490, 1540, 1620, 1640 cm ~.

L - Characteristic absorption bands for coordinatively adsorbed
pyridine ( a Lewis acid surface site ) appgar at:

1220, 1450, 1490, 1580, 1600-1630 cm™".
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» Uses phenomenon that occurs with light at the boundary
between two media of different refractive indices.

« At an angle of incidence greater than the critical angle of the
material, light is completely reflected.

* However, some energy penetrates the boundary: evanescent
wave.

» The material at the boundary absorbs energy from the wave

 The absorbed energy is used to construct a spectrum.

* Multiple reflections can
be used depending on
crystal type and shape

* The reflections are
averaged into a single
spectrum

* More reflections =
greater sensitivity
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« Trace of surface superoxo (O,) species also present on TiO..



* Vibrations related to symmetry of molecule

 Only vibrations with a change in electron polarizability are
Raman-active (symmetric and anti-symmetric vibrations)

« Raman is a bulk technique, but is also able to detect
surface vibrations (M=0O, M-OH, adsorbed molecules and
surface intermediates)

* Crystalline metal oxide phases give rise to much stronger
Raman bands than surface metal oxide species

« Molecular nature of Raman spectroscopy makes this a
very powerful technigue (esp. at high T & P)



* Discovered by
Ir C.V. Raman
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bebevrd s vty s w e Uoompaon ¢
0 M N Smeerowod vt vadic Igh o
oy mwoacd y off wobooubon

Bhis i bnradddl purg n L b 2u v o
.~ " ciprrew ek 4 el
ol e moreeen haeh N
oy wod sr A, ohch v e Lo
g & codornd S0 Oy scpernod our Bles-wouka
WAL oA e et oW S saget sl Ty
ad polhw o il Bk el AN vl

bt soarwr By ey

W dieiend » e e wl Ve wmstend b T
et b wd o Ahb
300 30 Sy oo ookt
XY eadod & ey s
o . Te et
L T L RR
wawime slat Kase sev
® comomesr aalhgs S
bow cparewrn. Pen i
e Dy ok sy, Sy
Nl 20N Wit a il
e sy of bt satrwd by
oy hdvr boyeh

Iz Fdraay 1535 Reow
dacrved B e e
M e el sy
bede@mbnl (w me
ey il few P

e aad & e b e E 8 M e ek X N

wranew fr e
f Scoce ot Udoven 11 ok ncindod walbe
O s of B ke il gl Ie

s

ba vomait sl Vi Mo 1h de madimm
Inwr oo pw e Aveyg (vpda = vme
Ven e b e

ST D v ol e MR The 4
Pty o Coloma Undosely. by ovdr @ e i
Pl ba b b M e il o d

ol i a0 i e v Bl

' i
sk LA b vwvrnr
b V21 e e 1wy o Drghad, whow S oad
e mpmbo! Wwah At IV rewrs
» Dot shomd B 53 A, hrvieg Keg

AR TePoEtar 1S T e vEen e D

snsideosn b abhoy e he id fe Y

s e | d Rabhrd o ) oy
erdod & W o of B¢ & by v e
ooy M by onodeodhr ooy

Bl Nl B B N A ! e e
Franbcnn it by s son v s 8
L e

AMwerd O . Do bd oavd o b
e s op ey gy, oachalr g 1 ped
o g e O e e &

ol yoorex

Sorirs Bw vl nd becars Grrvndd R ol

s G A0 M B s e

M v s s NSaer e e 0

ot o L el
Ieend B b vy shosd fw Ay wiee b
a P, p .o P a

KExdmn o off 2 hon

~

pper 20 Ny il A Ny Tipe of Sooondary

Palton™ w slads Suy rupted iy e
el um

el ) g sd Aol

e s sostrg ot 0 wew dopee e ol
Ao wh ey Roves woered fy
ut meecngt of @ ol b

s, d prascsd Sk gea

b8y and

Fvvdwnds & s e ik wnd Lok Sowine

‘var b aw Vo b vl m b e v A

™~

o yomcarthon o v tmwe Yl ' o »
e g “0-..‘. " e o etanos
i, phyical Laigery Laadavy ad L
ol Shaahiiinim o S s huba g d b
wulbrwyg w gttt They “vrrr @ W b dewnl
Fy por s of gy ol reay e A
ot by 1905 Aoy mamagod 0 a5t & e e g

it &

R R e

gk of garn st ' Febouy

bipr dasthy b

fd Basan bl bat T wmeed B 1w
s amimeae @ Yiogowe w 1pvl

Yy

Uy moogrtsod Ux LWt
ol B¢ Faomas D & prwrded acdor vath
s ol garan Suy, ad
Audy oF Liwiten sl resen o pwieidy
Vasdim»

- akid I Be

) el s v smmn e e

vz Pww pertnncooy bm dderecd mohvom
Pemer meoved Be 1958 Nt Mix o e
Aocrvary, v oxl s wmawwns ofter hevans |le



illumination/

lens

dispersion
grating

1 —

prismatic mirror

Spectrometer

collection | Ll D o e e e e e e e mmmm



« Raman spectra of aqueous 0.2M (NH4)6Mo7024
solutions as a function of solution pH.

| * Note, the 173 cm-1 band is from the glass dish used to

| hold the aqueous molybdena solution.
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« Surface dioxo (0=),CrO, species reduce during HT-WGS



Dioxo (O=),M00,

Mono-oxo O=Mo0O, 1015 cm™
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 UV-vis detects electronic transitions

 CT (M=0O) transitions correspond to transition metal
lons In highest oxidation state

- MOx domain size and coordination
- MOx dispersion

« d-d transitions correspond to reduced transition metal
lons -> MOXx coordination

« UV-vis generally quantitative at low transition metal ion
concentrations (sensitive to low concentrations)



position for reference
sample measurement

integration sphere
(coated with MgO
or BaS0,)

slit
monochromator

\g
|

detector

Y LN
lens mirror

Advantage == higher fraction of reflected light reaches detector



connected connected to
to light source CCD detector

catalyst




CT and d-d bands shift
to higher energies
(lower wave length)
with increasing number

of d electrons
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No. of V-0 V bonds

Mg,V,0; 0-
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E,leV
\_ II"I.EGS
X. Gao and |. E. Wachs, J. Phys. Chem. B 104 (2000) 103.
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Real-time Online
FT-IR Spectroscopy
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» Optical spectroscopy provides molecular
and electronic structural information.

* Can be performed at HT and HP with
solids and condensed phases.

« Raman & IR =2 molecular structure.
« UV-vis 2> Domain size and oxidation state.



Single line of a continuous gas laser is focused on sample surface;
measurement of inelastic light scattering yields information about
vibrational frequencies of chemical bonds.

— Penetrates bulk of solid — Types, concentrations, and strengths of

— Nature of surface chemical species chemical bonds
(especially metal oxides) — In situ (high temperature, high pressure)

— Sub-monolayer sensitivities — Can penetrate through water

7
laser light (vp)

\\/
scattered light
(vo + v)

Limitations
— Fluorescence (signal noise)
— Gives signals in the 10-4000 cm-* range
— Weak oxide support signals below 1000 cm-!

Intensity j

/
/

’
Y o

AR S

| k3 ¥a

Yo




UV-vis light shined on a material and inelastically scattered light contains information
about electronic transitions (position and intensity)

- bulk technique (solids & liquids) - can be performed at high T and P
- sensitive at low concentrations & quantitative - can penetrate through water

+ charge transfer (CT) bands
*coordination and dispersion of transition metal ions highest oxidation state
(V*, Cr*6, Re*’, Ni*2, etc.)

*optical band gap or edge energy (Eg) related to domain size
(monomer, dimer, polymer, cluster, bulk particle)

+ d-d transition bands
*coordination and oxidation state of reduced transition metal ions
(V+4, V3, Cr*>, Cr*3, etc.)

Limitations
- d-d transitions are weak and may overlap CT and nearby d-d bands



« The intensity of a beam of infrared radiation is measured before (l,) and
after (1) it interacts with the sample as a function of light frequency. It
probes vibrational motions of chemically bonded constituents.

— Penetrates bulk of solid — Types, concentrations, and strengths of
— Nature of surface chemical species ~ chemical bonds
— Sub-monolayer sensitivity — In situ (high temperature, low pressure)
Q-
T
infrared light C:: ot infrared light I/Ls
(Io) N (I) ~—m—> ’
(electromagnetic /// /////’ - vibration of A
radiation) chemical bonds
Yol a2cc’T
' 558 [

« Limitations
— Primarily gives signals in the 1000-4000 cm- range for practical catalysts
— Oxide supports absorb signals below 1000 cm-t which obscures surface signals

« Cannot penetrate through water (absorbed by water)



photon energy must match energetic
difference between states

light absorption does not couple or
decouple electron spins

orbital angular momentum must change Al#0

transitions between states of equal parity ‘ u\e
are symmeitry forbidden
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