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1. Symmetry, Group Theory, and Electronic Structure
2. Ground State Spectroscopic Methods

3. Excited State Spectroscopic Methods

3.2 Core Electronic Spectroscopy
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© Department of Chemistry 3.1 Valence Electronic Spectroscopy

Methods thus far did not strongly perturb chemical properties

« NMR, EPR, (Mo6ssbauer), IR, and (Raman) — probes of ground state properties
« AE_, too low to disturb molecular electron density distribution (p,)
« benefits of such physical methods
« perturbation is small — very accurately reflects actual molecular ground electronic state
« effectis generally spatially localized — often easily simplified/interpreted/generalized
« disadvantages of such methods
« perturbations of system are small — little about response to larger distortions (i.e., actual chemistry!)

 effects are spatially localized — longer-range interactions are not as influential

 ultimately — chemistry = changes in electronic structure

Spectroscopic probes of electronic structure provide direct insights into

« molecular bonding interactions — energetics of chemically-relevant processes

« splitinto two parts:
« valence electronic spectroscopy (transitions involving valence electrons)

« core electronis spectroscopy (transitions involving core electrons)
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

The Electronic Absorption Experiment

« direct absorption experiment — same as IR spectroscopy except
« IR — intensity reported as “% transmittance”

« Abs — intensity reported as “Absorbance” or optical density (OD)

A =log [%J = log [%J %T = [Iio] x 100%
« absorbance of a sample depends on --' !
. energy/wavelength of incident photons wall | h
« interaction of molecule with photons Av =¢c v Xexl =58
- concentration of sample (c in M) aber%Z;ce _, aka. molar absorbtivity,
. path length (/in cm) coefficient molar extinction coefficient

measured absorbance includes effects from light absorption, scattering, & luminescence

« molar extinction coefficient — all that extinguishes the incident photon intensity

. . . 4
« molar absorbance coefficient — only the part that is absorbed... O scattering XV

bigger problem at higher energies
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Absorbance coefficients & oscillator strengths

« units > Micm (coefficients per absorbing molecule)

« relates to oscillator strength (f) of transition

« oscillator strength = intrinsic probability of transition (no units!)

« experimentally:

frp = 433x107 [e v du A
v _
total area under the experimental peak (S
S
 theoretically: W /
>»
Frequency (v)
B ~ 2 A SN Ily reported
11 usually rep
ftheo = 1.085 %10 I/<\Ijg ‘M‘ \Ije> in wavenumbers

where ¥ =, 4 . (total wavefunction)
M = transition moment operator (operates on orbital part)
M~ i =eF (dominated by electric dipole operator)
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Transition Bandshapes

« homogeneous broadening mechanisms
— Lorentzian bandshape q

« inherent excited state lifetime (natural broadening)

« collisional broadening (decreases lifetime)

« inhomogeneous broadening mechanisms
— Gaussian bandshape J

 population of molecules with differing geometries  F—t++++++++++

« thermal variations (in source, sample, and/or detector)
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Selection rules in electronic absorption

« orbital/state symmetry considerations [, xT, xT, =4, in O,

« ED component of I}, always ungerade
« GS and ES must have opposite inversion symmetry

« leads to parity or Laporté selection rule s« p,pdd—f,...

« parity allowed transitions (g — u, u — g): s spepd—df— fs—d,...
« parity forbidden transitions (g — g, u —> u):
gxuxg— u (forbidden)

« all LF transitions are technically forbidden
gxuxXu+— g (may be allowed)

(unless inversion symmetry is broken)

« spin considerations

« photon can interact with either orbital part (Abs) or electron spin (EPR)

« interaction with both is essentially a two-electron transition (forbidden)

 selection rule for Abs is therefore > AS=0
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Trends in transition metal ion absorption intensities

Transition type Emax). f Bandshape
d-d, spin forbidden, parity forbidden (O,) 0.1 ~107 sharper
d-d, spin forbidden, parity allowed (T ) 1 ~10°

d-d, spin allowed, parity forbidden (O,) 10 ~104-107

d-d, spin allowed, parity allowed (T,) 100 ~103-10*

Charge Transfer, spin allowed, parity allowed 10,000 ~10'1 broader

e point groups without inversion symmetry: Ty Dogr Covr Co Sanvar Cianeayn
« point groups with inversion symmetry: Onr Dopr S2iv Cianyn
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Why are LF transitions observed?

« technically forbidden, so how can they be observed?
« need mechanism to get around the problem

« mix other components into the wavefunction

« two approaches:
« static distortions break inversion symmetry (no longer g or u)
« dynamic distortions break local symmetry — vibronic coupling

« both mechanisms lower symmetry and allow mixing of wavefunctions

« for LF > mix in small amount of ungerade wavefunction yielding g—u (allowed)

U, =|17) + AL T7) = N|3)
e v, — W, allowed due to
U, =|T9) + A1) AILY) —[175)
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" Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Breaking parity symmetry — “intensity borrowing” from Cl

- mixing of wavefunctions is perturbation: ) juy s (v, |, ‘Ifu>|qj >
« symmetry determined by geometric distortion e e b, —E, '
o calculated oscillator strength for this situation...
- for g, >10,000M1cm™ at E, >40,000cm™ . 2
and mixing of only 1-2%... =04 Z <‘I’e H ‘I’u> ;
fy4=103-10* (g, 4~ 100M1cm) static ‘H} L, E —E, '

fiq~10%-10° (g4~ 10Mcm™) dynamic

. example of static mechanism: T, complexes...
T, 8C, 3C, 6S, 60,

A, +1 +1 +1 41+l X2y jbg .
A, +1 41 41 -1 A g,
E +2 -1 +2 0 0 (222-x2-y2, x2-y?) g s
T, 43 0 -1  +1 -1  (R,R,R) .
T, +3 0 -1 -1 +1 (x,v, 2), (xy, Xz, yz)
- what can d orbitals mix with? The il st f o .,'),,)l < 1)t oL

The mo:arabsorha ale at the left applics to curv A. that at the right ppl
ccccc
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Vibronic coupling — dynamic mixing

[ n'=2
- for centrosymmetric complexes — involves \\ UA //n =1
electronic + vibrational excitation 4| =0
N l
« transition probability integral:<\Ifg M \If> | ;
‘\I! g> = 1,4, = vibronic wavefunction j ;
« selection rule is therefore \\ j : // N=o
- - . |
Ty xT " xT' M xT ¢ xT' " =~ A, N ‘ ~ n=1
\_/ n :O

vib
I')x A, xT, xT xI' " = A,
———
must have ungerade symmetry

« ligand field transitions in centrosymmetric complexes can therefore gain
intensity ONLY by mixing with ungerade vibrational modes...

- e.g., the *A,, — °T, transition in ReCl* (d°) vibronic coupling
Vs.
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3.1.1 Elec

7 Department of Chemistry

- the A, — *T,, transition in ReCl* (c°)

« electric dipole forbidden

tronic Absorption Spectroscopy

=T ¢ xT " xT' M xT ™ xT 4"

. . . (oo A a T, T, iy
« look for vibronic coupling... ”
= A, xA,xT, xT,xT,
« available vibrational modes can A CE AT 4T, xT
M s = Uu U Uu ><
be determined (vide supra) ‘ S ’
Pq:A1g+Eg+1;g+2]1lu+];u\ l
tu(Ve) tu(V4) tu(v3)
20
] A A Iy
2.5% Re** : Cs ZrCl, v (t, )~ 125cm" | N A i A
16| 10K absorption v v,(t )= e
4 2 J !
_ LAY > LOT) V() =30dem ]
< 126 : )
5 v (a, )= 354cm’ | ‘ ‘
= gl
< 0-0 (magnetic . . .
dipole origin) note that combination bands also include modes
) that are not technically of correct symmetry (A, )
0 2500 2000 ~sh0 - - - combination band is of correct symmetry for
) (o ) vibronic coupling....
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Analysis of LF States — Tanabe-Sugano Diagrams

r

- allows evaluation of 0,/T,; complexes d* B=|

960 cm ™1 for Mn(ID)
~1100 em™! for Fe(IIl)

oo
o

« transitions involving d-d states

v
~
o

[

|

E N Y

« includes effects from ligand field and
electron-electron repulsion (H ~ H

//
‘///

ee)

| //

« does not include SOC

S
1

'\

\

RO SN o Sl
/
T1T
"~ ):.
tn

« only indirectly includes covalency (B)

.E 40
) ‘v~
- derived from ligand field matrices that «—;
allow for mixing of states due to e-e
. . . 20 —
repulsion and ligand field effects.
10
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Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

« example of ligand field matrices (for d” case)

Tuble Ad-d  Energy Matrices for the Configuration d* in a Cubic Field (Tanabe and Sugano)
B’ D, B D, DG 0 G, 11,21

Al Ay e —100g - 4B+ 12C 108 68 638 628 -2B 4B +2C

i Ede -10Dg — 138 +9C  -3B 3./38 0 18+ C 28

PFEEEA)) —4B4+10C 0 0 Y —&B

PAPEA (4 —16B +8C 2JBB -3./38 638

BB E) ~12B+8C 0 628

121 E)e —10Dg - 138 4+9C -108

2(1 A )3 -10Dg — 4B + 12C
2avaF, BEF, 20

i Eye ~10Dg — 3B 4 9¢C -3/2B 0 68 4 C

PEEE) —128 +BC —4./38 318

Priaditag) ~198 + 8C 0

(' E)e? 100G = 38 +9C
2a422F, 20 e ARG

A Ee —-10Dg - 238 +9C 3R -1B+C AO3Te -10Dg — 258 +6C -3+/28 c

A2E (' E) ~128+8C -3/1B A A)) -168+7C =328

2l e 0Dg -8 4+9C AP 10Dg — 258 + 6C
‘Tzf"f..ﬁ.‘ﬂ} .E{dﬂ.“ﬂ)

HO3T))e ~10Dg ~ 178 + 6C Vo 4B+ C PEE P Ag) ~22B +5C -2+/38

A3 A;) —22B+5C ~+/6B Pt Az)et(V E) ~218 +5C

23T))e —10Dg — 178 + 6C

1055 Pt Aze (P Ag) ~358

o Mniri] Ftanet (P ag) ~258 + 5C

Y410 F) At ag -138+7C
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T Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

« example of ligand field matrices (for d” case)...

Table A3-4 (Confinued)

Ir(alF, b F,a’G, 0 0G,  H, 2,8’ D. ¥ D, 2 D)

L —20Dg — 208 368 Jbi 0 —-2./3B 4B +2C 2B 0 i 0
+10C
(3T e —10Dg -8B 3B WE&/DE  (-WZ/AB OWEDE (WRME 0 4B+ C 0
+9C
(' Tye ~10Dg — 1BB (3WE/2)B (—3VI/B (5VE/QE (-5J6/)B C 0 0
+0C

PETE R A —168 +8C 238 0 0 (-3J6/B (-B/2)B 0

P E) ~12B4+ 8 —10438 0O (W2 W28 -2438

PEIES ST Ty B4 12C 0 (=SB (=3B/DB 4B +2C

2ilrdil E) —6F + 10C (-5J&/1)B (3J&/)E 1B

2l 2 E) 10Dg — 188 3B —J&B

+9¢
AT LE) 10Dg — &8 -3/6B
b

et 20Dg - 208
+10C

TP, a*F, B3 F,e*G, G, H, 1)

3T e —10Dg — 228 +9C -3B (-W/DE (328 (-3/2/8  (-3B/E 0 C

(' Te ~10Dg - 88 +9C (-WLHE (3B (15U DNE (SJ8E 4B+ C 0

AETNE Ay 4B+ 10C 0 0 1038 (W2 NE (-3/7/2)8

2T E) ~12B+8C 0 0 (3228 (-3/2/2)B

2 ag) ~10B+10C -2,3R (152/2)8 (-342/2)B

fAmACNE) —6B+10C  (S&/1B (~346/2)B

2l 10Dg - BB + 9C —3F

23T 10Dg - 228
48C
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Low-symmetry effects in Ligand Field States

o TS Diagrams are only for O, / T, symmetries — lower symmetry?
« more possibilities for mixing (analysis of states is more complex)

« easier to evaluate orbital splitting/mixing a_ B _ C D .

& then derive states @@ B !‘l g‘l

:x.--"“ """ 2 o D .po . .n

e Sj ng|e-c rystal po|a rized Abs can be Temoied  piane  squmemeamidal  squere pyrenidal

extremely useful in determining S E—

14000’

effects of low-symmetry splitting o= o
of states... 5 o g
. 0,/T, — transition moment - T e
operator is isotropic e e = e
A B c D

° in Iowe r‘ Sym met ries —_— it r‘a r‘e Iy iS Fig. 12. Calculated energy level diagrams for a five-coordinate Fe® " square pyramidal site, moving the

metal out of the equatorial plane. d-orbilal energy splittings of a square pyramidal Fe** center with five
O-type ligands and the metal pulled out of the equatorial plane by: A, 0° {removal of one ligand from a
pure octahedron); B, 100 C, 15 D, 17.5" {resulting in a strong-axial system). All orbital wave functions
are written in a tetragonal basis sct.
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LBC The University of British Columbia

. e.g., D, distorted [CuCl,]*
« why does it distort?

« what is the effect of the distortion on
the electronic structure of the complex?

« what is the effect of the spectroscopy?

" Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

One-Electron Orbitals

Tqg — Dy —

States
3r 2A| (D)
’E
2
I~ EB | [_\-2_}..2)
1],
2T, — -E (xz.yz)

2B, (xy)

Tqg —» Dy —»

W (v, i, >HB XEXE > A +..
<\I/g /l(z) v >  XB,xE— FE Dy E 25, Cy(2) 2C, 2o
A, +1 +1  +1 +1 +1 XP+y2, 22
B (0 |e) e BB I
L B, +1 -1 +1 +1 -1 X2y
<\P9 28I > By x B, x B, = B, B, +1 -1 +1 -1 41 zxy
E +2 0 -2 0 0 % ¥), Ry R), (xz, yz)
3) (T, |fty| ¥ )~ B,x Ex A B
' 1 will be (x,y)-polarized and 3 will be z-polarized
(9, i1, @, ) = B,x B,x A = 4,

2009-W2 Chemistry 529
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

. e.g., D, distorted [CuCl,]? (continued)
« crystals are orthorhombic

1 will be (x,y)-polarized and 2 will be z-polarized

209K Pol. Single Xtal

« site symmetry = D, (strictly C)
« crystallizes as plates with ab face
- E|] b=(xy)
« E|] a=0.638(z)2+0.362(x,y)?
« look along b-axis to determine polarization

Absorbance

L L L L] L | L] | ] L] 1 ] L) L]

« assignment of major components is easy...
but some features don’t makes sense:

« additional peak at ~8000 cm

« peak at ~5000cm* changes with polarization 5 _ Ol
« why does this happen? Epergy (L000 cm'1)
« site symmetry is actually C, and NOT D, (3) (2) (1)
« 2E excited state (1) splits into 2A’ and 2A” components,
which causes splitting of 5000 cm™ peak (by ~1000cm™) 2 2
« forbidden 2B transforms to 2A” — can now mix with

one component of 2E (intensity at ~8000cm™) 2B1 :>
with intensity along the (x,y) direction , ,
A=A
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

Charge Transfer Transitions in TM Complexes
Fe2t 6NH,

(6 electrons) (12 electrons)

« CT transitions involve taking e” from e
one atomic center to another: ——— '.?'--fé:-f:aggfa;:ﬁ;u

fy = R

. both L—>M (LMCT) & M—sL (MLCT) 4y — —

« sometimes called redox transitions e anibonding
(involve e transfer) 1&;-
4

non-honding

« more intense than LF transitions

. . . . LMCT
« involve larger changes in electric dipole moment

v—L{g)

« interatomic transitions not parity forbidden bomdine

« involve three possible terms... Saniein
U, =|L)+ A M)
U, =|M)—N|L)

LMCT + (¥,

/l|\ij> = My = Ny |- + A Ly

T
. T parity forbidden
depends on amount of ligand most important term:

character in metal orbitals (2) ligand-ligand overlap
2009-W2 Chemistry 529 23
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) DesrmentofChemity 3.1.1 Electronic Absorption Spectroscopy

« usual origin of low-energy CT transitions (i.e., visible or near-UV)
« LMCT — usually result from non-bonding (or weakly n-bonding) ligand orbitals
o MLCT — usually result from transitions to weakly n-antibonding ligand orbitals (7*)

« ligand centered transitions — transitions that occur to/from the ligand

« nodirect participation from the metal
« these are sometimes enhanced by the presence of the metal through indirect coupling

g _

« mostly occur when ligand involves n-bonding network

« intensities of CT transitions .’.

- but intensity is generally directly dependent on ;, ~ N,
metal-ligand covalency (i.e. M-L overlap) ! gl o0 ©
, _ ligand character in 5 ©
« intensity reflects covalency of metal centre metal orbitall S o
oy e . QO
e transition energies of CT processes § o °

« intensity mechanism depends on LL overlap

« generally very complex (depends on many factors) bond length (&)
« since CT transitions involve e transfer — related to redox properties of donor/acceptor

« donor/acceptor orbital energies — from valence shell ionization energies (VSIE, H,)
« directly related to electronegativities — define “optical” electronegativities (C. K. Jgrgensen)
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) Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

« e.g., Cu, centre in cytochrome c oxidase
« Cyt c Oxidase — terminal oxidase involved in aerobic respiration

« role of Cu, — electron conduit eytochrome ¢ oxidase

« electron acceptor from cytochrome ¢

- electron donor to heme a 2H,0

CO2 +4H" +4¢

potential

cyt c)
>

>

heme a

Cu,

« reduction potential must be accurately
tuned for effective electron transport

-«

reduction

« potential must be "tuned" by the protein
such that E(Oc'yt , < E<(éuA> < E(O

heme a)

heme a,/Cuy

« weaken axial ligands — less charge donation = more stable reduced site

G
= :cu<§/>?<}/(\ Coord. E®
Nl /(b number | (mV vs NHE)
Model 4 -280
Cu, | 3(+1) +240

how is this manifested in
the spectroscopy?

Mixed-Valence (MV)
Model 25
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The University of British Columbia

Department of Chemistry 3.1.1 Electronic Absorption Spectroscopy

« S—Cu LMCT is much lower in energy for Cu, centre

acceptor
Cu) $ -
10K Absorption | | | (Cw) 28000cm”
. S=CucT [l gy mode donor | 200%™
S [ i
s 2| P %“_,%‘;L ' on | LMCT =
£ / ' -— (cm?1) [ (mV vs NHE)
1\“/\/ ] Model | 4 28000 -280
T S, Cu, | 3(+1) | 20000 +240
28000 20000 12000 4000

energy (cm"‘)

« we also see a higher energy for the Cu Y >WV*
« results from direct metal-metal overlap
« vyields better coupling for electron transfer

. allows for faster/more efficient directional ET
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