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UV-vis spectroscopy

= Use of ultraviolet and visible radiation

= Electron excitation to excited electronic level (electronic transitions)
= Identifies functional groups (-(C=C),-, -C=0, -C=N, etc.)

= Access to molecular structure and oxidation state

Pros IR
= economic Raman
= non-invasive (fiber optics!) NMR
= versatile (e.g. solid, liquid, gas) XAFS
= extremely sensitive (concentration)  uv-vis
= fast acquisition (but S/N!) EPR

0 200 400 600 800 1000 1200
cons Number of publications

= no atomic resolution
= broad signals (spectral resolution, multiple overlapping components)




Electronic transitions
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Electronic transitions

anti-bonding

o—0* n—TT* Condition to absorb light
high E, low 4 (<200 nm) | 200-700 nm, weak (200-800 nm):
n—ao* T and/or n orbitals
150-250 nm, weak mT—TT*
200-700 nm, intense CHROMOPHORE
\_ J
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The UV spectrum

m Conjugation effect
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The UV spectrum

m Conjugation effect: 3-carotene
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The UV spectrum

= Complementary colours

650 - 780 | 380 - 435

435 - 480

500 - 560 >

If a colour is absorbed by white light, what the eye detects
by mixing all other wavelengths is its complementary
colour




Inorganic compounds

m UV-vis spectra of transition metal complexes originate from

m Electronic d-d transitions
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Inorganic compounds

m Crystal field theory (CFT) - electrostatic model Ao

m same electronic structure of central ion as in isolated ion

m perturbation only by negative charges of ligand
m ionic bonds d. . d
x2-y2y ¥z2 dx2—y2
dxy’ dx21 dyz A
atom in
spherical field

dx2-y2’ d22 dxy

gaseous atom Ayy
dy, Ay, d

Xy’

A = crystal field splitting Az Qe \ dp

tetrahedral octahedral tetragonal square planar
field field field field

xz» Yyz




Inorganic compounds

m d-d transitions: Cu(H,0)¢2*

degenerate I

d-orbitals +
A

tsg
Cu(H,0)s**
= Yellow light is absorbed and the Cu?* solution is coloured in blue (ca. 800 nm)

m The greater A, the greater the E needed to promote the e, and the shorter 4
m A depends on the nature of ligand, Ayy; > Ao




Inorganic compounds

= TM(H,0)"

elec. config. TM

gas complex
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Inorganic compounds

m d-d transitions: factors governing magnitude of A

= Oxidation state of metal ion
m Aincreases with increasing oxidation state

m Nature of metal ion
m Aincreases in the order 3d < 4d < 5d

2 Number and geometry of ligands
m Afor tetrahedral complexes is larger than for
octahedral ones

= Nature of ligands
m spectrochemical series

I-<Br <S> <SCN <CIF<NO; <N; <F <OH-<
C,0,47<H,0<NCS <CH;CN <py<NH;<en<
bipy < phen < NO," < PPh; <CN-<CO




Inorganic compounds

m UV-vis spectra of transition metal complexes originate from

m Electronic d-d transitions
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Inorganic compounds

m Charge transfer complex

® no selection rules — intense colours (¢= 50°‘000 Lmol-'cm-1,
strong)

m Association of 2 or more molecules in which a fraction of
electronic charge is transferred between the molecular
entities. The resulting electrostatic attraction provides a
stabilizing force for the molecular complex

m Electron donor: source molecule
m Electron acceptor: receiving species

m Ligand field theory (LFT), based on MO
m Metal-to-ligand transfer (MLCT)
m Ligand-to-metal transfer (LMCT)




Inorganic compounds

m Ligand field theory (LFT)
m involves AO of metal and ligand, therefore MO
m what CFT indicates as possible electronic transitions (t,,—¢,)
are NOW: Ty—0 g,y OF Ty— Oyyon’

A = crystal field splitting




Inorganic compounds

= Ligand field theory (LFT)

m LMCT
m ligand with high energy lone pair
m or, metal with low lying empty orbitals
® high oxidation state (also d°) /
m M-L strengthened

\
QW
= MLCT (% *
= ligands with low lying T orbitals (CO, CN-, SCN") % %

m /ow oxidation state (high energy d orbitals)

m M-L strengthened, 11 bond of L weakened Metal

back donation
\_ >

CO adsorption on
precious metals




Band gap

m Analysis of semiconductors

hv/ eV Photocatalysis
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DIRECT
energy

wavevector k

How to measure

= inflection point

= energy at exp. increase
= intercept energy axis
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Band gap
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Metal colloids

m Analysis of metals

m Localized plasmon resonance

= \When

wavelength larger than metal particle

= \What

collective excitations of conduction electrons (plasmons)

= |imit; ca. 20-30 nm

= ) position depends on nature of metal

1.2

e 2 =
o o o
il e sl

MNormalized Abs.
o=
=

o o
L] %]
L | ]

Aoy (NM)

size

oy -

30nm | 40nm  50am  60nm  70nm  80nm | 90nm !
& ‘%




Instrumentation

m Dispersive instruments

Measurement geometry:

- transmission
- diffuse reflectance

light % =
SOUMCe

detector
e

sample
clvette

mono-

---\---{ reference | --

detector

lamp | chromator

ratio

sample |--

detector

@ 1995 CHP

double beam spectrometer

diffraction
qrating

© 2001 B. . Tissue

single beam spectrometer




In situ instrumentation

m Diffuse reflectance (DRUV)

i,

p
gas inlet—

i~ il

catalyst bed
to detector

light
gas outlet \ /
e ; .HE ' r

gas inlet

gas outlet

[V] - 20% of light is collected
- gas flows, pressure, vacuum

X| - long meas. time
- spectral collection (A after A)

m Fiber optics

C
Gas flow in
Optical IJ'J'!I'-"ES High-temperalure
| probe
UV—vis A
=fidee — Reactor -
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source i 1Y - Furnace Obtical
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. : i atalyst fibres
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aray e |Catalyst
detector l — |bed
; (zas
chromatograph
Computer SR

zas flow outf

[/] - time resolution (CCD camera)
[spectra colleted at once]
- coupling to reactors

x| - no NIR (no optical fiber > 1100 nm)

- long term reproducibility (single beam)
- limited high temperature (ca. 600°C)

— different parts of spectrum do not represent same reaction time!!!

Weckhuysen, Chem. Commun. (2002) 97




In situ instrumentation

m Integration sphere
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Weckhuysen, Chem. Commun. (2002) 97

for example, for cat. synthesis

White coated integration sphere
C (MgO, BaSO,, Spectralon®)

Sample

- Detector

Standard

(- > 95% light is collected\
- high reflectivity
- wide range of A

- only homemade cells
N Y,




Examples

= Determination of oxidation state: 0.1 wt% Cr"*/Al,O,

(- )

Compound Coordination geometry Absorption bands (nm)” Color
and oxidation state

K,CrO, (solution) i Crff' 440 (sh, vw), 370 (s). 275 (s) Yellow
K>CrO4 (solid) Ts: O 459 (s), 340 (s), 265 (s), 229 (s) Yellow
K>Cr,O; (solution) T, Cr‘f‘ 440 (w), 352 (s), 255 (s) Orange
K>Cr,O5 (solid) T G™ 526 (s, br), 332 (s), 262 (s), 229 (s) Orange-red
Cr(NO»);-9H,0 (solution) Oy, crt 575 (s), 410 (s), 303 (s) Green
Cr(NO1)3-9H,0 (solid) Dist Oy, cr* 575 (s)., 410 (s), 304 (s), 263 (sh) Green
Cr(H,0);" (solution) o, Y 769 (s) Blue
K,CrCl, (solid) Distorted T4, Cr** 1430 (s) Blue
Cr,0; (solid) Distorted Oy, o 714 (sh), 645 (sh), 595 (s), 461 (s), 351 (s), 274 (s) Green

Cs: strong; m: medium; w: weak; vw: very weak; sh: shoulder; br: broad. )

Cré* (250, 370 nm)

Absorption

reduction in CO atmosphere

Weckhuysen et al., Catal. Today 49 (1999) 441
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Examples

m Determination of oxidation state: 0.1 wt% Cr"*/Al,O,

distribution of Cr*

calibration
800 ' 35
S 700 ,,. 30 S
= 0 Cr3+ ,_// 25 x
T~ 500 B 20 T 100
E') 400 ' 4 15 %
= 300 : ad Crb+ =~
= f / 0 S
v 200 , ;
I v
100 :. 5
0 - 4 4 + oo 0
% 50+

0 02 04 06 08 1

wt% Cré*/3+ /
deconvolution

200

100

b

Intensity (K-M )(x 10-2)

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Wavenumber (cm)

Weckhuysen et al., Catal. Today 49 (1999) 441

A B C D E F

: calc. 550°C
: red. 200°C
: red. 300°C
: red. 400°C
: red. 600°C
re-calc. 550°C

Mmoo o>

B Cr6*
B Cr5t
o Cr3

Crz*




Intensity (K-M)
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Examples

0.2 wt% Cr/SA, 500°C in 18 vol% n-butane in N,

Table 1
UV-Vis DRS edge energies (V>+ LMCT band) during methanol oxidation
at 230°C.
Catalyst Eg (eV) AE; (eV)?
0,/He CH;OH/O,/He  CH;OH/O,/He
at 230°C at 230°C at 230°C
1% V,05/510, 3.74 431 0.57
5% V,05/A1,0; 3.61 3.65 0.04
4% V,05/Z10, 3.14 3.29 0.15

*AE, = Ey(rxn) — E4(O2/He).

Weckhuysen et al., J. Chem. Soc., Faraday Trans., 94 (1998) 2011
Burcham et al., Top. Catal., 11/12 (2000) 85

Kubelka-Munk Kubelka-Munk

Kubelka-Munk

@

1 * 1

'

1

A o 0.6 Vv

d-d transitions
0.4] -

0.2]
0

CHyOH/Oy/He

0,/He

CILOH/Oy/He

22000 18000 1400J

5% V,05/ALO;

40000 35000 30000 25000 20000 15000
Wavenumber (cm™)

B
4% V,04Zr0;

Vv

d-d transitions

0,/He

40000 35000 30000 25000 20000 15000
Wavenumber (cm™)

C Oy/He 0. 64 VI
/ d-d transitions
0.4

0.2

OyHe, CH:OH/OyHe

22000 18000 14000
CH;0H/Oy/He ‘-\
N,

~

A

1% V;05/8i0; ™

40000 35000 30000 25000 20000 15000
Wavenumber (cm™)




Examples

LMCT LMCT
50 |
304 10% V,0,/8i0, V,0,/8i0,
(hydrated) (dehydrated)
40
polymeric VO,
&
3
20
10 ;
10
V,05
0 T T [ 0 1 T
400 600 800 200 600 800
Nanometers Nanometers

Gao et al., J. Phys. Chem. B 102 (1998) 10842




Examples

m UV-vis probe in a pilot-scale reactor: propane dehydrogenation
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10 vol% C;Hg, 90 vol% N,, 5000 ml/min
20 wt% Cr3+6+Q,/Al, O,

Weckhuysen et al., Chem. Commun. 49 (2013) 1518




Examples

m UV-vis probe in a pilot-scale reactor

bottom UV-vis probe average intensity 600-700 nm
dehydrogenation - _
9 top UV-vis
g probe ©
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= Coke formation fast on top section of reactor
= Coke is combusted fast in top section of reactor

Weckhuysen et al., Chem. Commun. 49 (2013) 1518




