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This spectroscopy exercise deals with the inteagicet of the visible spectrum of TigH)3* shown below.

Visible Absorption Spectrum of Ti|:H2'Oj|§Jr
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The analysis begins with the assumption that J0fg#* has octahedral, Osymmetry. This assumption accounts for the

gross features of the spectrum, but does not exfiiai shoulder that appears on the main absorpéak. The
hexaaquatitanium(lll) complex is orbitally degerierand is therefore subject to a Jahn-Teller distowhich reduces
the symmetry from octahedral to square planarilltag shown that [}, symmetry is fully consistent with the

experimental spectrum. The d-orbital energy leNafjrams for Qand D, symmetry are shown below and will be
referred to later in the analysis.
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On the basis of these energy level diagrams thewolg predictions would be plausible. For octatadymmetry
there is one electronic transition in the visitd@gion. For square planar symmetry there are twadrelgic transitions in
the visible region and one in the infrared. In &malysis that follows it will be shown that nonetloé predicted
electronic transitions is orbitally allowed, buethare observed through the agency of vibronic begipFurthermore
the square planar geometry is in better agreemiimtie experimental spectrum than octahedral sytnyme
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Because of the importance of vibronic couplinglex&onic transitions in this example the deterrioraof the
symmetry of the vibrational degrees of freedonsiseatial. In the vibrational analysis the wateatids will be treated as
composite entities. We will only consider the titan water molecule vibrational modes and ignoreititernal vibrations

of the water molecule.
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Thus we see that the vibrational modes have thewolg symmetry: Cuib = Agg+ Eg + Tog+ 2Ty + Ty
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Inspection of the character table shows that inloedral symmetry the degeneracy of the d-orbisadplit into a
three-fold degenerate,J(d,,, d,,, d ;) level and a two-fold degeneratg (8,2, d22) level. Electrostatic arguments (see

your general chemistry text) predict that t% [Evel is lower in energy. Thus, according to thmisdel T+ has one

d-electron in the ;I'glevel. As the spectrum above shows, the complegrabsn the visible region at 20,000 ¢1{%00
nm). However, the %> g transition is orbitally forbidden as is shown belo
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On the left we have the transition moment integrgdressed in the language of integral calculus gsgejuantum
chemistry text) and on the right we have the sarntegral in the group-theoretical vector-matrix esg@ntation.

In calculating the transition moment fogg'li--> = electronic transition it has been assumed thaetivas no change in

the vibrational state of the molecule. Howeveis ppossible for formally forbidden electronic trédims to become
allowed through coupling to changes in the vibradicstate of the molecule. In other words puretsdadc transitions do
not actually occur, because the vibrational (ardtianal) states of the molecule change at the $Bmee These are
called vibronic transitions and they are allowethéd integral shown below is nonzero.
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The calculations below show that vibronic transiianvolving the T,and T, vibrational modes are allowed because the

transition moment is not zero. It is important twenthat the ground states of all vibrational moafesll point groups
have A4 Symmetry. (See F. A. Cotto@hemical Applications of Group Theory, J. Wiley, 1963, p. 262.)
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The A, Ejand T,; modes do not provide vibrational assistance akasvn below.

00000000k 00000000+ 00000000k
Z OhLA (BT 1, TP g) Z OhLE,(Ey(T 1T 2g A1) Z Oy EgT 1T 2g A1)
=0 =0 =0
h h h

At this point we have shown that the vibrationagsisted 1> g electronic transition is allowed. However, the

shoulder on the experimental spectrum suggestrihed than one electronic transition is occuringhie next section
we will see that a reduction to square planar symymmder the Jahn-Teller effect leads to a d-atlghergy level
diagram that is consistent with the experimentatspim.
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Ti(H,0):3" - Square Planar Symmetry
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The Jahn-Teller effect predicts a tetragonal distorof the octahedral complex to the lowegg, Bquare planar

symmetry. The energy level diagram is shown abaasentially the ligands on the z-axis move in toMke titanium
ion, splitting the degeneracy of both the octaHe“ﬁiglground state and itsgléxcited state. Electrostatic arguments

provide a suitable rationale for the degeneraditisig) caused by the tetragonal distortion.
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b := 2+ Byg + Bog+ Eg + 2[Ry, + By + 3ME,

The Dy, energy level diagram shows three possible electtoansitions, one IR transition and two transisian visible

region of the spectrum. The following calculati@m®w that all three are formally forbidden. Agaiilaronic coupling is
invoked to explain the appearance of the two ed@dtrtransitions in the visible region.
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An A, or E, vibrational mode can provide vibronic coupling foe B, --> B, ; transition. Again it is important to recall
that the ground states of all vibrational mode:eh@l\é symmetry.

000000p000pO0C 0000000000000
Z[D4hD\1u[Blg Agy + Ey)BogAyg] Z[D4hEEutBlg[ﬁA2u + Ey) BogAg|
=1 =1
h h

A B, or E, vibrational mode can provide vibronic coupling foe B, --> A, transition.
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A close examination of the experimental spectrudiciates the presence of two electronic transit@fr@milar energy
(shoulder). So the energy level diagram and theowilb analysis are consistent with the actual spect

Primary reference: Daniel C. Harris and MichaeB@rtolucci, "Symmetry and Spectroscopy: An Intraiutto
Vibrational and Electronic Spectroscopy." Dover Ruahions, Inc., New York, 1989.
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