Electronic Structure and
Spectroscopy of TM Complexes

Books for this Topic

@& Harris & Bertolucci, “Symmetry and Spectroscopy,
An Introduction to Vibrational and Electronic
Spectroscopy”

@ Cotton, “Chemical Applications of Group Theory”

® Housecroft & Sharpe, “Inorganic Chemistry”, 3rd
Edition, Chapter 21.

@ Solomon & Lever, “Inorganic Electronic Structure
and Spectroscopy” see Volume 1, Chapter 3 - by
Hitchman and Riley.

@ Cotton & Walton, “Multiple Bonds between Metal
Atoms”, 2nd Edition, Chapter 10. [Last section. ]

Required Reading: Acc. Chem. Res., 2000, 33, 483-90.
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Good Undergraduate
Background Text

o Housecroft & Sharpe,
“Inorganic Chemistry”, 4th
Edition, Chapters 19 and 20.

e We cover more, but this
chapter fills in almost
everything [ haven’t done in
detail.

o Alternative: Shriver &
Atkins, Chapter 19.

FOURTH EDITION

CATHERINE E. HOUSECROFT
AND ALAN G. SHARPE

Spectroscopy: The Big Picture
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Electronic Energy Scales - The

Carbon: Atomic Energy Levels

. . Configuration Term J Level
Hierarchical Approach Experimental atomic (o)
energy levels (cm-1). 25220 % 0 0
* The largest energy level splittings in atoms and molecules due to 1 16.40
principal quantum number changes (and concomitant differences sp® ——--- 58 — . 2 340
in screening). This underlies our familiar focus on valence vs.
core-levels. 2522p? p 2 10 192.63
term 10 192.63
Energy level splittings between different ! levels (e.g., between s, s —
p, d... electrons) are often comparable to bonding effects - 28,906 2s%2p? 's 0 21680
evident in both the concept of “hybrid orbitals” and in mixed e e
orbital parentage of molecular orbitals. D— 2s52p° 5ge 2 33 735.20
In T.M. complexes, e--e- r.epulsion t?zﬁ%rencgs are ofter? . sp2 Y #1063
comparable to M-L bonding energies. A big part of ligand-field | 2s22p(?P°)3s  3p° 0 60 333.43
; f ot ; 3p*_..— 1 60 352.63
theory deals with the complications that arise from the - = , Lo
competition between these energetic effects. repulsion term 60 373.00
differences
2s22p(2P°)3s  pe 1 61 981.82
http://physics.nist.gov/PhysRefData/ASD/index.html - B
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F | % 0.0 100
E L 5l 237.4 100
nergy Leoels o mes | o
£ 945.5 100
3d3(3F)4s' —  *F ~114,000 cm™

R A 14 059.9 100
3y 14 177.5 99
A 14 472.2 100
2G| 7, 15 053.6 100
2 A 15 402.4 100

D, 53,043.4

% ! 3 P | 3 19 439.4 93
Wy 19 520.8 100
/2F 34,446.8 2 | ¥, 20 651.0 72 22 36 ?D1
A 20 665.5 78 22 3d° D1
2H 21,205.6
2D2 20,669.7 W || 2 oses 100
A 21 321.1 100

3d3_ —/ 2P 19,4665
A G 15,247.4 F | 34 364.3 100
vg. energy — A 34 556.9 100
\ P 14,305.3
18’8586 cm D1 | 5, 52 976.4 78 22 3d® D2
L 3, 53 143.8 77 23 3d® 2D2
- ¢ s10cm”
LA 103 996.5 100
A 104 258.6 100
3d2(;F)4s1 A 104 630.2 100

https://physics.nist.gov/PhysRefData/ASD/levels_form.html

A 105 105.7 100

2F | 5, 109 941.5 100

A 110 691.8 100

Cr(111): Electronic ool 4| |

Background Topics

* MO theory of transition metals:

Octahedral coordination,

+ o-donors (all ligands)

+ n-donors (halides, amides, alkoxides,

thiolates, ...)

« m-acceptors (CO, NO*, CN-, CNR)
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Bonding and Electronic Structure Metal-Ligand bonding

« Concepts of “hardness” and “softness”
already discussed (qualitatively).
(Pearson’s 1963 JACS paper introducing
these concepts is posted in the web site
“handouts” section.)

* Molecular orbital picture for Lewis
acid-base interaction

« d-orbitals - acceptor orbitals on
transition metals

« MO picture for octahedral complexes + Intro to Ligand fields - an MO scheme

* Low-spin vs. high-spin complexes; for a “typical” octahedral transition
ligand-field splitting vs. pairing metal complex.
energy
9 10

Contrast ,6/]“4 Renﬁv:ncé S(gnors /L4
between , b —
L L
octahedral & = I ) :
y
tetrahedral . . From Octahedral to

LF splitting

‘ T Square Planar
X O

i -5
f

‘ dyy
- When the ¢ donors on the z axis are
N v removed, the z2 orbital is stabilized
. by loss of antibonding character.
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Background Topics -
increasing A,

+ Spectrochemical Series:

NO* > CR,” > CO 2 PF, > CN~ > NO, > NH, >
H,0>OH">F >S?->Cl">Br >1-

the series represents the confluence of several

trends in electronegativity (greater), 6-donation

(weaker), and decreasing/increasing n-donation/
acceptance

+ Metal trends:

Mn2+ < Ni2+ < Co2+ < Fe2* < V2+ < Fe3*+ < Cr3+ < V3+
< Co3* < Mn#* < Rh3* < Pd4*+ < Ir3+ < Re4+ < Pté4+

Hydrolysis constants of Metal ion
complexes give acidic solutions

Metal Electron
cation - drift
/

/
/

7
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hydrogen atom

pK,’s for [M(H,O),]n*
[Fe(H,O),]3* 2.46
[Cr(H,O)]>* 3.89
[AI(H,O),]3* 4.85
[Fe(H,O),] 5.89
[Cu(H,0) >+ 7.49
[Ni(H,O)/]** 9.03
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Spectrochemical Series for Ligands
applies to all geometries

Examples of two trends

P — .y n Complex A, (10 Dq) Ox. State
— — — 2
| o AtIgA’ MJF@W [Co(H,0)q]?* 9,000 Co(II)
L IR P £ Y
I 24 ’ 4 [Co(H,0)]3* 18,000 Co(IID)
P M| 7| bl [Co(NH,) |2 12,000 Co(Il)
Co| 0| 189
3+
+ Tetrahedral complexes are Co 1] 318 [Co(NH,)q] 22,870 Co(IIn)
almost never low-spin; rare Co|+1] ~0 [CoF]3- 13,000 Co(IID)
exceptions occur at the Fe |0 -0 [Co(CN)]3- 32,000 Co(I1I)
highest end of the series. Mn|+1| 378
Mn | 0 | high-spin Energy scale discussion
15 16




More
Examples

e.g. the A values (in cm™)

vCl, 7900
[NICl4}%~ 3850

[VCIgl* 9,350
[VCIgl® 12,100
[VClg]2~ 15,400

15,400
7,700

[VClgl%~
[NiClgl4~

[V(OH,)gl?* 12,350
[V(OH,)gl** 16,900

[Co(NH3)g®* 22,870 cm™!
[Rh(NH3)g]%* 34,100

[If(NH)g1%*
[Fe(OH,)gl>*

41,200

14,000

[Ru(OH,)g]>* 28,600

Background Topics - more on
bonding

+ Other geometries:
e.g., tetrahedral, trigonal bipyramid, square planar
+ Simple VB theory:

In spectroscopy, the Pauling-style VB approach is
nearly useless, but it provides a handy way to
simplify bonding in parts of the molecule where
details of electronic structure are not important to
the task at hand (example: where is the d2sp3
hybridization scheme a useful concept for
octahedral complexes?)
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Background Topics - the role
of e-—e- repulsion

[lustrative Questions: S0l

2
a2

B =860 cm™ ! for V(III)

80

What is the (specific)

origin of the energy o

difference between the sl
3F and 1G atomic -
states? a4
In the strong-field limit, 30—

what is the origin of
the splittings between e
the 3A2g{ 1Eg, and 1A1g

ligand field states from

I T T I

‘a, 'E A,(e?)

&5

3Ty (tze)

the e 2 configuration?

Background Topics - the

d® B =1080 cm™! for Ni(Il)

noncrossing rule w15

. 70— Y . JTl (t%eY) ]
[ustrative Issues: % iy
60 —, b 1 ! —
What is the strength of =~ s— : T2
the mixing between the 501 |
3F(3T1g) and 3P(3Tlg) 3Ty (%)
atomic states? Yo n
* In the strong-field limit, 30} -
exactly how much of G
the two 3F(3T, g) and 2 -
3P(3T,,) states i
S 10 -
contribute to the two
molecular 3T, states? N | L | Aol )
g 0 10 20 30 40 50
A/B
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Physical Background - Symmetry Review

« In the handout, “Transitions Between Stationary States
(Adapted from Harris and Bertolucci, p. 130)”, an expression

for the probability that a system in its ground state, W, can be

stimulated by radiation into an excited state, y,, is derived:
P(r,0) = c) ()P, (1,0)+¢,(DF, (1,0)

d(cl *Cl)
dt

oc 502 (,ung + ,u(le + ,ujlz) assuming ¢,(0)=1and ¢,(0) = 0.

502 is proportional to the light intensity and

) * X o .
)/ =eJ.l//1 { y }y/o dt | are the transition moment integrals.
z

« This expression applies to an integral over all wavelengths of
incident light (in the dipole approximation) and was the form used
to evaluate whether an electron transition was symmetry allowed.

Allowedness

+ In group theory, prescription for deciding whether a
transition is dipole-allowed is straightforward:

If the ground and excited states respectively belong to the I'y and
I', representations of the point group of the molecule in question,
then a transition is dipole-allowed if and only if

Fo T, contains

" for x-polarized light
Fy for y-polarized light

", for z-polarized light

Spin doesn’t change: AS = 0. For states where large spin-orbit
mixing is possible (large { and/or small AE between mixed states),

the rule is weakened.
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Harmonic vs. Real Potentials

« Harmonic oscillators
have equally spaced

levels
5 E(n)=(n,+3)hv,
é’ D, for the i™ vibrational mode

+ Real oscillators
exhibit anharmonicity

Internuclear Separation (7)

E(n)= (”: + ;)hvw - (n[ + %)2 (hvo)z/‘lD@
E,(n)
he

2
. . 1 l
Solutions for the Morse Potential — = (”/ + 5)"% - (’% + E) X,

V()= De(l _ e*fl("*n))2 a= [kE/ZDE E(n+1)=E(n)=hv, - (ni + %)(th)Z/ZDe

Vibrational
Progressions

g

ABSORBANCE —-

)]
T2y 29T 9

T
© O O O o o o o o

64

Do these numbers
make sense? —

66 68 70 T2 T4 76
7 (kK)—
Schematic X+ — 1 electronic
absorption spectrum of CO showing
vibronic transitions to higher energy
than the pure electronic 0-0 transition.

®,=1516cm™"  ®x,=17.25cm™
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Vibrational
Progressions

LMCT and MILCT Transitions

Ligand-to-Metal Charge Transfer (LMCT)
a) intramolecular e- transfer from ligand-based orbitals to
metal-based orbitals M"*—L- — M- D*—L
b) € values are 5,000-50,000 M-Icm-! (very intense)

c) since we are “oxidizing” the ligand and “reducing” the
metal, LMCTs are favored with
a  easily oxidized ligands (n-donors) Low I. E. (I"<Br-<Cl-<F")
b) easily reduced metals (i.e. high oxidation states)

16,000 15,000 14,000
0-0 1/ (cm-1) Metal-to-Ligand Charge Transfer (MLCT) - less common
/\ . .
. . a) intramolecular e- transfer from metal-based orbitals to
* (1 1 - . .
8 — 8* ('A,, = 'A,,) z-polarized absorption ligand-based orbitals M—L — M'—L-
E“t?;2(C4H9)4N12[R62C18] at 293 K, 77 b) Intensities similar to LMCT
, an .
See prob. 556, H & B, pp. 413-4.
25 26
FES Basic d-d Spectra  aeostic T8 (@)
Types of Transitions: d-d P ’
¢ s|- Why the shoulder?
All 6-coordinate
2 = em™! for Vi soooollllcun‘)ob‘\_“J “szuéozjl — Ualot')oélJ 13‘5‘00

a) intramolecular e- transfer within the d-orbital manifold s —oeoem  for T : ' et ' “
b)  Values for € vary: up to 1,000 M-! cm-! (moderately 7 R e Aqueous V(CIO,); V¥(d?)

intense) for spin-allowed transitions in non- Use enerey ratios

centrosymmetric molecules; ~10 M-lem-! for spin-allowed o . c

transitions in centrosymmetric molecules (weak); ~10-1 M- pd o ’ 1®)\j24-%0

lcm-! for spin-forbidden transitions in centrosymmetric . \ \

molecules (very weak). 5 4 Tyltae) = S0 TGo0 T zago0 30060 35000
¢) l-e transitions much more intense (2-e- transitions ol " -

typically 10-2 times weaker) o % Aqueous Fe(ClO,), Fe?*(d®)
d) Shoulders and/or broad peaks expected where Jahn-Teller " - 20

distortions apply. 10 [ . € LJ\ %

! o 110 2.0 0 457.’“"1;0 s?ooo 10,(1300 26,000 3042)00 :
a/B em
27 28




Atomic State splittings: All Operations

Carter, p. 205

+ signs apply for a gerade atomic state

3C X(E)=2J+1 and — signs apply for an ungerade
o E 8C; (= C22) 6C, 6C, atomic state, whether the point group
y 1 1 14 1 1 1212 . under consideration has inversion
Al 1 1 | 1 1 Y 2(C,)= sin[(J +1/2)ct] symmetry or not. Examples: a 3P state
Ez 2 1 2 0 0 Q2 -2 23D ¢ sin(ot/2) derived from either p? configuration (ux
T 3 0 1 1 1 . erTy u) or a d? configuration (gxg) give g
I (R Ry, R2); (x, y, 2) >
T 3 0 1 1 1 (xy, x2, ¥7) states. However, a 2D state derived from
2 > xO=x2J+1) a p3 configuration (uxuxu) gives a u
state, while a 2D state derived from a d3
. configuration (gxgxg) gives a g state.
x(S,)=+ sin[(J +1/2)(@+ )] . The symbol J refers to the angular
“ sin[(a + 7)/2] momentum quantum number of the state
under consideration. In the Russell-
) Saunders scheme, J can be replaced by L
x(0) =tsin[(J +1/2)r] when considering a spatial wave
function.
See notes-11 from CHEM 673
29 30
766 cm™! for V(II) 766 cm™! for V(II)
a8 - { N ad = { -
N 1030 ot o e Crlll d-d spectra . 1030 i o e CrllI d-d spectra
I I I ‘ ] I I ‘
| ATy (t,e2) [Cr(en),]** | ET (tye?) [Cr(en);]**
P 45 %, 2 28490 : 70 2%, ’ 28490 :
,fD . IZD :
60 2, — 21834 60 U, — 21834
34.09 35.03 : :
i, 24570 17422 7 24570 17422
2w\ L L = NE A s0f- . = N A
q 5 (ty2) [7r(1-§zo>(]‘* Q 4T, (t4%) [7r(]~§20) i
0\ 11— [ X ] a, M 11— 1 X
F T, H : H P ’r, H H H
- : : ~ | : ~i |
.. N : — A I e .. 30 — T
“D\... 27 : H AD\L_ 2 : :
2p : : : s H : : 2p - s H : :
2y —— e T \ 300 350 400 450 500 550 600 650 700 ZH/ e \ ] 300 350 400 450 500 550 600 650
ZH/ ’E 2 — g
G - H ) A (nm) G - ] A (nm)
® 24.2 35.0 Use energy ratios ‘P Use energy ratios
10~ 24510 28490 10
: 5, = 1410 — =1.305
F— L 1N d ey 17360 21834 — I R R K1)
0 10 20 30 40 50  http://wwwchem.uwimona.edu.jm:1104 0 10 20 30 40 50  http://wwwchem.uwimona.edu.jm:1104
A/B lab_manuals/CrTSexptnu/CrexptJ.html A/B lab_manuals/CrTSexptnu/CrexptJ.html
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Nephelauxetic Series

Nephelauxetic Ligand Series: F-<H,O <NH, <en <
[ox]?- < [NCS]- < Cl- < [CN]- < Br- < I~

This series orders the extent to which ligands induce the
nephelauxetic (cloud expanding) effect in coordination
complexes in which they are bound. Quantitatively, this is
measured in the extent to which electron-electron
repulsion is reduced in the metal coordination complex vs.
the free metal ions; i.e., in the ratio (B, - B)/ B, where B is
the measured empirical Racah parameter and B is the
free-ion value.

Metal trends: Mn2+ < Ni2+ = Co2+ < Mo2+ < Re4t < Fe3+ <

spectrum of (Naem)CuCly at ~12 K

aem)CuCl
300 W ) 4 along [010]
E (101) Crystal Face
5
= 200t
©
s ;
é along [101]
« loof
17,000 13,000 9,000
cm”!
o 0
CIOCl
Cu
0=146.2° l ‘Cl *H3N, NH*
Cl / Naem

* Naem = [N-(2-ammonioethy]l)
morpholinium]CuCl,

¢ Directions indicate the electric
vector orientations.

Polarized Spectra,
Example

Both D, and D, ; CuCl,2-
ions are present, but the
distorted tetrahedral ions
give ~20 times more
intense absorption.

The [101] crystal axis is
nearly parallel to the D,
ions” S, axes.

Can you assign the

3+ 3+ 3+ 4+ . .
[r3* < Co3* < V3* < Mn McDonald, R.G, Riley, M.J,, Hitchman, M.A., transitions?
Inorg. Chem., 1988, 27, 894. See also Solomon &
Lever, “Inorg. Elec. Structure and Spec.” Vol. 1,
Chapter 3 - by Hitchman and Riley, p. 234.
33 34

-
w5 4.
Dy, o b

K N j#:

\;( —H' by

G5 2¢; 20, | |

D, | £ 25,

4 |1 1 1 1 1 X2+, 22

4oLl ! -l R, (for this coordinate system)
B, 1 -1 1 1 -1 xy

B, |1 ~1 1 -1 1 z x* =y’

E |2 0 2 0 0 |(xy»)(R.R)| (xz.y2)

Vibronic Coupling

+ Because they have g— ¢ character, the d-d
transitions of complexes of the transition
metals are “forbidden” (LaPorte

forbidden).

- Complexes with noncentrosymmetric
coordination geometries (e.g., tetrahedral)
have more intense d-d spectra.

- Spectra in centrosymmetric (e.g.,
octahedral) complexes “acquire intensity”
via vibronic coupling.
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Including the effects of coupling demands a
modified wavefunction. In the simplest
approximation, y,,. and y,, not separable.

-.Consider the product, v, v, , for
examining selection rules:
?
Jwidysd dys, wi, de=0
#d generally belongs to totally symmetric rep.

(otherwise, "hot bands" are involved). .. consider,

N
gnd ., ex ex _
J. l//elec. dl//elec.l//vib dT - O

D,, CuCl,>-

+ T-dependence of band

positions and

€ (mole™ L cmi')

intensities is different

for bands centered at

~16,500 cm-1 and

30F

I
=3

S

Energy (cm™)

Temperature dependence of the spectrum of the planar CuCli’

ion in z polarizution. In order of increasing intensity, the spectin
were measured at 10, 60, 100, 200, and 290 K.

14,000 cm-1 (at 290 K).

+ Explain!

INORGANIC
ELECTRONIC

Solomon &
Lever, “Inorg.
Elec. Structure
and Spec.” Vol. 1,
Chapter 3 - by
Hitchman and
Riley, p. 246.

(a)
201 (metH),CuCl,

z Polarisation
z
Z 5k
2 B, - A,
£ F
o
Z 1of
=
2}
4
2,
5 ;“M/"’-J/‘”
0
0 100 200 300
Temperature (K)

37 38
D, Source of broadening and shifting of
absorption peaks
D, | E 2C, C(C) 2¢) 2G| i 25, o, 20, 20,
4, |11 1 1 I U U P4yl z 16000 \ y
1
Ay |11 1 S U R R B B B B .3 Solomon & © -
B, |1 -1 1 1 141 -1 1 1 -1 x* =y Lfver, “Inorg. IH
i Elec. Structure 12000 =
By, |1 -l 1 -1 R xy and Spec.” Vol. 1, ~ -1
E, |2 0 -2 0 012 0 2 0 0 |(R.R)| (z2) Chapter 3 - by =z \ y
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ; g
4, |1 1 1 1 P-1 -1 -1 -1 -1 Hitchman and % 8000 . /
/75 I T S RS R R : Riley, p. 222. g SR N
1 5]
B, I -1 1 1 -1 -1 1 -1 -1 1 6K 292K
B, |1 -l 1 -1 1 i-1 1 -1 1 -l 4000 )
]
E, |2 0 -2 0 02 0 2 0 0] xy
T, [15 1 -1 =3 -3 -1 5 3 1 . 1 6;,15;
w19 -l 1 -1 1 -3 -1 5 3 1 Absorption  Bond Length (A)
stretch 4 0 0 2 0 ! 0 0 4 2 0 Figure 2. Correlation of the d—d bands observed for K3NiO; with the energy levels of the
T b= A! + B\ +B, +A4, +B, +2FE r "= A‘ + BI +FE totally symmetric stretching mode in the ground state and excited state potential surfaces.
v g g -8 2u “u u stretc] g g u The spectrum is the sum of the xy and z spectra of the linear complex and the spectra are
rather noisy because of the extremely small size of the crystal (adapted from reference 17 with
permission).
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Figure 3. Effect of the energy of the intensity-inducing vibration upon the temperature de-

Source of broadening and shifting of

Relative Intensities
& 8 3

D
S

0

Temperature (K)

pendence of a vibronically-allowed band.

Ly

- —

Energy »

y

\

d

N

—1

g

|
1
U
]
\
i
-4
|
l
I
\
AW
\
R

~S

Bond Length —

Figure 4. Mechanism by which the thermal population of higher vibrational levels of the |
metal-ligand stretching vibration i the

idth of an el ic transition.

absorption peaks

Solomon &
Lever, “Inorg.
Elec. Structure
and Spec.” Vol. 1,
Chapter 3 - by
Hitchman and
Riley, p. 225.

UdVv): 6po5f26d0
3H, ground state v

Solomon &
Lever, “Inorg.
Elec. Structure
and Spec.” Vol. 1,
Chapter 3 - by
Hitchman and
Riley, p. 239.

Narrow lines and hot bands in UCI"

Vibronic  Electronic
Origin Origin
1l 1

'
i
'
!
4K !

|
t
'
'
v

«—— Energy (cm™)

Figure 15. Transition to one of the 3H6 levels of the UC]%f ion illustrating the appearance
of a hot peak at higher temperature (adapted from reference 21 with permission).

spectrum of the centrosymmetric UClé‘ ion at 4 K and 77 K, part of which is shown
in Figure 15.2! The pronounced peak present at both temperatures is a vibronic origin
due to electronic excitation plus a quantum of the u metal-ligand vibration of energy
93 cm™!. The weak peak appearing 93 cm~! below the electronic origin at 77 K is
the hot transition from the v = 1 vibrational level of the ground state to the v = 0
level of the excited state. The parity-forbidden transition of the electronic origin itself
is too weak to be observed.
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Dichroism of [trans-CoCl,(en),]*

loge

1.7¢ T 1

1.5(—

12 N
1
]

1.0(— |
1
[

0.7¢t—
0.5(f—

0.2¢—¢

xy-polarization

0
12,000

Fig. 9.13 in Cotton

Facts of the [trans-CoCl,(en),]* case.

_ Spectrum: Fig. 9.13 in Cotton (from S.
Yamada and R. Tsuchida, Bull. Chem. Soc.
Japan, 25, 127, 1952).

_ The solution spectrum is virtually identical

with [trans-CoCl,(NH,),]* .*. Virtual D,
symmetry is a reasonable assumption.

+ Both Cotton and, following him, Harris and
Bertolucci, have made an error in the

analysis of this case which leads to some
wrong/ problematic predictions.
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Vibronic Coupling in [trans-CoCl,(en),]*

_ Virtual D, symmetry, d¢, low-spin

_ The Coll'ion is d¢, low-spin, in
approximate O, symmetry, ground state
configuration is (t,,)6, 1A, state.

_ Dipole allowed transitions? Lowest

energy singlets? See Tanabe-Sugano
diagram.

_ O, to Dy, correlations?

_ Vibrations of the [trans-CoCl,N,] grouping

Vibrations of the trans-[CoCloNy] group

_ On p. 293 of Cotton’s text, he gives
2A1g/ Blg; B2g/ Eg, 2A2u, BYu; 3Ey

This should be
2A1g/ Blg/ BZg/ Eg/ 2A2u/ BZW 3E1/l
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Qualitative MO Diagram
T

6 (replace Ls and Le X
,,L4 with X1 and Xz) L4

3

L/\ o
=\ %%

X1 and X2 lower in the spectrochemlcal series and are

z
J—V y
X L,
weaker ¢ donors. Antibonding z2 orbital pushed up
less by antibonding interaction with the X ligands.

Configurations and States

blg x2 - y2 —
alg z2
eg (Xz,y2)
by Xy —f—
Alg

—

=

E,

= ¢, ®b

8 g

E

g

=b

28

—

—

Agg

®b

8
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Electronic Symmetries

Allowedness w/ Vibronic Coupling

Electronic Polarization
Transition 4 (x,y)
Electronic Transitions A, — A4 forbidden | allowed
ALZ%AZE! Alg_>BZg Alg%Eg g g
Yy Alg — Bzg forbidden | allowed
gnd exc
Vi (w2 Vil 4, E, allowed | allowed
Use info. with Qualitative Energy
Diagram to assign spectrum
49 50
Graphical Summary O Pu

Because of the O, — Dan
symmetry correlations, the
specific configurations shown
correspond to only the states
shown - even in Oy .

The dashed transitions are
dipole and vibronically
forbidden in z-polarization.
The x,y-polarized transition
at ~23,000 cm-! is difficult to
assign. The 1By state should
be relatively favored by the
weaker ligand field of the Cl
ligands, but there is less e—-e-
repulsion in the 1Ay, state.

0,: E(‘ng)— E('Tlg) =168 ~17000 cm ™"

Beyond just Symmetry

+ Information about e-e

repulsion can be
obtained from the O,
Tanabe-Sugano
diagram.

E/B

80

_ {1058 cm™! for Fe(1D)
11065 cm™? for Co(I1l)

T
T T wla B

| °% | | Ai0t2”)

~ *Ty(tr°e)

10 20 30 40

50
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Graphical Tools for getting
relative Energies of States

—¢ —Fo 40 +o o
Ho S+ +o 4o+
Ho He o Ha o
y, v, v, YA EB)

} lPex= I/\/Z( ‘I/L’X(A) + ng\(B))

! ‘PexZI/ﬁ( lec(A) - lPex(B))
Energies of each configuration are (Mg=0)

given by counting the orbital energies,
adding up the repulsions (J;;) and
subtracting the exchange
“stabilizations” (K;;) between like spins.

A Graphical Scheme for getting
relative Energies of States

Egr= Zga + Zeb + Ja,a + Jb’b + 4Ja’b - 2Ka’b

ED=2¢, +e,+e,+J,,+2], ,+2], +J, -(K,,+K, )-K,
ex a c a,a a, a,c ,C a, a,c ,C

E'=2¢ e +e +J +2J ,+2J +J —(K +K )
ex a b c a,a a,b a,c b,c a,b a,c
El=2e +e,+e,+J, +2J,,+2J, +J, —(K, , +K,)
ex a c a,a a, a,c ,C a, a,c
EYBLEA B AL BB bt EAE = E® and E4E = EW
ex ex ex ex s ex ex ex ex
~“EV=E'+E’ - ED
°t Tex ex ex ex

EV=2¢ +g, +e +J, +2J ,+2J +J, —(K ,+K )+Kb
ex a c a,a a, a,c ,C a, a,c ,C

EV-EY =12k
ex ex b,c

53
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A Graphical Scheme for getting
relative Energies of States

,'_1_ I'PeXZI/‘Q( ')Uex(A)7 lPex(B))
lPex(A)’ lPex(B ) (: 2Kb,c
K

b,c

". \
(Mg=1,-1)  (My=0)

Lnergy

3‘Pex:]/\/2( lPex(A) + lPex(B))

8

Some Coulomb and Exchange Integrals

Coulomb and Exchange Integrals Racah Parameters

Ty = e =y = Jzz 2= J\L‘,z 2oy A+4B+3C
JXf»)’f = J»“)’v)’z = Jv")'«“ = sz—yz vz = sz—yz,xz A-2B+C The COUlomb (]l])
Joa=to o 4-48+C¢ and exchange (sz)
J ,=J , A+2B+C .

e integrals shown
J, , A+4B+C

2y here can often be
K"rzszz Z:KXV\Z:KZ . v=K 3B+C

ooz = s T R TR0 T R used to calculate
K ,=K, ,, 4B+C

state energy
K ,=K_, B+C .

differences.
sz—vz,xv ¢
j(l’xz (1)(0;},(2)(1/"12)(pyz(l)q))(ziyz (Z)dT]d‘L'z -3B

B~650-1100 cm™ C ~2500-5500 cm™"
For 1st row transition metals, Racah parameters B and C have typical ranges shown.
(State energy differences don't involve A4.)
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Complex d-orbital | and K's

Slater-Condon and Racah Parameters

The "Slater-Condon parameters" are defined by

Joo A+4B+3C
Jyy=J =Ty, A+4B+2C a if >

’ ' ’ if r,>r
I =JIoa=h =7, A-2B+C The Coulomb (]l]) ok 50 ol 1 2 r<k R ( )|2 R ( )|2 dr r<k r2k+1 o
Jyo=J A-4B+C Eej r J v, r r. r, |ar, =

207020 and exchange (K.) R R T L TR

J1,1:‘]—1,—1:J1,—1 A+B+2C ] > > 2 f n>r,
Jio=" 1 A+2B+C integrals shown r
K 6B+2C here can often be . . F2 F
I ¢ usedtocalculate and (n the d-shell: £, = F* . Fy = 55 Fy = o
K, = B+
K“ _ ! c state energy The "Racah Parameters" are related to the Slater-Condon parameters by

2,-1 2,1 . —
K=K, 4B+C differences. A=F, - 49F,
K=K_, B+C B=F,-5F,

B=650—1100cm™  C=~2500-5500 cm™ C=35F,

For 1st row transition metals, Racah parameters B and C have typical ranges shown.
(State energy differences don't involve 4.)
57 58
le: 3+
Examp e ¢ B pa rame ter for V N | Term Symbol Slater—Condon Racah Expression
Expression *
3F state: PF;3 1)=]2¢1%) Ypression

3

EGF)=2h,+Jy,~ K, agiae: © F Fo—8F;— 9F, A4-8B

— - — . 3
=2h,+(A-2B+ C)— (6B + () ° ver frele 'O? i for Th 3 AT
—2h,+ A~ 8B energy 1evels el e Fot 4F3+ Fy A+aB+ 2C

(em™)
3P state: 'D Fo—3F,+36F; A4-3B+ 2C
PP 1 1Y =3/ [1+0% )= N2/s 2+ —1+) 87,984 Energles s Fo+ 14F;— 126F, A+14B+ 7C
E(1+09) =2h,+J, y— K, , -
kb (4 + 28 +)C)—(’B+C) d2 d F 3Fy—15F;— T2F 34-158
72hd+A B Of an ‘P 3F,— 147F; 34
- d
d3 Terms H 3F— 6F;— 12F, 34-6B+ 3C

EQ =10 =2h,+J, | -K,_, & ’p 3Fo—6F>—12F 34-6B+ 3C
=2h;+(A-2B+(O)-C 392 G 3Fo— 11F; + 13F, 34-11B+ 3C
=2h,+A-2B -

’F 3Fy+9F,—87F, 34+9B+ 3C
EGP) = E(1+0%) + E(2* —1%) — ECF) - .

D 3Fy+ 5F;+3F, 34-3B+ 5C
=2h,+A4+7B A=3, + +(193F,° - 1650F2F, +(193B° + 8BC + 4CH"*
E(GP) - ECF) =158 = 12,924 cm'! A=l - + 8325F4)

B=861.7 cm-! *Condon and Shortley, The Theory of Atomic Spectra, p. 202, p. 206.
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Tanabe-Sugano AE’s and the Scheme

Worked out details: singlet states example for
the high-field limit for the d¢ case.

'4 . 6e +3J  +12J —6K

g 3 xP,xp Xy,xz xy,xz

'T,:5e, +e, +2J_ +J, , +12J 6K _+K
g by €q xT=yTxy

XY,XY XxY,xZ xy,xz 2o },.2 Ly

'T,: 5S¢, +e, +2J +J L+8J _+4J ,-4K__-2K ,+K
g < e X, xp,xz xz,z

1 Xy X,z Xy Xz Xz,2 X,z

E('T,)-E('T,) =

J 2 sz—vz,xy)-'—4(']xz,zz -J )+2(K -K 2,22 )+(K,\’V,22 -K

_ {1058 cm™? for Fe(ID)

B eyOTld juSt 80 T - l;jsij; for;:m:):
. e g B
Symme tr y 70

1,
. GF/
repulsion can be b it
obtained from the O D
h E §— STy(the?)
Tanabe-Sugano N 40 -
. D
diagram. l,g n |

~ 37y (%)

In the high-field limit "

« Information about e-e ap\@?

xy.z xy,X2 Xy ,X2 xz, oy
=-8B+4(4B)+2(3B- B)+(4B-0)=168 E('T,,) - E('T),) = 16B 10 ]
. . .. s L S
Note: The exchange contributions are positive because these D o 110 L 20 3Lo 4‘0"‘(" ; o
are the singlet states - see the diagram - back six slides! A/B
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Polarized Spectra,
210 Directions indicate the . . _ . .
B | | clocricvectororenstons. Dichroism of [trans Vibrations of the trans-[CrFoNy4] group
= +
£ CrF,(en),]
o 766 cm™! for V(II)
N \ a® B= {xoso em=1 for Cr(1Il)
= N ] e / i
o <= s . _ On p. 293 of Cotton’s text, he gives
cnr! 70— , U (tae?)
Polarized absorption spectra of the prominent crystal 2 4 2A1g’ B lg, BZg’ Eg’ 2A2u’ Blu, 3Eu
face of [trans-Cr(en),F2]C104 with the electric vector along 60 D %, —
the two extinction directions (I and IT) at 295 K and 4K.
Dubicki, L., Hitchman, M.A., Day, P, Inorg. Chent., 1970, 9, 188. 50— o ThlS Should be
q 4T, (ty2%)
- + i > 40 —
[trans-CrF,(en),]* has virtual D, s, . ) A 1gr Blg/ BZg/ Eg, ) A 2u, BZu/ SEu
symmetry. ol ]
For two directions of the electric vector ﬁz"\~ n
(for which spectra are shown), some S— ~. -
bands are completely absent :G§ £
(extinction directions). Which ? 10— |
molecular axis (axes?) correspond to
direction I? Direction I1? " | | | | “42(62%)
0 10 20 30 40 50

i itions?
Can you assign the transitions? A/B
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Absorbance

Quadruply Bonded =000
T i ) Systems

c-Polarization

b-Polarization
37K

l 300K

Lotop bl bty
7000 18000 13000 20000 21000
vem™)

8
T

20—

Absorbance

7
)

The '

b-Polarization

5
T

300K

=)

15 20 25 30 35
v (em™'x10%)

Polarized crystal spectra of K4[Mo,(SO,),] - 2H,0.

Quadruply Bonded Systems

3 — &* transition

d — &* transition

' T T — T v
400 560 60 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
AMnm)
re 1, Electronic absorption spectral changes during 254-nm irradiation of KsM02(SO4)4 in 5 M D,SOy4 solution.

[Mo,Clg]* T T T T T [Mo,(SO,)g]*
F K3TeoClg o
See Cotton & ~18-20 x 103 cm-! A l in Cal Pellet ~18 X 103 cm-!
Walton, Ch. 10 [MOZ(SO4)4]4 8 / 1 300K [MOZ(SO4)4]37 Why are these SO
. . ~18 % 103 cm-! 16,000 15,000 14,000 § ~6 x 103 cm! much lower in
Required Reading: Acc. Chem. [Re,Clg]> 1/ (em1) ) [Te,Clg >~ frequency (energy)?
Res., 2000, 33, 483-90. R 5= 8* (1A, > 'A,,) z-polarized | \ . : . .
14 x 103 cm™! spectra Of[((g:4Hg)4N]2[RCZC1g] at 5500 6000 6500 v(ct:'m; 7500 8000 8500 ~5.8 %103 cm!
293K, 77K, and 5 K. The & - 6* transition in the [Tc,Clg]*~ ion at 300K and 3.7K.
65 66
L L
. L L 2 . .
Bonding Scheme L 0“ confiquration
M==M z
7 7
L L |~
M—M y D mOPIE L LA L S
L L 4h _I-

0N secs -
L L
: X
u
Lot These lie high in N
Co energy (M-L 6*) o —')6
Ju +P d b2g

K ceec it -
ceL e Ho a,

t — & b

-

W_-H-B(bzg) +5 +5 +5 +a —3

T o
-H-G 'H'G 'H‘U -H-G -H-(y ﬁc H/ﬁ(lu lb)

lAlg 3Azu 3A2u l’3A2u "JAzu lAlg
],
el M=y A W) S+ 2,)
(Mg=0)
N— g

~
Triplet and singlet 1
excited state ] W+Kg 5 T W4, H(HA)- H(B))
(13A,,) energies: b>5 ¥(A), H(B)
g W5 - :‘ K55 =Jaa = ap
a5 IKa,s"
—— — 934,)=Y H((A)+ HB))
as M=1,-1) (M;=0) ”
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6°-8*2 1A, , state configuration interaction

|65) [5°5)
—50,) 1T @ | -E Ky
w (68" | Koo 2W-E|
-H. 3(b,,) —5
& The & orbital energy has been
4 Ig 14 Ig chosen as the zero of energy.

E=W+ W+ K2,

Both configurations have 1A, symmetry and
since W is modest, the 6*2 configuration
contributes significantly to the ground state.

¥, = 5(1)5(2)[a1ﬁ ZJ; 10‘2J . 6*(1)6*(2)[a1ﬁ ZJEﬁ ‘az]

U 1
W I 55T = j5(1)6(2)75 8" @t = Kgpe =11~ ]
12

06%-8*2 1A, state configuration interaction

The lower energy solution is the ground state, ‘ng =c 55‘? 55 T Csn 5*‘}’ Sron

To get the coefficients plug the lower energy £ = ¥ — 4/ w2+ K;(s,, into

~E K s Css :{ 0 }
Kgse 2W—E || Cyuze 0

2 2
W AW KD Ky { Cs }:0

=
[172 2 Couse
K 5% W+\W"+K o %8
L. . . .. Coage w- W2 + K§§*
This yields the ratio of the configurational mixing %= ———=—
Cos Ksse

In the limit of weak overlap, Kz, > W, Soae (L— 1] —-1

Css Kissn
.. . 05*5* _K&g*
In the limit of big overlap, K, < W, -~ A -0

Css
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0%-8"2 1A, states - the weak overlap limit

In the limit of weak overlap, the configurational mixing becomes equal:
¥, (4,) > N2 (Y- ¥y,
Factoring the common spin part (keeping only the spatial part):

N2(¥ 5~ ¥,55) = %[6(1)6(2)— 6*(D6*@}(%]
Concentrating on the spatial part:
W5 = Fanse = (24D + 2,0) (2,20 + 2,2) = (2, D= 2,(D) (2D - 2,2))
W =W orse ~ (2,252 + 2,02, )+ 2, (02, (2)+ 1,(D5(2)
2,02+ 2,02, = 2, (D1, (2= 1,0 2,5(2))
Only the first terms survive, and we obtain the valence bond wavefunction:

‘Xlﬁz 7/310‘2
V2

v, (4,1 N2 (¥ —\Pé*é*)=%[h(1)xﬁ(z)+ZB(1);(A(2)]( ] (covalent)

If one works through the excited 'Alg state, it is the ionic terms that survive:

¥, (A ) YN (Vs + ¥ 050) = %[z,,a>x,,<®+m<1>m<2>][%} (ionic)

02-8%2: the 13A, states

The 4,, states can be written directly:

o,
3 _ 1 . . of,+ B«
\P(‘AZL,)—ﬁ[éaw @)-8(2)8°( | SR
BB,

LP(‘AZL,):%[&w*(zﬂ6(2)6*(1)}[%]

Concentrating on the spatial parts:

— : tripl
(2 4,) (2,04 2,0) (1,2~ 2,@)=(20+ 1,0) 2.2~ 2,0) :f:;ﬁ;

Only the covalent terms survive for the triplet; only the ionic terms survive for the singlet:

W<3Azl,>:%[mnxgm—x,g(lm(z)][%] (covalent)

\P(lAu):%D@‘(lwz)—xl,m)x,;(z)][“'ﬁ#f'ﬂ (ionic)
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“8—0* transition” in the 8% configuration
+ The dipole-allowed

Energy , transition is 1A, g
1 ‘ ’
WKt W21 v 04 A,,, which we’ve seen
WK, e wid,) to be more
' | complicated than the
WA Kse+lKe+ w212 fairly simply described
WKy — ¥4y 2B2g — 2A,, transition
ok ey 4 —Lw for a 8! configuration.
2x,5-4,-4,° Lhe ground state is

more covalent, the
excited state is more
ionic (but nonpolar!).

“8—8* transition” in the 8* configuration, cont.

The spectra we’ve seen
Energy | in the previous slides
indicate that 6 bond is
ek d v highly correlated, with
’ P the §-8* orbital
W Kerikie+ w22 splitting being perhaps
slightly smaller than
the e-e repulsion
between pairs of
2K;5=J,, 7, €lectrons in the MOs in
the quadruple bonds.

W+ K§5*+ WA ——¥,(4,)

W= K&f_ -1 (3A2u)

W-[Kye+ W12 —L—¥,(4,,)

AE=K st ,[WZ + K; 5+ FOT the spectra we've seen, AE =3I (i.e., the transition energy for the 5°

cases are about 3 times larger than for the §' cases.) That corresponds to W = %K&B* = %(JM =Jop)
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6%-8"2 1A, state configuration interaction

If we plug in K5 5, = 41 into the expression for configurational mixing,

3
e e L
we obtain ﬂ:4—9:——

C&S EW 2

This is also indicative of highly correlated bond, but one where overlap is still important.
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