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SUMMARY

Resonance Raman spectra of manganese(III) etioporphyrin I com—
plexes have been obtained with laser excitation in the regions of the
Bands ITI and IV, and Bands V and Va of the atypical visible absorption
spectra of these metalloporphyrins. Excitation profiles in the latter
region are interpreted as indicating non-adiabatic coupling between V

and Va as well as vibronic activity of some totally symmetric modes.

The Raman data support assignment of Bands III and IV to the (-0 and

0-1 components of the Q band. Although Bands,V and Va are assigned to
a charge transfer transition mixed with the main m - 7% transition, no
selective enhancement of low frequency metal-ligand vibrations attribu-

table to the charge transfer contribution of Band V was observed.




CHAPTER I

INTRODUCTION

Review of the Problem

Résonance« Raman. spectroscopy has been used as a tool for probing
the electronic and wibrational structure which gives rise to the
atypical absorption spectrum of hyperporphyrins—-in particular, Mn(IIT)
eticporphyrin complexes. The typical electronic absorption spectrum
of a metalloporphyrin (Figure 1) displays an intense B (Soret) band at
24,000 cm-l and a weaker ( band at 18,000 cm—l.l’z A vibrationally
induced absorption band is observed on the high energy side of the Q
band. The electronic structure which p?odu?es these bands has been

1,3,4 2,4,6 On the other hand the

discussed by Gouterman and others.
optical absorxption spectrum of manganese(III) porphyrins (Figure 2) is
atypical in that two relatively strong "Soret-like'" absorptions are
found at 21,000 cn™l (Band V) and at 28,000 cm | (Band VI). Additional
weaker bands are also observed.in the 12,000 to 15,000 cm“} region.
The electronic origin of the Yextra" bands is not well understood in
manganese (III) porphyrins or in the closely related and biologically
relevant Fe(III) porphyrins, and for this reason laser Raman studies were
undertaken.

Since-Band. Viresidés=in a spectral region accessible to argon

and krypton ' ion laser irradiation and Bands III and IV are accessible

to dye-laser excitation frequencies, resonance Raman excitation profiles
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Figure 1. Absorption Spectrum of a Typical Metalleperphyrin: Copper =
(I1) Octaethylporphyrin in n-Hexane at Room Temperature
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can be employed to elucidate the nature of the excited states in
Mn{III) porphyrins. FExcitation profiles exhibit the dependence of
scattered light intensity for a porphyrin Raman line as a function of
the exciting laser frequency. Recently, Gaughan et al.7 obtained
resonance Raman spectra of Mn(IIT) tetraphenyl poerphyrin (Mia(ITI)TPP)
halide complexes.ﬁ??@ﬁ%#data is comparable to the present resulis for
Mn(ITT) etioporphrin I(Mn(III)EtioI)X where X = C1=, I , and SCN .

»

In recent reviews, Boucher—8 ? has suggested that Band V, and
either Band IiI or IV are charge transfer transitions ' from porphyrin
m-orbitals to metal d1T orbitals. This conclusion is based primarily
upon changes in Band V of the optical absorption spectrum as the axial
anion is changed. (See Figure 2.) Gaughan et al. interpreted their
data in favor of a charge transfer assignment for Band V based on its
ungsually rich low frequency Raman spectrum.

Initially, we too hoped to ohserve selective enhancement of low
frequency, metal-ligand mode Raman intensity upon excitation into Band
V, since assignment to a charge transfer transition has been proposed.
However, examinatien of the scattering tensor with charge transfer
states included (Chapter II) shows that upon excitation into a charge
transfer band, selective enhancement can occur for only those wvibrational
modes eontaining appreciable metal-nitrogen (Mn-N) character. Further
detailed theoretical considerations indicate selective enhancement of
lOW*fréquency'getaIALigand modes deoes not eccur in manganese(III) por-
phyrins upon excitation in Band V; furthermore, should weak selective

enhancement of metal-ligand vibrations actually occur, it would be




obscured by the strong Frank-Condon mede enhancement in Band V which

is independent of charge transfer character.

Organization of the Thesis

To outline the contents of the thesis and to emphasize the more
important results of the study, the content of each chapter is described.
briefly. In Chapter II the theory of Raman intensities is reviewed anrd
a derivation of the resonance Raman scattering tensor, including non-
adiabatic coupling of the crude Born-Oppenheimer states, is presented.
The expressien (equation (16)) is essentially'the one first derived by
Mingardi and Siebrand in 1975.10 Emphasis here is on the nonadiabatic
coupling term (20), since it is essential to understanding the unusual
behavior of excitation profiles in Band V of manganese(III} porphyrins.
Chapter II alsc contains introductory sections concerning the chemical
and electronic structure of typieal metalloporphyrins, and, in addition,
three sections are devoted to the application of the scattering tensor
(16) to vibronic borrowing of intensity im the absorption spectrum and
resonance Raman scattering in typical metalloporphyrins. ' Finally, the
model proposed for including the charge transfer states in.metallopor-
phyrins is presented, and the implications of this model for resonance
Raman scattering in these systems are discussed: In Chapter 1II the
details of sample preparation, description of the Raman scattering
apparatus, and experimental techniques are presentedy In Chapter IV
typical Raman spectra are displayed and their qualitative features
noted; howéver, emphasis here is on the excitation profilés provi&ed

by the Raman spectra obtained at different laser exciting frequencies.




In Chapter V the results of the resonance Raman study are discussed,

and emphasis is on three coneclusiens. (1) A consistent interpretation
of hyperporphyrin absorption spectra:sis arrived. at -afid‘is:based on.elec-
tronic band assignments suggested by the resonance Raman spectra of
Mn(III) and Cr(III) porphyrins, in conjunction with the conclusions

of Gouterman et al.11 on Cr(III)sporphyrin emission and absorption
spectra. {2) The importance of nonadiabatic coupling terms in the
Raman tensor in interpreting excitation profiles of Mn(III)} porphyrins
is shown, and (3) evidence based on the Band V excitation profiles

indicates vibronic activity of some totally symmetric modes.




CHAPTER II

THEORY

The Theory of Raman Intensities

The semi-classical theory of scattering of light by a single
particle based on second order perturbation theory was presented in 1925
by Kramers and Heisenberg,12 and later verified by Diracl3 on the basis
of radiation-field theory. The problem of scattering of light by poly-
atomic molecules was considered by Van Vleck,l4 who derived selection
rules for the vibrational Raman efféct, and Placzek,l5 who demonstrated
that the intensity of molecular Raman scattering arises from the depen-
dence of the ground state polarizability on the nuclear vibrations.
Albrechtlﬁ’17 extended the theory to ineclude vibronic. interactions by
using the crude Born-Oppenheimer states as a basis and expanding
(Herzberg-Teller 'expansion) the electronic integrals to first order in
the normal coordinates. These theories of Raman intensity do not apply
when the energy of the light impinging on the molecule is at or near
rescnance with an electwgnic transition.

It is clear that any theory of resonance transformation of light
which is based on second order time dependent perturbation theory, must

19,20

include damping, otherwise the expression for the transitien proba-

bilities will contain singularities due to the energy dememinators.
Inclusion of damping of states in tramsition probabilities was first

. 22
treated by Wigner and Weisskopf,21 and subsequently by Heitler and Ma,




3,24 using the resolvent formalism.25 Sushchinskii,26

or by cnthers2
employing an antihermitian damping operator which represents an addi-
tive part-df the interaction hamiltonian, arrived at the game results
obtained by the method of Heitler and Ma. Although the methed is claimed
to be unphysical because of the antihermitian property of the damping
hamiltonian,19 this objection can be remeved, since the antihermitian
damping hamiltonian can be shown27-to arise naturally from a hermitian
hamiltonian describing a randomly fluctuating interaction, say an inter-
action with the environment. Using the theory of multiplicative sto-
chastice processe528 the transition probabilities for transformation of

light by polyatomic molecules (to second order in the perturbation

theory) can be obtained with damping due to the random interaction included.

Here, the U-matrix formulation (as opposed to the S-matrix formulation)
0f the perturbation theory is used so as to include transient effects
which may be important near resonance.29 The result is formally identi-
cal to Sushchinskii's expressions; however, now the damping coefficients
are defined in terms of the statistical properties of the fluctuating

24,30 that S-matrix and U-matrix

interaction hamiltenian. It can be shown
theories give identical results for excitation into a sufficiently broad

. . . . . 10 . ,
quasicontinuum consisting of overlapping vibronic bands. This situation
is realized for excitation in the visible for metalleperphyrins at room
temperature; consequently, the transition rate, (equation (A-17)), whose
derivation is outlined in the Appendix provides the fundamental expres-

sion from which intensities for resonance Raman scattering are calculated

in terms of the Raman scattering tensor defimed by equation (1) below.




The Raman Scattering Tensor

The applicability of the expressions for resonance Raman intensi-
ties to metalloporph&rins rests on the approximations which are made.
The expressions presented below, were first derived by Mingardi and
Siébrandl0 and are rederived in order to indicate the approximations
inlierent in their theory. Further approximations are made here, and
their significance discussed. The expression for the Raman scattering
tensor which results will be used in a following section to drrive at
the predicted frequency dependence of Raman line intensities for typical
metalloporphyrins.

We begin with the scatteriﬁg tfensor, equation (A-18) in the
Appendix, |

.f<n’|B |i%x1|R [n> <n'|R_[i><i|R Jn>’]
) = By e] 8] + [¢] P

n'n i E'}--Eu'i'h_\)—il‘. “E.—E';'h\'),_ir-l (]:')
t n ot i n 2 i

(

o
po

where Ei and Fi are the energy and damping coefficient of the exact
melecular eigéné£ate |i>, Rp is the pth component of the electric dipdle
operator, and the summation is over all molecular states exXcept n and
n'. The subscript p = X, Y, Z, the coordinate axes in the molecular
frame.

Since the exact molecular eigemstates are not availabd@;s suitable
approkimiaté: states must be obtained. The adiabatic. Born-Oppenhéimer «=:-i

states are defined by,Bl

liu>* = |i>|uw> | (2)

where the electronic state {i> depends on the electronic coordinates q

and the nuclear coordinates Q; where the vibrational state .[u> depénds
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on the nuclear coordinates only.
If the nuclei were fixed (infimitely massive), then theselectrons

would satisfy the Schrodinger equationm,

He]i> = Ei(Q)li> (3)

where H =H =T . 1s the the electronic hamiltonian, and includes
e molecule N

the nuclear-nuclear, nuclear-electronic, and electronic repulsion poten-—

tials (VNN’ Ne® and Vee, respectively), and TN is the nuclear kinetic

energy operator. The electronic states |i>, satisfying (3), will depend
parametrically on the nuclear coordinates through VNE and Ve with VNN
entering the electronic Schrodinger equation as an additive constant.

With (2) and (3), the exact Schrodinger equation for the molecule becomes,

ETN(|1>|u>) - [1>TN|u>} + |i>fTN + E (@7 = Eiu|i>|u> (&)

where the term fi>TN|u>-is added énd subtracted on the left hand side.

The first term in the curly brackets gives three terms bilinear in the
derivatives with respect to the nuclear coordinates--one:zof these terms
exactly capcels the second term in the curly brackets. In a first approx—
imation, the two remaining terms can be neglected because of the smallness
of the amplitudes of the nuclear motion in comparison to the internuclear
distances,3l and (4) provides a Schrodinger equation for the vibrational

states |u> and the energy, Eiu’ of the Born-Oppenheimer state, |iu?},

[T, + Ei(Q)]|u> = E; |uw (5)

This says that the nucleéi move in the effective potential provided by
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the electronic energy, Ei(Q), which includes VNN' Conventionally, (5)
is solved by approximating Ei(Q) with a harmonic potential and trans-
forming to the normal mode coordinates. The wvibrational states are
then products of the individual normal mode state functions, i.e.,
|u> = EIUK) where the w, are the quantum numbers of the individual
harmon?c oscillator wave functions, and the vibratiomal energies are
given by & = thi .
U KK

The adiabatic Born-Oppenheimer approximation relies on the differ-
enice in response times of the electrons and nuclei due to the great dis-—
parity in the electronic and nuclear masses. Solution of (3) provides
the electrenic enérgied=and states under the physically reasonable assump-
tion that the nuclei are fixed, and (5) says that the nuclei move in the
effective potential which is the electronic energy of the relevant state
as a function of the nuclear coordinates.

An improved approximation for the melecular states includes the
operator which couples the adiabatic Born-Oppenheimer states to first
order in the perturbation. Making the harmonic oscillator approximation

for the vibrational states and transforming to the normal coordinates,

Q,, the molecular eigenstates can be approximated by

K
<x|<j|fT ([1>[0>) =[1>T [u>
Iiu? = li>|u> tJZZx: ‘ H:N g N ]Ij>lx> (6)

iu ix

(3,x#i,u)
where the matrix element is given by, T

<X|<j'|§[FN(\i>]ii‘>) - |i>TN|u>]= : (7)




12

i

SN 2 2 W27
- 2 A [l o) - alatiphots |

K iK BQK ' BQK

2 ’\
= - hZZ 1 [!5<x|<J| |1>|u> + <x|<J]aQ ]1>——|u>]
K MK QK

th
where Hig is the reduced mass associated with the Kt mode and the poten-

tial curve in the in electronic state. TIf the electronic matrix elements
are expanded about the symmetric equilibrium positions, QIE = 0 for all

electronic ground state normal modes, we obtain,

| Z 1 W2 |
1 . : 2 3T .ol
<x|<:?|‘[I‘N(I1>|U>) — I1>TN|u> = ﬁ q};{%(] |—§| 16§X|U>, ' (8)

X aQK

+ <j|

2
] | D s i) .19 '
frex|2—fix + 53 (—_—<J|T-|i>) <x|Q |u>
Q0 a0y T’ \%% aQE e C

+ ; (BQ J‘ |1 )O<x|QLaQ |u> + }

- f‘z_!z_z _ﬁ%_{[qu—— |23 z) 0 11>, (aq < l’ li>)0:|iX|u>
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st 3 |15]<X|QL8Q o

e
X

The second equality follows on expressing the electronic matrix in terms
of elements 11ke-<ﬂBQ [maﬂas far as possible,32 and on neglecting elec-
tronic matrix elements containing higher than second order derivatives
with respect to the nuclear coordinates. The subscript zero indicates
that the matrix elements are to be evaluated at Q = d.

Keeping only the term linear in <J| |1> in (8), and expanding
the electronic states, |i>, about Q = 0 we have to first order in

< ]’-2‘6—- i3, for (6),
K

W=WW+ZZM 151330 e (9)

S R
o Qe 3Q .
-hzzzzu- T,
i x K 41K iu ix
(J,X#l u)
and
L) X . :
<tu] = <algal - 2220 «ali-ligaulael, (10)
j K K
2 3 ]:|'><u’a ‘
R DI AL <]« ,
¥ Ky, K Ei - E, ? 0 '
(i, x%l u) u Ix
since —— is an anti-hermitian operator.
BQK

To obtain the electronic matrix elements appearing in (9) and
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(10) we need the electronic states ’i>. These are given by (3), which
can be solved in an approximate manner by expanding the electronic-nuclear
v
potential about Q-= 0 and by using the linear term, Z( Y. Q. *.ase:
5Qy ~Q=07K,

the perturbation. In employing the conventional treatment here, we dif=

Ne

fer from Mingardi and Siebrand.lo In terms of the state lia defined by
H (Q = 0)]ix = EC|1ix (11)
e 0 i'o’

the electronic state |i> to first order (Herzberg-Teller) is,

‘ , IIK
|i> = ’16 + Z § :TO_JLEQKL-% 1.3)
j#i K Ei - Ej

o K _ . |
where hji = {Qliaf,éggf“'““

_eZ
A
K, .. LTE Ty
Y oaa) =) sl X s > us)
o Zr;é A N Q=20 0

where rml is the distance between mth electron and the lth nucleus with

charge lee|. Using the states (12) the electronic matrix element

K
<j[6 |1> = ,__,;L___ +- linear and higher order terms 1 . (14)
BQ 0 0 L
E. - E. =27z therntclear. coordlnates)
i j Q 0
k
h,. .
=——Jdr - _
50 <i|2— IJO (1#3)
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From (14) it is obvious that only the second term in (8) will be linear
in h;i, so that (9) and (10) include all terms linear in h;i,
With (14) substituted into (9) and (10), and the harmonic

oscillator identity,lO

Q. iK%k, .-
<x‘36;4u> T A (sx,u-l_ﬁx,u+l)<x|QK|U>
N [ _Ei@iﬁ(a -8 y<u|q, x> (15)
BQK A u,x-1 u,xtl K ?

where wig is the angular frequency of the Kth mode for the ith electronic

level, we are now in a position to write down the scattering tensor té
first order in h;;. Due to the large energy denominater, the first term
in (1) can be neglected for—resoﬁénce excltation and the sum over states
in the last term can be restricted te those states ]iu> such that 7.
Eiu_Egﬁ;hv;‘Where ng = EgO + Ew’£§g0 P%i?% Ehg %ﬂ$¥$¥ gf EE% %g¥§§5
vibrational level of the electronic ground state |[g>, and €, the vibra-
tional energy of the wth level, With these simplifications the scattering

tensor at resonance can be written as,

= + +
(apo)vw ApU + BpU CpU + Dpc FDU (16)
S vl
Apc = - E. -E =hv-iT, a7
i u Tiu Tgvp iu
’ nX
I 1]
po HETTTA T @D (E, B —hv-ir, ) (18)
i3 iu gv iu

L
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x-{M;;M£3<v]u><u[QK[w> + M£;M52<G|QK|u5<u|w>

: v,Q [u><u|w> + Mo MP <v|u><u|Q |w>
PINMISET e e
i i K -

iu ng - hv - 1I‘iu)(Ej - Eg)

! . ] K
Yoo ZI‘ZU:ZJ;Z 2. = (20)

0 .
X (E —-EjJ(Eiu - Egv& - hy - lriu)

{4
ﬁ{%g%migng<VIU><u,Q |x><x|w\(6u %1 6u x+l)(E - ij)

)

— hoiMP w0 . . e _ -1
- ol ol el 6w - B }
nK
Too ” Z; 0 g—{ e S (21)
x K (E = E )( " Eew ~ hv Ew}Fig)'

X lel ig hm <v|Q>[x><xlu><u|w>(6 §Xﬁl;§ﬁ;xfll(Egv ij)

—~—

= TP Y B - -,
MgiMijhng<vlu><u|x)<xiQK|W>(6x,w—l Gi,w$1)<EgW ij) :}

1M

where M;? 5ipr|j6. The physical interpretation of the terms of (16)

will become clear when (16) is applied to Raman scattering in metallésm-

porphytins. The terms A, B, and C of {(16) correspond to the A, B, and C
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terms of Albrecht;17 however, the D and F terms, which result from the
first order nonadiabatic correction, do not appear in the earlier theory.

As’Yas® been pointed out,34 the conventional method of evaluating
gik%%%$ji ;%gmplbygdg int(11)-(14) must be used with caution. The energy
denomfﬁégor in (14) has been used by others to drastically reduce the
number of intermediate states contributing to the Raman scattering
through vibronic mixing, although in some cases systematic cancellation
for nearhy states may make coupling with states far away in energy non-
negligible., However, the method appears safe for metalloporphyrin
systems and has beenlretained hefe.

Another:.pelnt: that might be raised is whether terms with diagonal
matrix elements of the form <i$%6—[i§ are present, since they are
omitted in the sum appearing in the conventional expansien. (12), but are

not formally excluded in the forms. (9) -.ands«(10). for example. However,

if the conventional expansion (i.e. (12)) is appropriate, then diagonal

i} ’ .
35¢ AE

in (8). This differs from the recently ~ moedified theory of Peticolas206”

T 4 X .
terms do mot appear until second order in hij’ e.g. in the term <1L

in which diagonal coupling matrix elements appear at first order.
Thezexpression (16) with non-adiabatic coupling terms present (at

least to first order) represents an improvement in the Albrecht theory--

one which is essential in understanding the frequency - depéndénce’ of Raman

lifle inténsities for Mn(III) porphyrins.

Structure and Symmetry of Metalloporphyrins

Metalloporphyrins37 are metal ion containing macrocyclic tetra-

pyrrole structures which are formally derived from porphin by substi-
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tution of some of theeightﬁgépiphﬁﬁ%i;hy&rogehmaibm@fwiﬁhhﬂﬂriaushside
groups and the two imino hydrogens with the centrally located metal ion.
In metal etioporphyrin I (Figure 3) the 1, 3, 5, and 7 positions carry
methyl side chains, the 2, 4, 6, 8 positions carry ethyl side chains.

In manganese(IlI) etioporphyrin I complexes the Mn(III) ion requires an
additional negative valence ligand. These anions were chloride, iodide,
and thiocyanate radicals in the present study.

The symmetry of Mo(III)EtioIX is formally C,, however, the porphy-

4,

rin skeleton itself permits use of D symmetry classification. For

4h
comparison with other metalloporphyrin studies it is convenient to use
the higher symmetry labéls, although normal modes containing contribu-

tions from the peripheral substituents will reflect lower symmetry.

Metalloporphyrin Excited States

In this section we outline the pertinent features of low lying
excited states for metalloporphyrins having typical absorption spectra.
A four orbital model4 has been proposed by Gouterman on the basis of
melecular orbital calculations., The model is supported.by optical absorp-~

tion, emission,.and magnetic circular &ichroiSm(HCD) spectra and the

effects on the first two due to changes in the substituents.3’38

4,39

Molecular orbital calculations indicate the highest filled

molecular orbitals of the m-ring system to be non-degenerate orbitals of
symmetry alu(w) and azu(w). The lowest unfilled orbitals are doubly-
degenerate orbitals of eg(ﬂ*) symmetry. The ground state configuration
{a

uz(w), a uz(ﬂ)) gives rise to a molecular ground state of Alg symmetry;

1 2

the two singly excited configurations (alu(w), eg(ﬁ*)) and (azu(ﬂ),




Figure 3.

Structure of Manganese(ITI) Etioporphyrin I: The Anion
is Complexed to the Metal Above the Plane.{(M=Methyl, E=
Ethyl)
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eg(ﬂ*)) give rise to doubly-degenerate molecular states of Eu symmetry.
(Figure 4) 1In all molecular orbital calculations the azu(w) orbital
lies much higher than the alu(n) orbital. However, due to the crudeness
"of the calculations it is expected that the top filled orbitals are
actually much closer in energy. Thus, it is expected that the two
excited Eu molecular states are nearly degenerate (accidental), and,
consequently, they are strongly mixed via the interaction between the
é¢lectrons in the two configurations. The Eu molecular states, Q and B
(Figure 4), arising from the perturﬁation yield sharply different transi-
tion moments; the state B gaining most 6f the intensity, while intensity
in the Q band absorption occcurs primarily by wvibronic coupling33 to the

B'&aﬁd(Soret).ao (Figure 1)

Vibronic Coupling in Metalloporphyrins

In order to introduce the ijideas of vibrational coupling, we briefly

consider vibronic borrowing of intensity33 in' the absorption spectrum of
metalloporphyrins. Using arguments similar to those employed in deriving
the scattering tensor (16}, the transition dipole for absorption from the
lowest vibrational level of the ground state to an excited state vibra-

tional level can—be shown to be,

cule o>
<iu|Rp|g0>"‘= 5 <uj0> + 22 lg ii , (22)

=

where the symhols are defined as before, and the non-adiabatic contribu-
34 ] X
tion has been omitted. The contribution-to the absorption (or extinc-

tion coefficient, £} from the transition ]g0> - liu> is proportional to
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| <iu IRD |g0> | ?‘:‘r’

For the state Q the transition dipole Mg is smali, therefore, the

QG
first term in (22) is negligible for the |G0L> > ]Q1L> transition. Here

|G0L> > IQ1L> indicates the transition from the electronic ground state

. . . o . th
with no vibrational modes excitéd to the excited state Q where the L

mode is excited by one quantum; the occupation number of the other mode

is zero. 1In the second term, the energy denominator and MP favor nearby

jG

states j which are strongly allowed. For metalloporphyrins all states

in the sum over state in (22), except B, can be neglécted duye to (1) the
larger energy denominator and (2) the usually small (compared to B)
electronic transition dipole for other allowed 7 » w* states. (The pos-

sible symmetry types for m -+ w% orbitals--a b b, , and eg,

2u

are determined by the antisymmetry of # orbitals with respect to reflec-

1w’ %2u’ P1u’

tion in the X-Y plane of the moleculey. Thus, the possible molecular

states arising from singly-excited configurations are of Alg’ AZg’ Blg’

B2g’ and Eu symmetry, and of these only the Eu states are electrie di-

pole allowed.) In additions.metalloporphyrins have no permanent dipole

moment, and Mp p =X, Y, Z vanishes. As a consequence the transition

GG,
dipole for the 0-1 transition for the state Q and the Lth vibrational

(i.e. GO, ~ QlL) mode is,

L

0

s L 1
<Q1|RD|G0> z M;EhBQ<l[QLIO>[EB

O_
EQ] (23)

where we have assumed $<1|QK|O>I<<€ I<1+QL|@>|, (L#K), in keeping only

the Lth term in the sum-over normal modes. {(See helow.)
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Two predictigns result from (23): (1) a vibrationally induced
{(0-1) absorption band should appear on the high energy side of ‘the
GO » Q0 (0-0) transition (Figure }) and (2} a large contribution to the
absorption in the Q band should come from those vibrations effective in

coupling Q and B through h;( The 0-~0 absorption peak is called the «

Q.
band and the 0-1 peak the Btband.

The symmetry of the wibrations effective in coupling Q and B can

be determined from the matrix elements h;% defined by (13). The operator
‘avNe
¢ )i has the same symmetry in the space of the electrons that Q

has in the configuration+space of the nuclei.16 For h;; not to vanish,

the direct product of the irreducible representations to which the
states B and Q belong must contain the irreducible representation of the
th 41 .

K~ normal mode. Since both B and Q are Eu states, reference to a

character table for the group D gives,

4h

= = + + +
Iy X FQ Fey * Tag a1, * 3y, m-blg b2g’ (24)

that is, only vibrational modes of alg’ a blg’ and b symmetries can

2g’ 2g
couple the states Q and B. Thus, modes of these:symmetries contribute
to the 0-1 absorption band for the Q state. Furthermore, since the matrix

K . .
element, h p» appears in the resonance Raman scattering tensor (16}, this

Q
sélection: fuleralso determines whicéh vibrational modes will contribute
to the Raman scattering for all of the terms of (16).other than the A
term. In the eyelic polyene model of Perrin, Gouterman, and Perrin,40

only the non-~totally symmetric vibrations of aZg’ blg’ and b28 symmetry

are vibronically active. Although allowed group—theoretically, the alg
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vibration is inactive in this model which also discards bending modes.
Consideration of porphyrin rather than a sixteen membered cyclic polyene,
shows that it is feasible for pyrrole ring coordinates of a1g symmetry

to be vibronically active also. (Chapter V).

Resonance Raman Scattering in Metalloporphyrins

It has been demonstrated42 experimentally that vibrations effec-

tive in mixing Q and B states dominate the Raman spectrum in metallopor-

phyrins and in related heme proteins'for resonance excitation in the Q
band. On the other hand, it is the totally symmetric modes which dominate
the Raman spectrum upon excitation into the B (Soret) b.’:md..43 In this
sectiqn these general features of resonance Raman scattering in metallo-
porphyrins are examined in terms of the scattering tensor (16). The
polarization properties of the Raman active modes are alsoc considered.
Some simpljfication of the scattering tensor (16} is possible for
metalloporphyrin systems. First, the Q and B bands are each composed

of two degenerate states, Q_, QY’ and BX’ BY’ which form the basis for

X

an Eu representation of the D4h group. The components . of the states Q
and B can be labeled X and Y, since the pair bf coordinates X, Y trans-
form like Eu. As a consequence, the sum over the rescnant states 1 in
(1791f21)includes i= QXf QY for excitatien into the Q band, and includes

i= BX’ BY for resonance with the Soret.

Second, as in the previous section the lack of a permanent electric

0

dipole moment and the large energy denominator E? - EG

allows us. to

neglect -the .= terms C and F of (16) involving vibronic coupling with the

ground state. Third, the energy denominator Eg - Eg in the B and D terms




25

suggests that only nearby, strongly-allowed states need by considered in

the sum over states #. TFor example, since the B state is typically near
0

the state Q(Eg - EQ z 5000 cmﬁl) and strongly allowed, the terms with

j= BX’ BY dominate the sum over j for fesonance with the Q band. Finally,

~

the D term can prebably be neglected, since an extra factor of th/SOOO e

-1
cm = < l/3~appears in the D term but not in the B term.
With these simplifications the Raman scattering tensor for the
th - . .
fundamental of the L normal mode can be written as,

(o ) ¥ A + B (25)

where for resonance with the Q bBaind,

01 P M <l|u><u[0>
Ao - Z Z QG GQ Tho-IT (26)
Q‘QX.QY u Q Qu
, K
B _=- § : h :
po £ QB. |
Q=Qu>Qy u B=By,B, K 7o — (27)
(E -E )(E O-hv—quﬂ)

N
OG GB KtU><ul0>e

{Mg_?;_jllu><u|q |0> + MD o

s T

and similar expressions hold for excitation into the B band. In (25)=(27),
the zero temperature approximation (|w>=|0>, |v>=llL>) has been made,

and is appropriate since the frequency of the ¥wibrations of interest are
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greater than the thermal frequency, kT = 200 cm_l.

The qualitative features of Q band resonance Raman spectra can
now be explained in terms of the relative contribution to Raman scatter-
ing from the A and B terms (26) and (27). Ignoring the Frank-Condon
factors for the moment, we see that thée A term is proportional to
DIZ, whereas the B term is proportiomal to hK M GMB [EO—EO]_l.

QG GB QG BG" B Q

Since MQG<MEG’ it is conceivable that the extra energy denominator of
the B term (typically, Eg—Eg = 6000 cm_l) can be compensated by the
presence of the! larger transition dipole of the B state, provided the
vibronic coupling energy, hé;, is sufficient. This is actually the case
for metalloperphyrins when excitation is in the @ band absorption. As
a consequence, the B term of (25) dominates, and primarily non-totally
symnetric vibrations which couple B and ¢ dominate the Raman spectra.
This view is substantiated by estimates44 of the vibronic coupling energy
{4000 cmfl) in the related cobalamin complexes placing it close to the
energy gap between ( and B.

In contrast, upon excitation into the Soret band, it is the A
term contribution which is enhanced, since now the A term is quadratic
in the stronger transition dipole of the Soret band. Tor-there to be
an A term contribution at all, the potential curve of the ground state
must differ from the excited state potential curve, otherwise!<l|us<u|0>70
for all u due to orthogonality cof the harmonic oscillator wavefunctions
of the ground and excited States.45 Usually, the molecular distortion
in the excited state is totally symmetric and, as such can be resolved

into components aleng only the totally symmetric normal modes; hence,

only totally symmetric modes can gain intensity from the A terms. Indéed,

ey L

B e

ORI T TS
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it is the alg modes which dominate the Raman spectrum for Soret band res-
onance excitation.

We now turn to the polarization properties of the Raman active
modes. They symmetry of théﬁvibrafions appearing in the Raman spectrum
is obtained from these polarization properties of the Raman lines. The

depolarization ratio p is defined by

g = “J{ (28)

where Il_and I[’ are the scattered intensities polarized perpendicular
and parallel to the polarization cof the incident light. From tabulated46
tensor patterns for DAh symmetry (or directly from (25) and Table I},

the predicted depolarization ratio-for a mode of a given symmetry in

terms of the tensor invariants 5%, GG’ and 5H is,

—6F+4 GG-6H

P = ors s Fa Y (29)
2(8+8 +8..)

where the temsor invariants:are defined by

7 L ) ) (30)
PsC

Lo . o i‘__

K EZL (oo (4550 (31)

and

T .‘;ﬁ\'
O -—"pz:()’ (apc) (aup L e
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The tensor patterns for the Raman active modes (D4h symmetry) are:

(a ) = (33)
pO’ alg
— N j
I -
S Ea. ’{L n S 3 0
G ) =|-s. 0 0 (34)
pU aZg 3
0 0 0
o ]
S, 0 |
(« ), =(0 -s, of (35)
po blg 4 i
c 0 O
- - B
(@ . Z|lsz o of (36)
TN N i
o 0 0,

From the tensor patterns (33)-(36), the invariants Gf, GG’ and GH are
obtained from (30)-(32) for each symmetry, and (29) gives the depolari-~

zation ratio. The results are: P, = 1/8, P, == Py = 3/4.

lg 2g lg 2g

The a, vibrations are polarized (p); the a, vibrations are inversely

1g

(or anomalously) pélarized (ip or ap); and the b1g and b2g vibrations

2g

are depolarized (dp).

Examination of the character table for the group D4h shows that

the tensor components Oy and aYZ belong to the-ﬁ% representation;




29

therefore, modes of this symmetry may be Raman active, in addition to the

aig, a2g’ blg’ and ng

derive intensity by coupling an EG state with states of Alg’ A2g’ B

modes which couple Eu states. Modes of ég symmetry
1g’ or
BZg” symmetry. For metalloporphyrins, states of the required symmetry
are not sufficiently near the Q and B states, for Raman scattering from
coupling with these states to be of the same magnitude as scattering due

to @-B coupling. For eg vibrational modes the depolarization ratio

varies between 3/4 away from resonance to a possible resonance value of 2.

Frequency Dependence of Raman Intensities

in Metallcporphyrins

Before examining resonance Raman scattering in atypical metallo-
porphyrins such as Mn(III) porphyrins, and, in particular, the dependence
of Raman intensities on the frequency of the exciting radiation, it is
of interest to see how the Raman frequency dependence is obtained from
(25) for typical metalloporphyrins.47 For excitation in the Q band re=:
gion, (25) holds with A and B terms given by (26) and (27). TFirst,
consider a vibration which drives its intensity from the B term. These
vibrations, called Herzberg-Teller modes,are primarily the non-totally
symmetric modes. The frequency dependence is contained in the energy
denominators of the terms in the sums indicated in (27). In principle
the frequency dependence may be quite complicated. Forfunately, the
Frank-Condon factors and transition moments in the numerator determine
which terms in the sum over u and K will be most significant. Assuming
the potential curves for the Lth normal mode in the ground state and

the state @ are identical, all terms in the sum over K vanish except
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for u = 0, 1 due to orthogonality of the harmonic oscillator wavefunctions.

In this case (27) reduces to

lEQl Egy~hv- 1PQ1 (37

QO GO ~hv- 1PQ0
Given the symmetry of the vibration further simplification47 is
possible. In the next section, the symmetry required for a normal mode
to couple QX’ QY, BX’ and BY by one-electron operators, such as hL, are
determined, and displayed in Table I in terms of the one-electron matrix
elements. For example, from Table.I, h = hLB , and hL = 0

QyBy QyBy QB

otherwise, for an azg vibration. In’addltlon, transition moments like

Y . ] . .
MQXG = 0<QX‘RYIG5 = 0, since RYIGi} and QX%) transform like different
rows of the same unitary representation,41

With these additional simplifications the XY tensor component for

an a2g mode becomes,

ho.8. Mo en
N o 1 1 (38)
i Eg—Eg Eqo Eeo™ o0 EquEeo M= TTor
Also, note that B = BL d BL =0 o # X, Y, (i.e. the scatterin
3 YX = Pxy an os - 0? p s 1, €. e g

tensor is antisymmetric for an a2g mode as in (34)).

For the a, , b, , and b, wvibrations a similar expression holds,
1g lg 2g R r
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except a + sign occurs between the two terms in (38). From the Appendix:
equation (A-17), the intensity IB for a Herzberg-Teller mode is por-

portional to I [BL [2. Figure 5 .shows a plot of
p 0" o

1 1 2
The-ir. 1 E =il

I =
EqoFeo Qo Ql_EGO 01

B i

(39)

where the upper (lower) sign holds for a blg’ and bzg (aZg) modes.

1g’
The minus (plus) sign results in more (less) intensity between the 0-0
and 0-1 maxima and shifts these peaks toward (away from) each other,
Note that the 0-0 and 0-1 intensities are equal.

In arriving at these results we have assumed the potential curves
in the states G and Q are identical. This assumption is supported by
the near equality of the wvibrational frequencies for the ground state and
the state Q.48 Furthermore, only a very small shift in the equilibrium
position is expected for non-—totally symm,etric'modes.44

For modes which derive intensity from the A term, called Frank-
Condon modes, the Frank;Condon-factors again determine which 6f the terms

. . . 4 .
in the sum over u are significant. ! Primarily a, modes acquire inten-

lg
sity from the A term, since it is usually along these modes that the
molecule is distorted in the excited state. The frequencies of the

Raman active alg vibrations in the ground state and the state Q are nearly
equal; however, a small shift in the equilib¥ium position of the poten-
tial curves is expected.. In a study of the cobalamin compl.exes44 the
shift, A, for the 1502 cmﬁl;Raman mode was found to be 0.35 in dimen-

' jmKwK

dionless é%éfé&ﬁaééé‘gk = ;EE—QK, where wﬁ is the angular frequency in

both the ground state®and the' excited state énd:mk is' the mass associated
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with the Kth normal mode. 1In these coordinates the root mean sqﬁﬁre-

displacement, (<£§>9%§'for the lowest vibrational level is equal to one.
In order to determine which of the terms in the sum over vibra-

tional levels is largest in (17), the Frank-Condon factors are calculated

assuming a shift, A in the equilibrium position, and iassuming the

K,
vibrational frequency in the ground and excited states is the same.

Under these assumptions the harmonic escillator wave functions are:

2_ﬁ -

tk (40)

(Eelv) = N, By (O e

for the ground state, and in the excited state,
€ Juy = x B (-t e GO’ 1)
S - W U K K

where HUK(EK) is the uKth Hermite polynomial’® and” N is the normali-

u
zation constant JFZCEﬁk[.

The overlap factor (u 49

KIVK) for the Kth normal mode is calculated

from (40) and (41),

+v_—-2m
1 a2y min(u, v, ), . v, -m to t Yk
3 A2 K G R Mg v 1A

(uy v = (uetv ) e >

m

"~ (upmm) It (v, —m) ! (42)

which For Vg = 0, becomes,

QMg = (g e (43)
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and for VK =1,

2
= 1 a -
QMg = (ol e K[UKAK by (44)
From (43) and (44) it is clear that the overlap factors go rapidly to
zero as u. increasesif the shift AK is less than unity. For example,
if A = 0.5,the ratio-of (2|0) to (0]0) is already 0.18.
The Frank-Condon factors appearing in (17) or (26) can be written

in terms of (43) and (44) as,

<1]u><u]0> = (llu.L)(uL|0)H(0 “K)(“K|°) -y )(uL|0)F S (ss)

From (45) it is observed that the 1argestfféfméiéf§:£hééé'fér*;ﬂizﬁfdi~
maximum number of the overlap factors (uK|VK) appear with U= Vi Two
terms will be large--the terms with U = 0 and 1, with u, = 0 for

K. # L. Neglecting all but these two terms, the intensity from the A term

is proportional to

- |g(1_';’qg}il_'?;c + 601% ;0[0; | (46)
g1 Beo™ ™ iy EgomBgoThv il '
HTEON Mg
N Q(llOlG' -hv ir - ~hy-il
Ql Eeo Q1 EqoEco Qo
_ fr\ll )
a? 1-4 1 2
= de g it T EE —heir
Fo17Feo 0l Q0 "GO Q1

For A<l, the frequency dependence for a Frank-Condon mode from (46)
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is similar to that for an aZg mode (see Figure 5), since the sigh
between terms is minus. Howewer, the intensity at the 0-1 peak must
be less than at the 0-0 peak since the numerators are unequal in this

case, and the ratic of the 0-0 and 0-1 intensities may provide an esti-

mate of the shifts in the potential curves.

Inclusion of Charge Transfer States

For the atypical metallophorphyrins, e.g. Cr(III), Fe(III), and
Mn(III) peorphyrins, extra bands appear in the optical:absorption spectrum, i
which are not attributable to the @ and B states of typical metallopor-
phyrins. These bands may arise from low lying transitions from porphyrin
moleculdr-erbitals-to-metal~orbitals:er’fromzmetal-to-porphyrin transi-
tions, i.e. charge transfer transitions. 1In a recent study of the Cr(III}, 3
Mn(III), and Fe(III) hyperporphyrins Gouterman.gg_él.llhoffered band
assignments for the Cr(III) porphyrin. absorption spectra. Arguments
advanced there show that the iterative extended Huckel calculations
considerably underestimate the energy of charge transfer transitions,

If, contrary to the calculation for Cr(III) porphyrins, the charge trans-
fer states (alp(ﬂ), azu(w) - eg(dﬂ)) were higher in energy than the

T =+ 7% states (alu(ﬂ), azu(ﬂ) > eg(ﬂ*)), then the authors obtained =z
consistent interpretation of Cr(III) porphyrin emission and absorption i
spectra. They proposed that Band V in the absorption spectra of Cr(III)
complexes is mainly Soret-like, while the near uv bands contain appre-
ciable azu(ﬂ), alu(W) > eg(dﬁ) charge transfer character. These arguments
were extended to Mn(TII) ¢empiexes, placing the~ehergy of ‘thé porphyrir-to-

*
metal dﬂ transition near that of the m % ® state, Figure 6. It is
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proposed that the four configurations of Eu Symme try arié%%g frpm the
promotions azu(ﬂ), alufﬂ) > eg(ﬁ*) and‘azu(w), alu(w) > eé(d ) suffer
configuration interaction (CI) to vield the states evidént in bands III,
v, Va’ and VI of the Mn(III) porphyrin absorption spectrum (Figure 2}.
This "8-orbital model" is developed in this section and the qualitative
features of resonance Raman scattering for such a system are discussed.

Boucher has proposed8’9 that some of Band III-VI and Va correspond
to the allowed cut-ef-plane charge transfer transition, aéu(ﬂ) - alg(dZZ),
and the in-plane transitions, béﬁ(w?, aéu(ﬂ) > eg(dﬂ), where the primed
orbitals are the next-~to-highest filled w-orbitals. If the in-plane
charge transfer transitions proposed by Boucher mix with the 7 > w*
transitions, then the Raman scattering differs from the model proposed
and discussed here in this section. 1In view of this difference the donor
orbitals may be distinguishable by resonénce Raman studies.

The resonance Raman scattering amplitades for non~totally symmettic
modes are determined by the wibrational coupling matrix elements
0<i|(3§Ne/$QK)0|j6 where ’16 and [j% are the CI mixed molecular states,
We employ as basis for liﬁ a 50-50 mixture of singly excited configura-
tions which represent Q and B states and use this ratio as well for
charge transfer states C and D. The states [16 are multielectron Slater
determinants of the spin molecular orbitals. However, in writing ex-
pressions for the states only the partially filled orbitals are showm

explicitly; the X-components of the two n - ¥ states are:

I8 = @ %

X

2ufe) = (Bruey)] (472)




o = @ Fllayge ) + (a e )]

1ueéY

and, the X-components of the charge transfer states are:

[ap]
V4
i

=%
£ =@ 2[(a2udXZ) - (a; dyp)]

-3

=)
RV
3]

(2) “l{a, dyy) = (ay,dyz)]

For the Y-components of B and Q,

= (2)‘5[(32Eg

W
v
i

St O

_ oy ,
Qp> = (@) Plag e ) - (ap e 1

and, the Y-components of the charge transfer states C and D are:
o> = (2 % + ¢ d
leg> = () Play dyy) + (agdyy)]

= () " (ay 4y, - (ay,dp,)]

o
v
11}

2udYZ

1 _
. _ o 5 = :
with (aludXZ) = (2) (IaludXZI IaludXZI) where the bar denotes a B

spin-orbital in the determinant. Similar expressions hold for the o

configurations.
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(47b)

(48a)

(48b)

(4£9a)

(49b)

{(50a)

(50b)

ther

Symmetries of one-electron operators which yield non-zero matrix

elements are displayed in Table I. Perturbing operators which couple

porphyrin 7 molecular orbitals are underlined, those that involve at

least one metal-centered orbital (dXZ’ dYZ) are net. The table is




*
Tablse 1. Symmetries Required to Mix States (Before CI) by One-Electron Perturbations *

B, B Q

X Y X Y X Y X Y
BX (-al + a; ) 0 (-al" + b1 ) (32 + b2 ) alg 0 blg ng
By (-al +a’ ) (-8, + b2 ) (-a1 - b1 )] 0 alg ng blg
QX (-alg + alg) 0] blg ng alg 0
[
! &y -8y * 31g) Bag Plg 0 e
K K
a, = 4f<a, |h |a, >t<a |h |a, >] _ . PR
CX 1g 1u 1lu 2u 2u { a, + alg) 0 { aj + blg) (a2 + ng
K K .
s = < < h
ajg = lcegyin|epprtce, {hile 2]
c P K B K . - - - —att -
¥ |ats 55[<azu]h |a2u> <a1u]h |a1u>] (-a,, + alg) (-a, + ng) { Al big
- K K —E =& 2.
LI lz[<egx|h legx> <ngIh |eﬁ>]
D K
2 h - + a’
X [ by <e |t leg, (-ay, +apy) 0
b, g T <Ay lhilay .
(-al alg
* One-glectrop matrix element not involving metal orbitals are underlined.
+ The table ie symmetric,

6t
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BV »
obtained by forming the matrix elements of BQ *r with states from a
row and column. For example, the Slater determlnate representing the
state IBY> is,
|By> = {I lalaZeYl = l2jajaey| + fajza el - |=§2§z%i‘?xl} (1)
' !
and, [QX> is given by, i
-31@2} {[al laZEXI lalalazex| + |azazaleY| - ‘azaz‘leYJ} “(52)
Substituting (51) and (52) into the matrix element
av
: Ne
<B. I(BQ )lQ > gives,
<BY| W o |QX> = <B‘| ; h (m)lQi>’§= %{4<nglh _l‘E‘_\gX> - 4<alu|h |82u>(53)

where .

other matrix elements in the

e |h |e o - d<ap [0, >4

JBifﬂégonali£§:6f'Ehefﬁéiétﬁiéri6}ﬂiééi;mﬁéé”béeﬁ:ﬁéed. < In

Table, one-electron matrix elements arising =

from other than the top=most four electrons cancel term-by-term.

The

expression for the diagonal elements in the table is obtained when the |
ground state perturbation energy is taken as zero. The last equality

gives the symmetry of the modes which can give a non-vanishing one-electron
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matrix element, and, hence, couple [BX> and |QX>: For instance, |egX)
transforms like X; |ng) transforms like Y; therefore, a nopn-zero matrix
element can result if the normal mode transforms like the product XY,
which belongs to the b2g representation.

Unless a vibration contains a significant contribution from a
metal-nitrogen stretch, one-electron integrals of the form delhKldﬁ>,
<dﬁlhK|alu>’ or <dw|hK|a2u> will be small compared to those involving
porphyrin 7 orbitals alone, e. g. <a1ﬁ1h£lalu>’ ete. This arises (1)
from the form of the one-electron coupling operator (Eq. 13), (2) from
the localized character offthe metal orbitals which results in diminished
overlap between metal and porphyrin 7 orbitals, and (3) the small con-
tribution from Mn-N stretching for Raman active:modes. Zerner and
GOuterﬁanSO have neoted that dw orbitals of transition metals will mix
with perphyrin eg(v*) orbitals; however, the acceptor molecular orbitals
are 85-95% metal and are not significantly delocalized beyond the pyrrodle
nitregens. Furthermore, preliminary calculations of Raman active modes51
and metal isotope shifts of infrared active wibrations (200—40Q¢c&i1)52
suggest small (15%) contributions from v{(Mn~N), even at low frequencies.

To see that one electron integrals involving the metal orbitals

may indeed be small, consider, for example, the one-electron mattix

element;l
K T % - > K~> o >
<d,. |hje > E./; (r.)x. (r,)h (r,)dr, (54)
XZ gX dXz i egX i i i

where
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[aﬁ Q)
| 3Q,
(0)13

zotr. ) —eZ (?.-ﬁ""(on-
@) = X ———-( i Y
o o

Q=0 {55)

m 'z, -

> -
where ri is the position of the ith electron and R (QK) is the position
th —+

T,

of the m nucleus in the molecular frame. Xd ( ) are the molecular
orbital wavefunctions., There can be a contribution to the integral

from only the region of the moleculerfor which the orbitals overlap.

If hK(?i) is negligible in the overlap region, then the inegral will
vanish., In the present case the molecular orbitals are localized in
different regions of the moleculey,and the overlap region is small com—
pared to the size of the molecule. That is, the region of integration
is (54) 1is restricted to the metal-nitrogen bond region. In addition,
the nuclei neighboring the overlap region are favored in the sum in (55).

Unless there is a normal mode which involves considerable metal and

nitrogen movement for a displacement along the normal coordinate,
=
3R(Q)
3 ""‘.‘
O Qz0-

small in the region of integration.

will be small; <d [h [e & Will be small, since s (r ) is

‘ Totally symmetric vibrations which dominate the resonance Raman
spectrum upeon Band V excitation of Mn(III)EtiolIX, are thought to originate
ftom the A term, as is the case for resonance excitation in the Soret

band. Therefore, no information concerning vibrenic coupling in C or

4y

symmetry groups is discernible from a intensities with only Band V

Psn 1g
excitation. On the other hand, non-totally symmetric modes require

interaction between excited electronic states and examination of Table 1

yields the following conclusions: (1) vibroniec coupling between [C> and




|D> will result in a (polarized) and a {anomalously polarized)

lg 2g

vibrations but not depolarized lines, and (2) to obtain depolarized
lines, either |B> or IQ? must be present in |V> following configuration
interaction.

One more point should be made. 1If, as Boucher has proposed, the
donor orbitals are the next-to-highest filled m orbitals, then depolar=-
ized modes will vibronically couple pure charge transfer states, but

anomalously polarized (aZg) modes will not.
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CHAPTER ITI

EXPERIMENTAL

The Samples

Manganese(III) Etioperphyrin I acetate was prgpared8 by reflux=
ing (4 hours) theetﬁoporphyfinl free base in glacial acetic in the
presence of air. Replacement of‘aéétate by the thiocyanate was carried
out in acetic acid/HZO with excess KNCS present and the Mn(IIT)EtioNCS
complex was crystallized from this solvent. The thiocyanate complex
was synthesized by L. D. Spaulding. The Mn(III) eticporphyrin I icdide
complex, prepared in the same manner using excess KI, was repeatedly

recrystallized from a'CH Clz/hexanes solution. The €1 complex was

2

prepared by washing a CH2C12 solution of Mn(III)Etio(CH3C00_) with

aqueous HC1l, followed by recrystallization from CH2C12ecyclohexane.
5,10,15,20-tetraphenylporphyrin Cr(III) chloride (Cr{III)TPPCl)
was prepared by dissolving under nitrogen 1 gm of the free base pors.
phyrin in 250 ml of N,N'-dimethylformamide. To this solution 500 mg
of chromous acetate in 150 ml of DMF, prepared anerobically, was added
slowly as the temperature of the reaction mixture was raised to 100°C.
The reaction was monitored spectrophotometrically until the Soret band
of the free base had disappeared; it was then quenched by pouring the
DMF solution onto ice. The metalloporphyrin was extracted with CH2C12’

washed with water and taken to dryness. The porphyrin was chromato-

graphed on neutral alumina with 1) benzene, and 2) 1% methanol in
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CH2C12. Percentage by weight for C,H,N, and Cl were calculated for
. CrTPPC1, CrC44H28N401: C,75.48; H,4.03; N,8.00; C1,5.06; for
CrTPPCl-CH3OH, CrC45H32N4001: C,73.81; H,4.41; N,7.65; Cl1,4.84.

Elemental analysis gave the values C,74.24; H,4.33; N,7.91; C€1,5.03.
The optical absorption spectrum agrees well with that reported by
Gouterman et al.ll The Cr(III)TPPC]1 sample was prepared by L. D.

Cheung.

The Raman Scattering Apparatus

The spectra were obtained with the standard Raman scattering
arrangement shown in Figure 7. The apparatus consists .of (1} an exci-
tation source and optics for preparing the incident beam characteris+’
tics, (2) the sample, (3) the optics for collecting the scattered
light, (4) the spectrometer and detector, and (5) the pheton counting
and data storage electronics. With the exception of one spectrum taken
with the Georgia Tech School of Chemistry Kr+ laser and Raman scatter-
ing apparatus, all spectra were taken with the School of Physics Raman
scattering apparatus.

The exciting radiation sources were provided by a Coherent Radia-
tion (Model 52) Argon ion laser, a Krypton ion laser (Model 500K), and
an Ar+ laser-pumped Spectra Physics dye laser (Model 390). The Ar+
laser had an output of 1.2 watts (at 28 amperes) at 514.5 nm polarized
vertically with respect to-the laboratory. Later, the CR-2 Ar+ laser
tube was replaced by the CR-3 tube; the output pewer at 514.5 nm was
1.4 watts (at 28 amperes). The dye laser power with Rhodamine 6G as

the flourescent dye was typically 200 mw at 580.0 nm when pumping at

it
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2 watts for all lines of the Ar+ laser.

The incident laser Beam was directed- through narrow band inter-—
ference filters (FWHM = 10 nm) to remove plasma emissidn-lines, origi~
nating from the laser tube, and residual pumping radiation from the dye
laser beam. In additien, a 560.0 nm sharp cut (short wavelength
absorbing, long wavelength transmitting) filter was needed to remove
pump laser radiation. For some laser lines neutral density filters
reduced the inéident power below 200 mw to avoid local heating and
photodecomposition of the colored samples.

The prepared laser beam, initially herizontal, was directed
upward by a mirrer, focused inte the sampie by a 60 mm fecal length lens
located above the mirror, and the scattering column aligned parallel
to the vertical entrance slit of the spectrometer. The rotating sample
cell and collecting optics for 90° scattering geometry is shown in
Figure 8. For solution samples the rotating cell (Figure 8) was a
3/4" diameter pyrex glass cell fabricated by Dell Optics. The upper
portion of the cell was solid except for a small ecentral channel so
that the spinning liquid was confined to the lower portion allowing
small volumes to be analyzed (typicallyr<1 ml). A Teflon stopper and
silicone wacuum grease sealed the cell to prevent a change in concen-
tration through evaporation. The cell was-retained in a brass holder
by two O-rings. The cell, rotated at 3400 rpm by an AC motor, was
positioneq so that the scattering column was in the solution approxi-
mately 0.15 mm from the cylindrical surface of the cell. The error

in positioning the cell is less than 0.10 mm,
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Solid sample pellets were rotated on a 3/4" diameter aluminum
platform. The sample pellets (typiecally 1/2" in diameter and 2 mm
thick) were held in place by a Teflon retainer which slipped snugly
over the outside of the platform. The sample was exposed through a
3/8" diameter hole in the retaine¥ and oriented so that the incident
beam and the Surface of the pellet formed a 10° angle.

The scattering column was imaged on the entrance slit of the
spectrometer by the collecting lens. A polarization scrambler, placed
in front of the entrance slit, insured the response of the-spectrometer
and detector would be independent of the pelarization of the scattered
light. For some spectra the scattered light was analyzed into its
parallel: (I||) and perpendicular (Il? components with respect to the
incident polarization by a polarizer (HN-22 Polaroid sheet) placed
between the collecting lens and the scrambler.

The spectrometer was a 3/4 meter Spex CGzerny-Turner double mono-—
chrometer (Model 1401). Two monochrometers were necessary to reduce
the Rayleigh scattered component sufficiently to observe the Raman
gspectrum. The replica gratings had 1200 grooves/mm and were blazed at
500.0 nm. The instrument dispersion was 0.55 nm/mm. Typical entrance,
intermediate, and exit slit widths were 250, 250, and 250 microns, and
the entrance slit héight was 10 mm for solution samples. For solid
saﬁples typical slit widths were 400, 400, 400 microns, and the entrance
slit height was 5 mm.

Scattered light from the exit slit of the spectrometer was de-

tected.’by an ITT Startracker (Model FW 130) photomultiplier tube (PMI)
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with an effective photocathode surface of rectangular shape (10 mm
x 2 mm). The PMT had an extended red sensitivity surface ($-20) and
was operated at -1300 volts by a Tennelec (Model AEC-100) power supply.
By cooling to =20°C with a Producté for Research (Model TE-104) thermo-—
electrically refrigerated chamber, the PMT dark count was lowered from
120 counts/sec:at room temperature to 3 counts/sec.

The pulses from the PMT formed the input of a Nuclear Data (model
520) preamplifier-amplifier-discriminator (PAD} unit. Imput pulses
above a threshold determined by the discriminator setting trigger uni-
form 1 usec pulses. These pulses were counted by a dual scaler con-
structed at the School of Physics for this purpose.

Data acquisition and spectrometer operation were controlled by
a Digital Equipment Corporation (Model PDP 8/f) computer. A spectrum
was obtained by counting pulses from the PAD for specified time intervals
(typically 1-5 sec). At the end of the time interwval the number of
pulses accumulated by the scaler was stored in computer memory, and
simultaneously displayed on a Tektronix (Model 604) oscilloscope. The
computer then generated the pulses required for 2 stepping motor to
increment the gratings (1 cm_lfincrementﬂ, the scaler was cleared, and
counting restarted. “Up to 2048(4 quadrants) of data points could be
stored and displayed.

Spectra could be stored graphically and digitally. Spectra were
plotted on a Metagraphics x-y plotter interfaced tc the computer, and
punched onto paper tape for permanent storage. The spectra could then

be retrieved via a high speed reader for usegwith the data manipulation
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and analysis programs available. The necessary programs were written

by Kenneth Everett.

Methods

Exciting lines from the Ar+ and Kr+ lasers were employed in
the study of Band V of the NCS and I Mn(III)Etiol complexes. Exciting
frequencies 560.0 nm to 620.0 nm in the region of Bands IIT and IV were
provided by the Rhodamine 6G dye laser.

Resonance Raman spectra of Mn(III)EtioCl were obtained for irra-
diation at frequencies near Bands III and IV. The sample was a single
pressed pellet of ~2 mg of Mn(ITI)EtioCl in a 3:7 mixtpre of Nazwo4
and KBr. The sodium tungstate was included to provide a standard
(934 cmfl Woz line) for the inecident light intensity at the sample.

The pellet was constructed by grinding the mixture with an
agate mortar and pestel until a tGniform:fine powder was attained. The
mixture was then pressed in a standard 1/2" diameter infrared pellet
die for two minutes at 19,000 lbs/in2 pressure.

During recording of the spectra a stream of dry N, prevented

2
deterioration of the deliquesent pellet. This solid.sample was required
since solutions of the manganese complexes fluoresced weakly at the
dye laser wavelengths. Repeated attempts to purify the porphyrin by:
recrystallization did not appreciably reduce the fluorescence.

When. exeited in the vicinity of Band V, however, Mn(III)EtioX,

X -= MCS , and I , dissolved in CHC1,, CDCl,, CH,Cl,, or CS, did not

3’ 2

exhibit interfering fluorescence. The solvents provided reference

lines in the Raman spectra at 1220 cm—l (CHC13), 908 cm*l (CDC13),
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-1 - - -
287 cm (CH2C12) and 802 cm l(CSZ)' The concentration was 10 4410 3

molar,

No decomposition was noted in the solid and solution samples
of MoEtioX, X = Cl1 , NCS . Decomposition of CrTPPCl or MnEtio-was
noted with laser irradiation in air saturated samples. The decomposi-
tion appears-to be photooxidation, and irradiation of anerobic samples
followed by measurement of the electronic abseorption spectra showed no
or minimal changes under these conditions. Even with these precautions
a slow alteration df the optical absorption spectrum of the iedide
complex was observed.

The Cary {(Model 14) spectrophotometer was employed for the -

ahsorption spectra.
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CHAPTER IV

RESULTS

Raman Spectra

Resonance Raman spectra of Mn{III} etioporphyrin complexes were
obtained for the purpose of constructing excitation profiles for selected

Raman lines., The spectra required are I III + FL (taken without

TOTAL
the polarizer); in addition, I’l and ;l‘Raman spectra provided the
polarization properties of the Raman lines. In this section typical
Raman spectra of Mn(ITI)EtiolX obtained under various excitation condi-
tions are displayed (Figures 9,10,11,12) and the qualitative features
of the spectra are discussed. 1In the next section the experimental
excitation profiles for selected Raman lines are presented.

The resonance Raman spectrum of Mn{III)EtiocICl in a 30% N32W02-

KBr pellet, displayed in Figure 9, is typical of spectra obtained when

_the exe¢iting frequency: resides in Bands III and IV. For samples in
pellet form, the depelarization ratio of a Raman line is not quantita-
tively reliable due te scrambling of the polarization by the solid
matrix; however, the depolarization ratio is accurate enough to deter-
mine the symmetry of most of the wvibrations by inspection of the Ill
and Ii_intensities for the line, For the 1313 cm'—l line in Figure 9,
FL is greater than Ill (using peak heights); therefore, p for this line
is greater thanm one and the line is anomalously polarized. It is con-

cluded from these depolarization ratios that non-totally symmetric modes

dominate the Band III and IV Raman spectra.
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Figure 12.

Resonance Raman Spectrum (I and § ) of Chromium(ITI)
Tetraphenyl Porphyrin in Methylene Chloride:

at 457.9 nm Near B:Band(Band V) Maximum
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Upon excitation in the Band V region of the Mn(III)EtioI thio-
cyanate and +fodide complexes in solutions, (Figures 10 and 11, respec-
tively) the polarized lines are déminant. However, :some weaker depolar-
ized and' anomalously polarized lines are noted. X single Raman spectrum
of Cr(III)TPPCl was obtained by Duncan Cheung. Figure 12. Excitation
was at 457.9 nm well into the strong B band peak at 448 .nm in CH2C12.

Here the totally symmetric modes completely dominate the Raman spectrum.

Only one possible depolarized mode is observed at 1496 cmhl

Excitation Profiles

Raman line intensities relative to solvent peak heights (except
for Mn(III)EtioICl spectra, where integrated intensitiés-were employed
instead} were obtained from graph paper plots of the spectra. These
relative Raman intensities were first corrected53 for chromophore ab--

sorptden of the scattered light by multiplying by the correction factor,

..( —A )
10 ARpr AR, 1%

., where ¥ is the path length of the scattered light in
millimeters, and AREF and AR.L. are the absorbance (1 mm cell)} for the
solvent reference line and porphyrin Raman line, respectively. Finally,
the relative Raman intensities wére further corrected for response of
the Raman scattering apparatus. The response curve, obtained by a
method54 based on the theoretically calculated intensities of the rota-
tional Raman lines of DZ’ provided a second correction factor., Exci-
tation profiles were constructed by plotting the corrected relative =

Raman line intensities versus the frequency of the exciting radiation.

Band III and IV excitation profiles of selected wvibrations are

shown in Figure 13,

For polarized and depolarized lines, intensities




Figure 13.
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plotted are I,l, since ;L intensities peak at the same exciting wave-
length. An initial maximum in the excitation profile is noted at the
shoulder identified as Band III in the electronic absorption spectrum
in KBr, and secondary peaks are ebserved for the 756 (dp) and 807 (p)

cm ~ vibrations. A secondary maximum is one that eccurs at the fre-

62

quency of the first maximum plus the vibrational mode frequency. Second-

ary peaks presumably are present for the higher frequency vibrationms,
but lie outside the region of available laser Erequenciesz

Band V excitation profiles of the 344 (p), 756 (dp)} 807 (p),
1005 (p), 1139 (p), 1313 (7, ap), 1377 (p), 1590 (p,ap):and 1641 (dp)
cnrl resonance Raman lines are displayed in Figures 14 and 15 for the
NCS™ complex of Figure 16 for the I complex. Initial peaks in the

excitation profiles are close to the electronic absorption maximum of

Band V. The 344 cm-l profile is shifted toward higher energies which

-1
peints to an unresoclved secondary maximum. The shoulder on the 331 cm

profile in Figure 16 is ascribed to an impurity formed during irradia-
tion. We believe the impurity is a Mn(III) perphyrin compléx with its
Band V at 473 nm (21.1 kK). For the thiocyandte complex definite

secondary maxima for the 756, 807 and 1005 Cm_l lines are observed,

but other secondary peaks appear te be outside the available laser irra-

diating frequencies, since the scattered intensity does increase toward

higher energies for vibrations whose frequencies are > 1100 cm_l.

These secondary peaks teside in the high energy shoulder of Band V
located at. 21,800 cnrl {(not Band Va)' For the T complex the secondary
maxima are observed for the 1139 (p)_cm_l, 1313 {ap) cnrl, and 1377 (a}

cm ~ lines in addition to those noted in the NCS complex.
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CHAPTER V

DISCUSSION AND CONCLUSIONS

Introduction

The resonance Raman study of Mn(III) porphyrins has produced
interesting results in three areas. (1) Electronic transition assign-
ments can be made for several of the bands in the optical absorption
spectrum. (2) The non-adiabatic. correction: to the crude Bern-Oppen-
heimer states is shown necessary to explain the dependence of the Raman
intensity on exciting frequency in the region of Bands V and Va. In
additdon, the results represent the first experimental wverification of
the large different in the resonance scattering intensity at the 0-0
and 0-1 frequencies which is a consequence of the non-adiabatic wvibronic
coupling term in the Raman scattering tensor (16). (3) Finally, evi-=
dence of vibronic coupling by totally symmetric vibrational modes is
Presented.

In the next two sections electronic band assignments for Bands
IIT, IV, and V are propesed on the basis of the resonance Raman data.
Also, the question of selective enhancement of low frequency modes con-
taining metal-ligand contributions is considered. In the third section,
ah~interpretfation-of the=Mn(III) TPPX resonance Raman data is tenta-
tively proposed. In the final section, the unique frequency dependence
of excitation profiles in the region of Band V and Vg are shown to imply

non—adiabatic (D-term) coupling contributions to the Raman scattering,
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and, as a consequence, Band Va may be assigned to an electronic

transition, also.

Electronic Assignments-for Bands III and IV

It is proposed that Bands III and IV of Mn(III) porphyrin
absorption spectra are' the 0-0 and 0-1 components of the Q band,
respectively, based on the following evidence. (1) The separation
between Bands III and IV is z 1000 cmfl, a value slightly smaller
than that found in typical metalloporphyrins, but nonetheless consis-
tent with identification of Band IV as the ¥ibrational satellite of
Band III. (2) Dominance of non-totally symmetric modes in the Band
ITITI and IV Raman spectra provides strong support that these bands arise
from 7 -+ 7* excited states vibronically coupled to dipole allowed
states. The same feature is noted in Q band rescnmance Raman spectra
of metalloporphyrins with typieal absorption spectra. (3) The fre-
quency dependence of the scattered intensity is analegous to { band
excitation profiles of nickel® or copper56 porphyrins. Maxima in the
excitation profiles at Band III indicate it is the 0-0 component of
the Q band. For the 756 (dp) and 807 (p) cmfl lines secondary maxima
in the excitation profiles are observed at the 0-1 frequency. This
is consistent with our assignment of ‘Band IV. Boucher8 considered
assignments of Bands III and IV to the 0-0 and O-1 components of the Q
state, but concluded that the ~ 1000 cm_l separation:6f absorption
maxima was smaller than in normal spectra, and the appearance of a
terms in both Band III and IV MCD spectra were inconsistent with this

assignment. In this connection we note that vibronic interaction of

excited states results in a non-uniform shift in the vibrational levels,
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such that in the lower excited state the 0-1 level is shifted more

to lower energy than is the 0-0 leve-l.40 Applying this result, a
nearby allowed state V and the 0~0 and 0-1 Q states are repelled, and
the separation between the 0-0 and 0-1 Q band maxima is reduced. Addi-
ticnally, a terms of comparable molar elliptiecity for both 0-0 and

0-1 @ bands are observed in the MCD spectrum of Zn({II) TPP——a species

exhibiting a typical metalloporphyrin abserption spectrum.s7

Elgéctronic Assignment for Band V

It has been proposed8’9 that Band V of Mn(IIZ) porphyrin absorp-
tion spectra has both charge transfer and m > w* character. The charge
transfer character:is inferred:.. from the presence of extra absorption
bands and is based on theoretical predictions50 that prophyrin-to-metal
charge transfer transitions will occur in the visible. The 7 > #%
character was adduced from the extinction coefficient which is a factor
of 2-10 larger than that for normal Q bands (€Q~1.5 - 2.5 % 103?liter/
mole—cm).1 The added intensity of a charge transfer Band V presumably
arises from a dipole allowed w » 7m* contributien, i.ew.lBE. A gimilar
conclusion was reached in a resonance Raman study of gharge transfer
bands in heme proteins.43 We also assign Band V to a state with both
charge transfer and 7 -+ 7% character for these reasons,. and we have
proposed a model (Chapter II) for these states based on configuration
mixing of the 7 + 1% and charge transfer states.

It has been suggested that the apparent enhancement of lowsfres-

quency a, modes can be interpreted as indicating charge transfer

lg

character. However, the theoretical considerations in Chapter II suggest

that low frequency enhancement will not be observed in porphyrin systems.
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Enhancement of totally symmetric modes relative to non-totally symmetric
vibrations is a direct conseguence of increased dipole strength in Band
V compared to the @ band. The Raman intensity originating from the A
term will increase as 83, whereas the Raman intensity of Herzberg-Teller
modes will increase as ey To emphasize the independence of polarized
mode enhancement from charge transfer character, we have examined the
resonance Raman spectrum of Cr(III)TPPC1 with 457.9 nm excitation. This

metalloporphyrin has a strong B absorption peak at 448 nm in CH Clz, S0

2
excitation is well®into the absorption. Comparison of this spectrum,
shown in Figure 12, with that of Mn(III)EtioNCS in Figure 10 substan-
tiates the claim that enhancement of alg vibrations is not indicative of
charge transfer. Moreover, the Raman spectrum of Cr{(III)}TPPCl does not
exhibit scattering from non-totally symmetric modes, (excepting the 1496
(dp) cmnl vibration) while lines at 1641 (dp), 1590 (ap, p), 1313 (ap,?)
and 756 (dp) cm_l are displayed in the manganese complex spectrum. The
conclusions of Chapter II'can be used now as evidence in favor of both
|B> and |Q> character in state V. Again ‘B> character is indicated by
the large extinction coefficient observed for +V>, and [Q> character

is adduced from the presence of both anocmalously pelarized (aZg) and
depolarized (blg and bzg) modes in Band V Raman spectra. The non-totally
symmet¥ic modes arise from Q=B vibronic coupling of PV> with states at
higher energy which are probably predomipately composed of |B> and =~
charge transfer contributiens. Thus ]V>>must contain 'Q> éontributions
as well as IB>. Gaughan EE;él-7 previously noted non-totally symmetric

vibrations in Mn(III)TPPX< (X = Cl , Br , I ) complexes and concluded

that state V was coupled vibronically to ether electronic states.
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It is suggested that selective enhancement:-of low fregquency modes
is not observed in Mn(III) or Cr(I1I) complexes. Omitting the vibration

L in Mn(III)EtioNCS, or 400 em ! in

at 331 cnrl in Mn(III)EtioI, 344 em
Cr(IIT)TPPCl, the low frequency modes do not appear significantly enhanced
over the high frequency alg‘modes. The very intense Raman line in the
300-400 cnfl region observed in most metalloporphyrins, is assigned as

a strong Frank-Condon mode. This view is supported by MCD spectra of

the Q band of metalloporphyrins which show a Frank-Cendon vibratiom at
approximately this frequency.57 Also in CiéEtiol the 342 cm,*l mode is
already quite strong even in the Q.Band where Herzberg-Teller modes
dominate the resonance Raman spectra. Apparently, the vibration is also

strongly Frank-Condon allowed in Band V of Mn(III) porphyrin complexes

and:* in the Soret band of C¥(III) porphyrin complexes.

Mn(III)TPPX Resonance Raman Data

Gaughan_g;_gl;? noted an increase in scattering intensity upon
excitation inte Band V for the non-totally symmetric modes relative to
the polarized modes when the C1 and Br complexes are compared to
Mn(III)TPPE complex. It is apparent from their data that the 887(p) cm_l
polarized wvibration also exhibits increased Raman scattering. The assign-—
ment of the electronic states in Mn{III) porphyrins proposed here suggests
an interpretation of this anion effect. (1) The B content of the state
V is reduced for the I complex with concomitant increase in Q and
charge transfer character. Reduetion of the B contribution also accounts
for the decrease in the absorption intensity of Band V for the T complex.
The extinction coefficient for Band V in the €11 and Br Mn(III)TPP

complexes is 7.7 x 104 and 9.0 x 104 liter/mole-cm, respectively, and
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that for the I complex is only 4.3 x 104 liter/mole-cm, roughly equal

to the extinction coefficient for Band V&f4 (2) The decreased Band V
transition dipeole favors modes which @5§MIV> with IVa>.and |[VI»: Indéed,
marked enhancement relative to other polarized modes is noted for the
88i(p) cmfl and 1534(ap) cm_l vibrations of Mn{III)TPPI. Since alg and

a symmetry perturbations are most effective (Table I} in mixing C and

2g
D, we suggest that only in this way do the resonance Raman data support

increased charge transfer character for Band V of the Mn(III)TPPI absorp-

tion spectrum.

Band V and Vé Excitation Profiles

The excitation profiles in the region of Band V and ‘approaching
'Vé exhibit unusual behavior. The profiles for many lines where the 0-0
and 0-1 maxima are resolved show greater intensity at the 0-1 frequency.
(See Figure 14, 15, and 163} This behavior can be explained by consider-
ing non-adiabatic coupling contributions to resonance Raman scattering
from states V and Va.

Near and at rescnance the Herzberg-Teller (B) and non-adiabatic (D)

contributions to the scattering tensor (16) will be,58

X M;;M;% ‘ hvE
(B +/B)% ~h_, = = — {1 +707—=—7—1
po 1ij EiO EgO hy 1Ti0 EiO Ejl
MiGgMjpl: hv?
+ {1 - ————1} (56)
Bjp = Bgp = BY - 1T, Bi1 7 Byo
for |i37= |v>_ and |j3ﬂ= [V%gh_ Equation (56) is arrived at by arguments

similar to those leading to (38) for the B term alone. The plus sign in
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vibrations, whereas the minus sign holds

{56} holds for a b, , and b

lg” “1g 2g

for an azg vibration. Since |E

(56) dsilargest; thereforey the non-adiabatic contribution (the last

v1C EVO|>'IEV30 - Eyyf,the last term in
term in the curly brackets) provides unequal Raman intensities for exci-
tation at the 0-0 and 0-1 frequencdes. At the 0-1 frequency the non-adia-
batic contribution is large and adds to the Herzberg-Teller contribution,
On the other hand at the 0+0 ffequency the non-adiabatic contribution
is smaller and reduces the 0-0 Raman intemsity. It is noted that the
difference in the 0-0 apd 0-1 intensities will be enhanced for high fre-
quency vibrations.

The pronounced peak at the 0-1 frequency cannot bé'explained by
A or B terms but must inwvolve the D term. The B term alone“gives equal
0-0 and 0-1 maxima. A plot of |B + D|% is exhibited in Figure 17 for
both the plus and minus signs. Comparison of the excitation profiles
with Figure 17 shows that the 1641(dp), 1377(p), 1313(ap), 1005(p), 807(p)
and 756(dp) cm—l vibrations are involved in strong non-adiabatic coupling

to an electronic state at higher emergy. This state is probably Va'

Vibronic Ceupling by Totally Symmetric Modes

Several of the modes listed in the previous section as modes which
vibroni¢ally couple V and Va are totally symmetric. Based on a study
of vibronic coupling in the cyclic polyene model it has been suggested

that a, modes in porphyrin are not vibronically active in mixing |Q>

1g
and |B>. In our model the one-electron matrix elements allowing V and

Va to be vibronically coupled (azg) are identical to the matrix elements

coupling ,Q> and ,B> in typical metalloporphyrins. Nonetheless, the Band
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V excitation profiles of the 1377, 1005, and 807 cmul pelarized modes
of the NCS complex and the 1005(p) cm_1 vibration in the I complex
evidence D term contributions.to the Raman scattering. As a consequence
it is likely that these vibrations are somewhat active in coupling |Q>
and |B> in metalloporphyrins with normal absorption spectra,

The excitation profilés of the 1005(p) cm“l resonance Raman iine
does not display a pronounced maximum at the 0-0 energy. At first sight

this is unexpected since a plus sign for a, wvibrations is anticipated

lg
in (56), and a peak éhould be observed. (Figure 17) It is likely that
this vibration which appears in etioporphyrin I, but not in the symmetric
dctaethylporphyrins9 (1025(p) cmﬁl) inﬁﬁlveé substantial contribution
from the peripheral ethyl and methyl groups. Thus, the proper molecular

symmetry now is C, and the scattering tensor has no symmetry for symmetric

4
vibrations. 1Indeed, the depolarization ratio is a function of wavelength
and is 0.5 upon laser excitation in the Q band of Cu etioporphyrin I.56
On the other hand, alg modes which do not reflect the reduced
symmetry also show vibronic activity in MnEtioNCS. The 807(p) cmfl
vibration appears in Ni or Cu octaethylporphyrin59 and shifts only
slightly in isomers of etioporphyrin.60 For this reason, involvement
of peripheral groups is presumed small. Nonetheless, the I term is in
evidence in the 807 cm_l mode NCS complex excitation profile. Similarly,
the 1377(p) cm._l mode is vibronically active in the NCS complex; however,
some iIntensity is derived from the A term as has been noted.43
The pqlarized vibration at 1139 cm-l does not evidence wvibronic

activity nor does it peak At the anticipated 0-1 frequency but has this

maximum shifted to lower frequency. This behavior indicates the excited

|
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state vibrational frequency has changed appreciably from its wvalue in

i - e P 5 ol
d T Bk, B Moy =

o

the ground state. UL O

On comparison of the excitatien profiles of the 1377(p) cm'_1 and
807(p) cm_'1 line in the iodide and thiocyanate complexes, it is observed
that the non-adiabatic contribution to the Raman scattering is evident
in the thioccyanate excitation profiles but not in the iodide. Inspection
of the optical absorption spectra shows that the separation of Band V
and Va is ~2200 cm—l for the NCS complex and ~2700 (:m_1 for the iodide
complex. Using these values and a 1400 (:m—]L vibrational frequency, the
D term contribution to the Raman scattering (for excitation at the 0-1
)NCS—/( I=,2

frequency) is reduced by a factor gf [EVaﬂgT'EVl N EVaO - EVl) ]

= .38 for the iodide complex. As a consequence, the non—adiabatiC'é0u;§?~“

'plinéﬁﬁgﬁf;ibﬁﬁidﬁ;fﬁﬁathéfI;;ﬁﬁﬁplexﬁié”ihéﬂfﬁiciéﬁt_po:prbﬁidé é“1é£éer
0-1 maximum in the excitation profile of the 1377 or 807 cm._1 lines.
The mechanism61 by which a totally symmetric mode can couple
IVa> with |V> possibly resides in normal modes which”conéain pyrrole
ring stretching contributions. Consider a bond elongation. between the
a and B carben atoms of the pyrraole ring. The electron charge distribu-
tions1 for the pertinent molecular orbitals are shown in Figure 18,
Nodes in the alu (m) molecular orbital are through nitrogen and methine
bridge carboms, and electron density is high at Cy- Thus v(Ca— CB) will
modulate the energy of the alu(ﬂ) level and mix |Q> and |B> via config-
uration; interaction. Similarlysy v(C& - N) will change the orbital energy
| gffﬁéﬁfﬁjxéﬁa‘éé§£§}§'Aﬁa'v@dégeic&)LWiii"él&ér*the~éé;ﬁ*};éhérgy} A

vibtrational fiode which changés the a, (v) 'and a, (m) energies in ‘the
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gX gY

2u 1u

Figure 18. Porphin Molecular Orbitals:39 The Atomic Orbital Coeffi-

cients are Proportional to the Size of the Circles; Solid
or Dashed Circles Indicate Sign. Symmetry Nodes are Shown.




opposite sense would be most effective in mixing |B> and |Q> (see Table

I).
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APPENDIX

OUTLINE OF THE THEORY OF RAMAN INTENSITIES

Introduction

In this appendix the theory of Raman intensities is outlined,
in particular, the procedure for deriving the transition rates for
Raman scattering processes is considered in the framework of second
order perturbation theory without damping of states. Damping is included

by modifying the results of*tﬁéﬂperg_
122526
ay. .

A AtLon Chaory. »dn the appropriate

W References are quoted where details have been omitted. The
. 62 . s
U-matrix formulation =~ has been employed, since. it represents the

appropriate starting point for a stochastic treatment of the damping

of states problem.19

- Perturbation Theory

The time evolution of the state of a system is determined by

the U-matrix (or time evolution operator) defined by,
lo(e)> = (e, 0 [w(0)> (A-1)
and the beoundary condition,
U(0,0) =1 , (A=2)

where |w(t)> is the state at time t. In the interaction picture substi-
tution of (A~1) into the Schredinger equation yieélds the differential

equation for the U-matrix,
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irar U(t,0) = H(E)U(L,0) | (a-3)

where H(t) is the hamiltonian describing the perturbing interaction.
The solution of this equation can be written in the form of a sum of

. . . 19
successive approximations,

U(t,0) = 2. U, (£,0) (a-4)
k=0

where Uo(t,O) = 1, and (k#0)

okt rfk 2 \ .
U, (t,0) = (—l/h).fgtﬁfgtk‘l":[g (H(EIH(E, ). H(E) (A-5)

For the problemsat-hand, we will consider the non—interacting molecule
and radiation field as the unperturbed system;‘thé-perturbing hamiltonian
describes the interaction between the radiation field and the electrons
of the polyatomic molecule: (We will neglect the interaction between

the nuclei and the radiation field.)

The Interaction Matrix Elements

The interaction between the radiation field and 2 polyatomic

molecule is described by the hamiltonian62

(1)

g=8d 45, ' (4-6)

where

(1) _ . e > - . _
H -:;;)k: B+ AED), (A~7)
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and

i - ¥ 2@, (A-8)
k

>
where e, m, and Py are, respectively, the charge, mass, and momentum
th >y GnoBhm meteow .
operator of the k ~ electron, and A(rk) is the vectotr potential operator
Lo th Yo e , . .
at the position of the k electron. (rk) is expressible as a linear
combination of creation and annihilation operators for each mode of
the field.
The unperturbed states are products of the exact molecular éigen-
states |i> and the radiation field states l...mv...>'where mviis the
. t P s . .
occupation number of the v h mode of the radiation field. With these
unperturbed states specified the matrix elements of the interaction
hamiltonian (A-6) can be obtained using standard procedures for ewalu-
ating the photon matrix elements. The following matrix elements of

H(l) (in the Schrodinger:picture) are required.l

v \ = <i;...,m —1,...|H(1)|j;...,m . (A-9)
i,m -1;j,m v Y
v v
- |
RN _ <il _ 24211?]111\) Z e_i-l_z\)-?ké ‘-)- .> faT
rm ' Vw CoPr B
v k
and
v o s Ly,
Hi,m ¥139,m - <1;...,mv+1,...|H IJ;...,mv,...> (A-10)
v v
erﬂh(mvil) Z —iic) -‘?k“ g
=l RV e Y RS
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w
A . . > v
where the volume V is included for normalization. ’kvl =-E—,‘and 0, and

e are the angular frequency and polarization unit wvector, respectively,

of a photon of the vth mode of the radiation field.

The Transition Probabilities

The probability of a transition from the unperturbed state f8> to

the state |a> by time t is given by

5 2
(012 [<aluce,0 8> 2. (A-11)

W B N IUaB

o4

We are interested in two photon processes, i. e., transitions

in which a photon of mode u is created and one of @mode v is destroyed.

s 1) . . . . .
Remembering that H( ) is linear in the creation and destruction operators,

whereas H(z) is bilinear, equations (A—é) and (A-5) give (c#8)

i(E —EB)t/h
U (t,0) = g¢2) 1z i a-12)
ap ! of Ea - EB

z : (1),,(1) 1(E ~EV) /A i(E -E )t/n
+ Hom Bg |1-e” ¢ 0 1 B
nfe,8 "p T8 Fa TR Fo ™ Fg

to second order in the interaction hamiltonian (A-1).

The Raman Scattering Tensor and Transition Rates

We now outline the précedure by which (A=12) leads to the Raman

intensity in terms of the scattering tensor. 1In the following let the

the states |o> and |B> in (A-12) be |n';...,mv—l,...,mn+1,...> and
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|n;...,mv,...,mu,...>,:respectively. The steps in the procedure for

obtaining the fundamental expressiong((A—l?) and CA—lS))'for Raman scatter-
ing are: (1) Making the dipole approximation, we set e 1kV k =1,:8ince
kr<<l for typical electron displacements in the molecule and optical

photon wavelengthé. As a consequence, the first term in (A-12) vanishes
except for Rayléigh scattering, that is, due to the orthogenality of the

(2)

exact molecular eigenstates the matrix elements of H (see reference 26)
vanish for n#n'. (2) Damping of states can be included by the damping
operator method,26 -"them;eéﬁif'banfﬁé TéﬁféiﬁediﬁgféﬁEyw¥éﬁiéé{ﬁ8ﬁfi?:

' ﬁhé'éﬁéfgyfbf'ifﬁe molecular state E, by the complex energy E, - iFi,
where Ti is the half-width of the quasistationary molecular state |i>.

In addition the whole expression is multiplied by e_lrnt/h

{where T
n

is the damping coefficient for the final molecular eigenstate). (3)

3 . 0 ) . .
The first term in the brackets can be shown3 to vanish for excitation
into a continuum, i. e. transient effects are negligible. (4) The sum
over photon states in (A-12) gives two terms——ome for each time ordering
of the creation and annihilation of the photons of modes u and v.

Steps (1)-(4) and evaluation of the matrix elements using (A-9)

and (A-10) give;-,

U

n',mv—l,mu+1;n,mv,m E,-E ﬁhm “1(T -I )

Zﬁhe f(m +1)m, § : <“'|e ig|1%‘_.<_ﬁ1_|e iflu>
(t,O) =
u

i#n,n'

<n'|§p-3|i><i|év-3|n>

+ ~
- (T - A-13
E.-E_-ho 1(1'i rn) ( )
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innt/hl_ei [En'_En_h (wv_wu)—l(rn'_rn) 1t/n

Xle M
En'_Enﬂh(wv_wu)_l(Fn' r)

where P = z ;k. Conventionally, Fn and fn;are assumed26 to vanish for
k

the Raman scattering process {since they represent the widths of vibronic
levels of the ground electronic state which are presumed small). (5) In
the next step the transition rate is derived from the tramsition proba-

bilities (A-1l1) according to

) . . d g _d 2. .
WaB(t:m) - dt WaB(t) - dtlU&s(t’o)' * (A~14)

Substituting (A-13) into (A-14), the transition rate for excitation into

s~

a continuum in the dipole approximation is, - getting v?f‘ev = e;:@;j;fmf

w, =i,e =e',

_ 8ﬁ3ﬁe4m(m'+l)

o V2m4w_m'

N " P
E <n'|e’ - f[i><i[é" 3[n5 (A-15)
T E.-E Hha=il, :
i i

i#n,n'

<n'|e"-Blir<ile - Bln> i
By-E o1l WG(EH'_Enﬂh(m—‘uf))

-+

where energy conservation provided by the 8-function has been used in

writing the denominator in the first term in terms of w.. (6) The next
, o _ ., GH .

step is to employ [xk,H] = xhﬁpr to . obtain,

Al

e =l
poarac l'l‘e

~ >
=5 . gk|j> = —ip'<ile' + er |j> . (A~16)
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In terms of the dipole matrix elements, the transition rate is written

as,

-3 r ! 2
o, - BEmm@HDw s g |
n',n v2 : b PO @

P,0

§ (En—En, ~h(w-w')), (A-17)

where Rpc is the scattering tensor defined by,

o Z <n'|Rp|i>'<i|RG|n> . <n' |R0|i><i|Rp|n> (h18)
" | EiEprtheily BBy he-ily ' i
and e and e'0 are the components of the unit polarization vectors in

the molecular coordinates X, Y, and Z. (7) The expression for sponta--
neous (m'=0) Raman intensity of light scattered into the element of solid
angle d' and the frequency interval [wjﬂ@i,+‘dw'] re5u1t526 on multi-

plying the transition rate by the number of photon states in the neigh-
12
w “V

3
(2we)
frequency and angular distribution must also be taken into account).

borhood of w',e! 1i.-e. p(w')da'dn' = dw'dQt" (The incident light
Finally, the expression is multiplied by the energy of the scattered pho-
ton Aw'. If randomly oriented molecules are to be studied, the stan-
dard scattering geometry can be assumed, and equation (A-17) averaged
over the molecular orientations relative to the Taboratory-fixed polari-

; ; . R 15
zation and direction of propagation.
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