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Abstract _

E]ectronic:transitions of Mn(III)'etioporphyrin’I‘(MnETP) are assigned
by the use of resonance Raman spectroscopy (RRS). Dramatic differences
are found in'thg RR spectra of MnETP upon excitation witﬁin different
absorp;ion bahds.. RRS supports the assignment of_the sfrong absorption '
band of Mn(IIi)1porphyrin§ between 460-490 nm to a charge transfer transition.
The two bands between 540-600 nm are assigned to vibronic components of a n
m>m* transition. The RR spectra of MnETP-X_(X=F',C];,Br',1"or butanol)
show large djfferences in tﬁe low energy Raman Spectfumv(]OO-SOO cm'])
depending on thé'axial Tigand. Pure Mn-halide vibratibns are assigned.
An exp]anatioﬁ is proposed to account for the differences between the
RR spectra excited in the Q bands and the charge transfer band. Some
of the vibrational Raman bands in the low energy region may serve
as probes for the degree of out-of—p]ane distortioh of the metal from

the porphyrin plane.
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I. INTRODUCTION

Resonance‘Raman spectroscopy has been utilized as a pfobe of the porphyrin’

1-5 1,6-9

s Ccytochrome c and in Co substituted hemo-

environment in hemoglobin

g]obinlo. In addition, the resonance Raman spectra'of various metallo-

11-17 18,19 |

porphyrins and free base porphyrins have been investigated. From

this research, it appears that excitation within msn* electronic transitions
involving the macrocyclic ring enhances vibrations within the macrocyc]e]'3’6’
]3’]8’19. The vibrations of atoms that are not intimete]y conjegated to the
aromatic structure of the ring meke only a small contribution to the resonance
Raman spectrum; and as a result, changes in periphera]feubstituents about the
porphyrin ring produce relative]y small differences in the vibrational
frequencies obServed]2’13’]9. The aiterations of the resonance Raman spectra
produced by changes in peripheral substituents apbeér'te be induced mainly
by changes in the symmetry of the porphyrin matrocyc1e13. .

Changes in_the central metal also result in differences in theiRR spectra.
1,2,5,6

Variations in the spin state, oxidation state or in the planarity of

the'meta] with respect to the porphyrin plane shift the energy-ahd po]akiza-
‘tion of some ef_the resonance enhanced vibrations]of]j’]s;]G. These shifts in
energy and'po]arization\are due to a change in the étructure, which may be a
doming'of\the porphyrin when the metal lies farther fkoh the pqrphyrin ring
_vp]ane]’2’5’6’]5-or an expanstn of fhe porphyrin corebresu]ting in a decrease ’
of the meta]-to-porphyrin-center distance]s. The effect of axial ligation on
porphyrin macrocyt]e vibrations depends on the extent that the ligand induces
a change in the displacement of the.metaT from the‘ring p]ane]s.

Prior to this report, the only feature directly §ensitive to the
environment of the porphyrin macrocycle was the dispersion with respect to
frequency of the depolarization ratio. Since the depo]erization ratio is a
function of porphyrin symmetry, it can be inf]uenced‘byfenvfronmenta] factors

. i ] Y
ErFOoZobraonroop
|
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8,13,14

11,15 4nd peripheral substitutfon

such as axial ligation
This report is a systematic study of metal-dependent vibrations whichr
are enhanced by excitation within the charge transfer band of Mn(III) etio-
porphyrin I (MnETP). We find that the resonance Raman;baﬁds'enhanced by -
excitation within the charge transfer absorption baﬁdiborrespond to vibrations
associated Withvthe central metal. This is in contrast tO'fhe porphyrin
macrocycle vibfations which are resonance enhanced by excitation within the
Q bands. This feéture pérmits observation of méta]-aXia] 1igand vibrations.
The vibrations involving the central metal occur at relatively low energies,
<500 cm']. By studying the effects of changing the axial ligand, vibrations
may be assigned to particular parts of the porphyrin. Vibrations with |
signifiCant<meta1 contribution will be affected by‘a ;hahge in the axial
ligand more than Will'vibratfdns that are aséociatedﬁhéin]y with the porphyrin
ring. The intensity of some of these vibrations appéars to be sensitive to
the coplanarity of the metal and the pofphyrin ring;vthis permits the resolu-

tion of metaT-]igénd vibrations as well as the detectfon of subtle changes

in the geometry of the porphyrin.

II. EXPERIMENTAL

A. Matefials
Sémples of manganese etioporphyrin I acetate were kind]y'supp]ied by

Dr. Melvin Calvin. The visible, UV and near IR absorption spectra correspond

20

to those in .the literature Thin layer chromatography performed on the

MnETP using a 1:1 pyridine-water solution on a cellulose plate demonstrated

the presence of only one component.
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The halbgeh;salts of MnETP were prepared from aimethahol solution of
MnETP containing the sodium salt of~the halide. wéter wés added dropwise
with stirrihg. The resulting precipitéte was washed repeated]y‘with_wateh
and centrifugéd. The halide salts were dried under vaéuum, ahd their -
absorption spectra were subsequently monitored (Tab]éyi).v The spectra of
all of the hélides of MnETP except for the fluoride agreed with those in the
1iterature20. The absorption peaks of the f]Uoride‘complex-in chloroform
‘were 2—6 nm fo higher energy from the values reported by Bouthefzo. The
intensity ratio of band V/VI (R in Boucher's-nomenclaturezo) was also 80%
hfgher. It should be noted that there is ‘a large variétion in the valQe of
R as the axial ligand is changéd from'I' to Br to C]'.ZO The change that
Boucher obSerVés fnvgoing to F~ is surprisingly low..  In addition; the
chloroform solutions of MnETP-F were labile. With iimé our samples exhibited
absorption changes toward the'va]ue; reported by Boucher.. fhe,MhETP-F salt
that we have prebared gives the characterisfic spectrum of MnETP comp]exés
in coordinating solvents §uCh as_methano] and pyridine. The Na35C] (99.35%)

and Na37C1 (90.36%) were bbtained from Oak Ridge National Laboratories.

B. Methods

The'Ramén'spectra recorded with excitation at 568,2 and 530.9 nm and
the Raman spectrum of MnETP acetate in buténo] with-excitation at 457.9 nm -
were measured thhough'the courtesy of Dr. James Schérer at Western Regional
Laboratories, USDA, Albany, California’!. Excitation at 568.2 and 530.9 nm
were.obtained from a Spectra Physics Model 165-01 Krt laser. Excitation at
457.9 nm wasfobtained from a Coherent Radiation Model 52'Ar+'1aser. The
remaining speétra.Were measured using an instrument belonging to Dr. H. Strauss
at the University of Ca]ifdrnia-Berke]ey, Department 6f Chemistry. A Coherent

Radiation model CR2 Ar' laser was coupled to a Spex 1401 double monochromator.

FEO0ROB KOO0
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The incident laser beam was chopped,vandvthe scattered light was amplified
with synchronous detection. |

The samples were dissolved in CSZ’ CHC13 (previoqs]y'distilled from
anﬁydrous P205) or n-butanol, introduced into me]ting.pdint capillaries and
'sealed. Excitation was transverse to the viewing directfon and the
polarization of the scattered light was scrambled before introductibn
into the monochromator. Depo]grization ratios were measured‘by pa$sing
the scattered light through a Polaroid analyzer pfiortto the Scfambler.

Absorption spettra were measured on a Cary 14 recording spectrophotometer.

IT1. RESULTS |
The‘visible and near UV absorption spectrum of Mn(II1) ETP acetate in

n-butanoi is shown in Fig. 1. The bands are 1abe1ed using the numbering

scheme  introduced by Boucher?%>2% and the 10cations‘$?¢_shown fbr the laser

lines used'to éxcite the resonance Raman spectra shown in Fig. 2. The

laser line at‘568,2 nm lies between bands III and IV,_Whi]e the line

at 530.9 nm 1ies on the high energy side of band IV.. The 457.9 nm

line is in resonance with peak vV, an e]éctronic transftion that has

20,22

been assigned as a poSsib]e charge transfer transition The solvent

contributions to the Raman spectra are noted in the figdres. Table II contains

the energies and relative intensitiés for each of the Raman peaks Shbwnrin

Fig. 2. |
Apért from the rising baseline, the spectra shown in Figs. 2a and b

~are qualitatively similar. At present it is unclear whether the rising

baseline in Fig. 2a which peaks at-15,900 cm']'(630 nm) represents emission

from MnETP or-an fmpurity, but there are no obvious'feétures in the

absorption specfrum that would give rise to fluorescence at this wavelength.

8 Il L ~y v = . s
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of peaks are conspicuous by their absence. The bands at 757 and 1002 cm~

‘instead a new peak appears at 1502 cm .

-7-
| The Raman. spectra shown in Figs. 2a and b show stfong correlations in
frequency and intensity. However, differences appear for peaks at

757, 988 and 1313 cm™).

The intensities of these three?peaks show greater
enhancement with excitation in band III than with excitation in band IV.
Conversely, the'peak at 1374 cm”! s more intense with excitation in band .

IV rather than in band III. The most intenée features»of both spectra appear

between 1550 and 1650 cm']. There are few well resolved features below 500 cm ',

Comparision of the spectra obtained with excitation in bands III and
IV with the spectrum obtained with excitation in band'V.Show more dramatic

differences. The most intense features in Fig. 2c gre vibrat1oh$ at

1

frequencies less than 500 cm™'. This is the region in which manganese-pyrrole

nitrogen vibrations are expected to occur23’24’25. Higher ehergy vibrations

are still visib]e, but their relative intensities are small. A number
. .

seen in figs. 2a and 2b do not appear with excitétioﬁ in absorption band V;
1
In order to determine whether the IQW'energy vibrétions (less than
500_cm']) in thé.Raman spectrum of MnETP are metal fe]ated, the Raman spectra
of the F, C17, Br , and I~ salts were measured. These Raman spectra are
shown in Fig. 3. Table III lists the frequencies and relative intgnsities

1

of the Raman bands of MnETP-X between 100 and 500 cm '. A1l of the Raman

bands in Fig. 3 are polarized. Carbon disulfide was used as the solvent

for the F~, C17, and Br~ salts. Because of insufficient solubility in €S,y

chloroform waS used for the I  salt. The exciting laser light was changed
in order to stay in maximum resonance with peak V.

The Raman'speétra of the halide salts are c1ear1y a function of the
axial.ligand. Unique peaks appear fof each of the'halide salts. A number

of important differences and similarities appear among- these spectra. .

EFPO0Z0obEbEOOD0

it
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The similarities will be discussed first. In the Réman spectra of all of -

~these complexes peaks appear at about 398, 374, 342;-327 and 260 cm'], and

these frequencies are virtually independent of the maés of the axial ligand.

The 260 cm']‘peak decreases by 1 em]

1

from the F~ to the C1~ complex and

appears as a shoulder near 260 cm ' for the Br~ complex. The Raman spectrum

of the so]veﬁt; CHC]3 masks this region in the I~ complex. The spectrum

of MnETP in butanol (Fig. 2c) shows a peak appearingjat 266'cm'].

1

The relative intensity of the 329 cm ' peak is'found'to be sensitive

to the axial ligand. A distinct increase in intensity occurs as the axial

]'péak is not evident for

1

ligand is changed from F~ through I". The 329 cm”

MnETP in butanol. Because the peaks at 329 and 342 cm~' both show a small

frequehcy4dependence on the ligand, there must be some metal contribution .
to these vibrational modes. The change in axial ]igand has a'sma1] effect

through the metal but, because the effects are small, these modes must

also have‘a large porphyrin contribution. The peak at about 400 cm'] appears
in all of the spectra. The exact position is difficult to obtain sihce

a very weak Raman -1ine of c52 also appears in phis;r?gion,w The position

~ of this peak does not appeak to shift appreciably with a change in the

ligand, since this peak appears at 398 cm‘]

for MnETP .in butanol and at
] N .

398 cm~' for the I complex in CHC1 5.

A number of peaks do not correlate between spectra. The peak at 4395

en™) in the F~ complex does not have any counterpart in the other spectra.

1

The 285 cm'], 225‘cm'] and 165 cm ' peaks in the C1~ éomp]ex also show

no counterparts in the other spectra. This is also true of the 245 and 143
em”) peaks of the Br. and the 186 and 118»cm'] peaks of the I complex. The
peaks at 495 in the F, 285 in the C1~, 245 in the Br~ and 233 in the I~

appear to correspond with Mn-X vibrations observed in.fhe far IR spectra

~of Mn(III) protoporphyrin IX dimethy] ester'halideszs.- A1l of these peaks

B}
H



2.6 cm”

- -9
are’shifted between 43 and 23 cm™'to higher energy from the Mn-halide stretches

in Mn(I111) protoporphyrin IX dimethy] ester which appear at 462, 262, 211

1

and 190 cm " for F, C17, Br and I~ réspective]y,Vpkésumably becausebthe E

spectra in this‘report are for the molecules in solution rather than in

the solid state mulls that were used for the far IR spectral measuremehts.

Another.inﬂication that these peaks represent the Mnfha1ide stretches
is shown by isotopic substitution of 35C1 and 37C1 in the MhETPfC] complex

(Fig. 4 and-Table IV). A1l of the low energy peaks'are constant in energy,

!, except for the peaks at 285 and

1

within experimental precision + 1 cm’

225 cm'] (Table IV). The peaks at 285 and 225 cm_ Show a shift of 4 and

], reépective]y, to lower energy when the axial ligand is changed'

from 350] to 37C1. Using a harmonic oscillator model, the energy‘shift

1

for the 285 cm™ | peak is 0.8 cm™| less than the shift of 4.8 cm”! expected

if this were a pure Mn-Cl vibration. The peak at 225 cm™! shows a sma]]ér
shift, and the vibrational mode responsible for it must also ianJvé motion

of the metal against the porphyrin macrocyc]e.

" The peaks at 165 and 143 cn! in the €171 and Brflfcomplexes and the

1 in the I; complex appear also to be axial-

two peaks at 186 and 118 cm”
‘ 1

ligand dependent. The 165 cm ' peak, the dominant feéthre_in the Raman

speétrum of the C17 complex, shows no energy change;wfth isotopic substitution.

A correlation of the 225 cm'] L

‘peak in C1° with the 143 cm” peak in Br’
ahd the 118 cm'lvpeak in I~ seems reasonable. vThe‘peaks exhibit a decrease
ih'energy with mass and may reflect a'vibratidh of the meta] and halide
against the pqrphyrin._ Although the cofresponding peak is not appareﬁt
in the F™ complex, it may lie within the broad featuré at 260 cmf]. This
is supported by a polarization study in which the RR.beaks recorded with‘fhe

analyzer oriehtedﬂeither parallel or perpendicu]ér to the electric vector of

the incident radiation showed different maxima separated by about 3'cm'1.‘

S 07O R OB 00



Table V summarizes the assignmentsAfor th§ 1Qw energy‘region of thg Raman
spectra of the ha]ide complexes of MnETP., The peaks at 193, 179 and'186__
em™! in the F7, C17 and 1~ complexes are current]y.under study and will:
be described in a subsequent report. | | |
The highér energy region 500-1700 cm'l of these metal complexes show

no pronounced changes with substitutidn of the axial ligand. The ﬁositions
of many of fhe beaks are difficult to define because of theif weakness.

The ligand dependence‘of higher enékgy peaks must be studied by excitation =

in the Q bands.

IV. DISCUSSION

A.. E]ectroniC*Spectra of Porphyrins

The visib]ewand'near'UV spectra of metal porphyhihs can be interpreted
using the 4 orbita] model proposed by Gouterman and coworker527’28. " The
electronic transitions that give rise to ‘the charactefistic spectra of metal
porphyrins [«, 8 (Q bands) and Soret (B band)] resd]t from excitation
from the two highestvfi11ed orbitals of 3y, and aiu'symhetry under the D4h
vpointvgroupvto»thg lowest empty orbitals of eg”symmetry (Fig; 5). Thé two
doubly degeneréte excited states that result are of jdentita]’symmgtry and
are nearly degenéfaté in energy; consequently, they are mixed by configuratidn
interaction to giVe two hew doubly degenerate stateS'resulting from addition
or subtraction of the transition dipoles. This ]eadﬁ“td a very intense
‘absorption band at high energy, the Soret band, and 6 less intense band at
]oWeF energy, the o band27’28. In addition, the 0-1 vibronic overtoné
(B band) is aiso active and appears as an additional peak on the high energy
side of the 0-0 transition (o band). |

The visible and UV spectra of most metalloporphyrins and of the dianion

and dication of the free base porphyrins are remgrkab]y'simi]ar29’30’3].,
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Small changes occur in the pos1t1on and relative intensities of the o, 8 and
Soret bands, but the spectra are qua11tat1ve]y s1m11ar, 1nd1cat1ng little
meta]-porphyr1n 1nteract1on. Through an extended Hﬂckel ;alculatlon
Gouterman and hi§ cow_orkers32 have ‘shown that the energies of the porphyrin
n orbitals ahd_the metal d orbitals are sufficiently different for most
meta]]bporphyrins that 1ittle mixing oécurs Fbr Fé3+ and.Mn(III) porphyrins,
however, the energ1es of the d orbltals and the porphyr1n m orb1tals are
sufficiently c]ose in energy for large interactions to occur, perturb]ng
the c1a551c meta]]ooorphyr1n spectrum22 32 | |

' Manganese(III porphyrins exhibit a wealth of.ébSOrption bands in the
near IR, visible and near UV region. The simple 4 orb1té1 model breaks
down for Mn(IIi)“porphyrins._ Boucher20’22'proposed that the additional
bands that appear in the absorption spectrum of_Mn(IiI) pbfphyrins, especially
band V, result from charge transfer transitiohs."These occur when an
electron is promoted from a filled porphyrin orbiféi;to an unfilled orbitaT
of the metal or vice versa20 32. Boucher has assigned the near IR absorption
bands of Mn(III) porphyrins to d +d and/or chargé tfansferltransitions. |
Prior‘to this report, the visible bands I1II and IV were assigned to charge
transfer and/or’Q transitions. From its”sensitivity to soiVent.and axia]
ligation, band V Was assigned to a charge transfer transition. Low;temperature
absorption and‘MCD data33 indicatg‘that band V spans_two electronié trahsitions,
each of which shows an A term in the MCD spectrum. The separation betweeh'
these transitfpns, the frequencies at which they occur and their

intensities  are remarkably dependent on the axi31 1fgand on the manganese33.

B. Raman Theory

According to Albrecht's theory of Raman intensities3?*32:30 tpe

relevant part of the Raman tensor expression for the'intensity of a Raman

WA s DO s T S R s B AT By
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line corresponding to the vibrational transition i+3 1530,

(

%)

| o oH ot ST
gi,aj ;f [<91Rq|e> <e|sﬁ;15> <isplg> <gi|ev> <gy!Qa|g1>

AL T . -
+.<g|Rp|e> <e|aQa|s> <s|RG}g> <gilev> <ev|Q, |g3>]

] - .
X > - .
(Vev,gi - Vg + Lre)zvs - ve) 7 o : - - (1)

for |s> # |e>,

:where L is the poth component.of the po]érizabi]ityutensor aﬁd P and

o are coordinates within the molecule fixed coordinate system. .lg> represents
the'ground state. |e> represents the excited state in resonance. |s> is a
different excited state. |gi> and [gj> are vibrationaj‘stétes of the ground
electronic state. lev> is a vibrational state of the-éxcited electronic o
state |e>. Rp and R0 are phe dipole moment operators{ 3H/ 30; is the
change in the eiéctronic Hamiltonian with the vibration of the ground state

- normal mode a; Q, is the displacement. of the’ath.normaT mode. Ve and vg

are the ‘energies of the excited states |e> and |s> in'frequency units.

Vo is th¢ frequehcy of the incident laser light. Te is a damping factor.

This equatipn represents the B term in A]bretht's expression for,Raman_
intenSity and results from the vibfational]y induced‘miXing of different
electronic sfates produced by perturbation by the vibrational mode, a.
Furthermore, the vibrational mode that is most active in mixing the states
will show the greatest Raman intensity. This accbunts for the 1ack'of resonance
enhancement of vibrations of peripheral substituentsvin the Raman Spectrum
of porphyrins. Thus vibrations at the periphery of the ring which do not
perturb the eTéctronic states of the porphyrin sufficjént1y for mixing

to occur between different electronic.states show 11tfﬁe resonance gnhancemént,
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What thfS'dfgument intends to shdw is fhat thé.énnanced vfbrationsvof‘
é meta]]oporbnyrin with excitation in a“charge transfen_band are different -
from the enhdnted vibrétions with e*citationvin a ﬁ+n; transitidn. It is
necessary to resolve the spatial propert1es of <e| aH/ aQ |s> |
The only part of the electronic Ham11ton1an that depends on nuc]ear

position is the coulomb potent1a1 between e]ectrons and nuc1e134

i.e. (aH/aQ Ve et sz /e V0. (2
T in’’°%a . o |

A

where the summation is over all of thede]ectrons J and nuclei n, e is the

electronic charge, z 1s the charge on nucleus n-and r, is the distance

. n. Jn _
between electron j-and nucleus n. 3H/3Q, is thus a one electron operator.
For: any one-e]eétron operaton, 634’35’36:

6= -2 G(r ) 16(r)o(r) dr B (3)
where G = aH/aQ
and <e|G|s> =.<e[fG (r)o(r)dr|s> = r<elo(r)[s>G(r)dr - (4)

where <e]p |s> the transition dens1ty38, represents the spatial overlap
of |e> and |s> As A]brecht has pointed out, for mixing'by a vibrational
perturbation to occur, the mixed electronic states must lie within the

same region of the molecule.

C. Resonance Raman Spectra of Manganese(III) Porphyrins

We w1]] cons1der exc1tat1on w1th1n three types of porphyrin ‘transition
¥, d>d and n+d, a charge transfer transition. . The results for a d»n*

charge transfer transition would be the same, but'theSe“transitions would

o3
&
-
§

R
;;
-
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not be a]]owed for Mn porphyrins under D4h symmetry The ground state for
‘Mn(II1) porphyr1ns is 11]ustrated in F1g 5: |

-wa *o g1 41 41 4

lg> = wpor Ymetal pori por Xy Xz yz zzdx2 2 » . (5).

The lowest ehergy m>n* excited states may be written:

NAT¢ o) 671 al gl g) qlod0

e = 1 por; por por-xy° xz'yz'z dx2 y2
' ' ' . (6)
m-2
- 2 2 *1 0 10 0 0 .
|s> = NSA-"‘¢por d’por ]¢por ¢pordxydxzdyzdzzdxz-yz_
An excited state reached by a d~d transitionvmay be written:
m
_ 10 gl gl o
|d> = _ET por por xydxzdyzdzzdx2 y2 (7)

The electron is promoted from one of the degenerate d brbitaTs to the dxg_yz

orbital. Although there are no d+d transitions a]]owed under D4h symmetry,
a d»d transition from one of the degenerate d orb1ta]s to the d 2 y2 orbital
is a]]owed under C4 symmetry The change from D4h to C4v symmetry in a
meta]]oporphyr1n can occur by axial ligation. An exc1ted state reached by an

a]]owed;charge'trahsfer excitation of an electron from the porphyrin to the

metal may be written

T 1 2 .
le> =N A."-‘1’por por ¢pordxydxzdyzdzzdx2 -y2 _ (8)

¥ and y represent the wavefunction of the porphyrin and metal,

por metal
respectively, |e> is the excited state in resonance. N is the normalization

factor. A is the antisymmetrizer. are the occupied molecular orbitals

¢por

ok o
in the ground state conf1gurat10n of the porphyr1n _¢p°r is the lowest
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unoccupied porphyrin molecular orbital. The produet‘of”orbita]s'is in order
' 20

of increasing energy . dxy dXZ dyz d22 d 2 y2 represent the atomic orbitais

of the manganése, The superscripts indicate the e]ectron occupancy of
the orbitals. | | |

An examination of the transition density matrixﬁeiement indicates
which vibrational modes are enhanced by excitation within a perticuiar
type of electronic transition. - The types of transition densitynmetrix
elements that must be examined are'between-states reecned by‘n+n* transitions,
charge transfer’transitions'and d~d transitions. |

If the two states |e> and |s> that couple are bdth‘reached by a mm*

transition:

1 .
por.__ d(r rJ)¢po, (9)

' <e|§(r)|s§'= -ef ¢
since the integral equals unity for electrons nottinVOiVed in the transition.
This is a spatie] integral over thebtwo highest energy occupied mo]ecn]ar
~orbitals of the Qround‘state. Spatially, these orbitéis;occur within the
i.porphyrin macrocyeie and occupy similar regions; as a resu]t; the-vibrational
modes, a, that are nicked out by the electron density matrix element
<e|aH/aQa|S> are those within the macrocycle.

For coupling of a charge transfer band in whichian e1ectron goes to
a"de or dXz orbita], for'examp]e, with an exeited state reached by a nfﬁ*
transition from the same occupied molecular orbitai;‘the required vibrational
perturbation matrix element is <c|3H/aQa[e> and the transitibn density is:

(10)

<clp(r)le -’—efd Sir- rJ)q;por 3
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This integral répresents the spatial dveriab of a d okbita] of the metal
and a 'n orbit;]v of the borphyrin. 1The region of.maximum overlap will
occur afdhnd the metal and pyrrole nitrogens. The vibrational modes picked
out by the transition density operator in this case will be those around
the centrai metal, such as vibrations ihvo]ving the:mahganese-pyrrole nitfogen l
bonds. Vibrations involving the axial ligand on the mangahese may é]so be
picked out, betauée the metal-ligand vibratibn should pértu}b“the d orbitals,
_affécting theiéxcited state reaéhed by the ;harge trqnsfer fransition; |

For coup]ing of two different excited states fofméd.by charge transfer
transitions in which the excitation is from the same porphyrin ground'staté
occupied molecular orbital, then | | |

il
.)dzdr.

Y _ 1
<c]|p(f‘)|c2> = -efd]d(r—rJ j

()

where |c1> and’lc2> represent two different charge transfer states and d; and d,
are the tWo different d'drbitals that are occupied by the promoted e]ectron.'
This terin will be small since the two different d orbitals occupy differenf"
regions of SpaceQ uﬁ]ess axial ligand vibrations and thé consfraints impoﬁed-'
by the pyrrole nitrogens mix'the d drbita]s, This may,bé the term that |
allows the'vibrétions of axial ]igands to be enhanced. For coupling between i
two chafge transfer states'lc]> and |c3> that termingte-in the same d orbital
but are initiated from different porphyrin = orbitaTs_:

o c ore] " .
fC]ID(P)|C3> = -ef¢porm6(r-rj)¢por _]drj E (12)

and vibrations active in the macrocycle will show intensity. States differidg

by the occupanéy of more than one electron cannot couple under . the vibrational
, / S : -
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perturbation. so that charge transfer trans1t1ons d1ffer1ng 1n occupancy of

both porphyrln and d orbitals cannot coup]e

Coup]1ng may not occur between a state |d>, reached by a d»d transition

and a state |e>, reached by a ron* transition because a difference in occupancy

of two electrons exists between the two states. Stote |d>.may couple with a
charge transfér,state |c> if the electron is‘pnomotéd to the same d orbital
in both transittons. The vibrations picked out bysthfs transition density
matrix element involve the central metal. o | R

| Looking at the form of the polarizability tenson.for excitation within
(1) a charge transfer band and (2) a m»r?* transition wé‘find'

1. There are terms in the polarizability tensor conta1n1ng <c|p d\-

<c|p(r)|s> and <C1lp r)|c,>. The <c|p(r)|s> and <«c|p(r |d> terms enhance

vibrations actlve about the metal while the <C]|p r)|c2> terms enhance

vibrations both w1th1n the macrocyc]e and around the meta], 1nclud1ng

vibrations 1nv01v1ng the ax1a1 11gand t '
2. There are terms containing both <e|p( r)lss_’and <eTp(r |c;.

<ele(r)]s> enhances vibrations active in the macrocycle,. wh11e <e|p(r |c>

o «enhances vibrations about the metal.

In thls argument we have neglected conf1gurat1on 1nteract10n of the Q

and B states but as routerman27 28,29 has p01nted out this 1s a maJor
phenomenon in porphyrins; as a result the B and Q states are mixed and the

excited states should be written more precisely:
|Q> = M|Q°> + N|B°> _ and  |B> = P|B% + T|Q%

where M,N,P and T are the coupling coefficients and.lQ5> and |B°> are the
zero order |Q> and |B> states. The transition density matrix elements are |
then: | ‘

CsEov kR CT00
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<qle ()| B> = MT<Q°[p (r)[ Q> + NP<B®[o (r)|B®> + (MPHNT)<B®o (r)|Q%  (13)

The overlap of fhe |Q> and |B> states with themselves wbuid equaliunity. As
a result the tefms in the polarizability tensdr containing <Q[p(r)|B>'WOu]d
dominate and, for excitation in a-Q band we would expect to see}vibkations‘
in the porphyrin macrocycle as tﬁe major enhanced Vibrationﬁ. j

The contributions froﬁ Albrecht's A term40 in which |e>:=_|s>, the
diagonal parts:of the transition density matrix e]emént, show simiiar'features;‘
The vibrations that mix an excited porphyrin state with itself must be vibra-
tions within the macrocycle, while the vibrations mfxiﬁg a charge transfér
state with itself must include both vibrations actfve-fn the maCfocyc]e and "
vibrations active around the metal. Since there isVnd electron interchange
between the metal and the porphyrin dufing-a ¥ or dxd trahsition, a
meté]]oporphyr{h-may'be treated as two separate systemévfdr these tranSitfdhs,_
the metal and the porphyrin ring. For excitation in a n;n* transitién,_
the A term would emphasize vibrations in fhe macrocyc]e..-With-exciﬁation |
in a d>d transition, vibrations about the metai wou]& Ee.éhbhasized,

including axial ligand vibrations.

V. CONCLUSION |

"The above arguments provide a means of distingujshihg a charge transfek_
band from a m>m* transition. The vibrations most enhanced by excitafidn inv’
band V are vibrations involving the central metal whjle the vibrations |
most enhanced by excitation in bands III and IV aré pbrphyrin macrocycle
vibrations. Thus; band'V is assigned to a charge transfer transition,

and bands III and IV are identified as the « and 3 bands of metalloporphyrins,

respectively.
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A combarison of the resonance Raman spectra of MnETP in bands III and.

IV with the resonance Raman spectra of CuETP(I) also favors these assignments
(13). The resonance Raman spectra of CutETP(I) excitedsin the a and 8 bands |
- show many similarities to the Raman speefra,of MnETP excited in bands III.and
IV. In all of these spectra the enhanced'vibrations‘afe these of the porphy-
rin macrocycle. The vibrations at 757, 988 and 1313 cm™! in MnETP are
maximally enhaneed with excitation in band III. Analogously, vibrations at
754, 984_and.]3]4'cm'] in the spectré of CuETP(I) are maximally enhanced with
excitation in the « band. The vibration at 1374 cmil'in MRETP shows maxinum
enhancement with excitation in band IV. The corresponding vibration in
CuETP(I) at 1380 em™! shows maximum enhancement With.exeitation in ihe 3
band. R o
| Many of £he low energy vibrations enhanced by excitation in fhe charge
transfer band are metal and axial ligand dependent. Some of these vibrations
may be assigned fo mangahese-halide stretches. The intensity but qot>the
frequency of the vibration at 329 cm'] is strongly dependent on the axial
liganéi(Fig. 3). Therefore, it may be assumed. that this'band is only indirectly
inf]uenced.byvthe axial ligand. One possible way to aeeount for this

intensity depehdence,is to assume that the 329 cm'] peek.is an out-of- :
p]aﬁe vibrational mode of the manganese pofphyrin. As the ligand increases
_in size the metal is pulled out of the plane of the pdrphyrin]5’4]. When =
the metal lies farther out of the plane, an out-of-plane vibration which
puts the metal back into the ring will show'increésfng;enhancement. This
coqu be due to increased coup]iﬁg between the e*cited charge transfer
state and the * state.

The out;bf_p]ane distance of the metal with respect to the porphyrin

also has an effect on the extinction coefficient??>28:41  For the fluoride

complex the ratio of band V to band VI is high. Itldecfeases.és'the size

benzobr b0t

=2
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of the anion increases (Table I). That this must be an effect of the out-
of-plane distance of the metal and is not an effect of the ligating atom
can be shown by a comparison of the absorption specfra of MnETP withAimida;ole
and piperidine as ligands. Nonbsnded interaction of tﬁe'N;H with the porphyrin
ring forces the metal further out of the ring in the piperdine complex than
in the imidazo]e-complex4]. The extinction coefficient of band V in the
piperidine complex is only 60% of the value for'the:imidazole complex. The
further the metal lies out of the plane of the porphyrin the more unfavor-'
able is d and ﬁ orbital overlap and the less allowed the transition will be.

After completion of this work a report on the resonance Raman spectra

This

of manganese(iII)rtetrapheny] porphyrin appeared in the literature]7

report also noted selective enhancement of low energy‘Raman modes upon
excitation in band V. However, the intensity pattern of these low energy
peaks were radicaily different. The most prominent feature observed by

Gaughan and coworkers was a band at 400 cm .

Both their report and ours
show little dependence of the intensity or ehergy of‘this band on the axial
ligand. The lack of axial ligand vibrations in the Raman spectra of Mn(III)
tetraphenyl porphyrin may reflect a difference in the structure of Mn(iII)
tetraphenyl porphyrin compared to Mn(III) etioporphyrin, because the chloride
as well as the bromide complexes of Mn(III) etioporphyrin I and Mﬁ(III)
hematoporphyrin IX show similar Raman spectra when excitation occurs 1h

band V33,
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BLE 1

Absorption maxima (nm) of MnETPX in CHC13

“compared with values reported in the literature

X (1

this  Ref. this  Ref. this  Ref. this  Ref.
Band study (20) study (20) study  (20) study (20)
I11 582 585 592 592
v 550 552 660 559 . 562 562 568 568
v 450, 452 474 474 479 478 492 493
Va 428 427 432 . 43]
Vi 350 356 . 357 356 361 361 368 368
R 1.30 .72 0.69 .69 - .46 .42 27 .24

R = Abs:. peak V
Abs. peak VI~
Peo@snyECo 00
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TABLE 11

Observed vibrétiOna1 frequencies and relative intensitiés of the Raman bands
of MnETP in BuOH excited by laser lines at'457.9,_530.9'and 568.2 nm. Relative
intensities: vs - very strong; s - strong; m - medium§'w - weak; w - Very

weak; sh - shoulder.

exciting line: 457.9 ©530.9 o . 568.2
Qn,cm—] L An,cm'] 1 Aﬁ;cm"' .‘L
196 o v
242 W |
266 | s 265 _ Vs .
343 W M2 W o 352 w
398 s 401 w4 W
- | - 490 W
600 VW 603 v 4- '1591 v
683 : " 677 W 615 W
o 693 oo
758 w7 s
803 *(so]veﬁt) 807 (solvent) )a_805 ~ (solvent)
827 (solvent) 3v 828  (solvent)
849 (solvent) = 847 (so{vent)
950 " | | |
961 w %0
| 988 m
002 mo 1003 . m

1028 W 1028 W



exciting line: 457.9

Av,cm']_

1137
1157
1220

1310
- 1374

1502
1566
1586
1633

e

sh

0.

- TABLE II (cont.)

530.9

av,en”! L
1138 m
158 m
]220 m
1304 (so]vent)_
1374 S
1407 m
1448 (solvent)
1566 s
1584 Vs
1633 Vs

e

Av,cm

1136

~ 1160
1219

1313

1376

1405

1500

1458

1566
1584

1633

568.2

]i—-c

Vs
W

vs
m

m

(solvent)

W

VS

Vs

Vs

o
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LE III

Observed Raman bands of the halide salts of MnETP. Intehsities.are ]abe1ed

as in Table II. A1l of the vibrational bands ]isted,ake po]arized.

- _Br
Av,cm T av,em”] Av,cm']' 1 Av,ﬁm'] 1
118 s
143 s o
165 | |
193 179 185 ww 186w
225 233 s
205 s 25w
260 259 260 sh CHCl; interference
285 |
296 W 287w
331 sh ' '329 27 s 327" s
33 s 342 M s 340 om
374 w373 372w CHC1,  interference
399 m 398 395  m 398 m
495 s |
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TABLE 1V

B Observed vibrational frequencies (cm‘]) and'shift‘s of the Raman bands of |
35 | |

MnETP 3°C1 and f7c1 in €S,. Ay, = 476.5 nm; a(av) é_Av35C]_- By
MnETP-35¢) - omer-Ya alay)
165.7 1654
179.9 o
226.8 224.2 2.6
259.0 259.9 o
286.5 282.5 w0
328.8 329.6
©343.0, 343.2
397.8

398.2



-30-

TABLE V

Assignment'ﬁfgthe low. energy Raman bands of the'MnETP’ha]ides

495

374

343
331

260

260

1

- 285

373
342
329

259

225

162

- A Assignments

manganesé halide stretch

245
233
372 : 'porphyrih'+vhanganese
341 340 porphyrin + manganese
327 327 out of plane pbrbhyrin .
- manganese vibration
260 sh o porphyrin:;Amahgéneée

porphyrin + Mn + C17
143 118 | porphyrin_+ Mn + halide
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Figure Legends -

Fig. 1. Absorption spectrum of Mn(III) etioporphyrih I in butanol. Path

length =1 cm, conc. = 8.34 x 10f4

20,22

M. The bands are;]abe]ed_in‘

Boucher's nomenclature The positidhrahd.source'bf the

laser lines used in the Raman spectra areé indicated.

« - 568.2

2

Fig. 2. a) Resonance Raman spectrum of -Mn(III)ETP in butanol. R

nm, power = 160 mw. S1it width =5 cm_},.$can speed = 50 cm_
- min. Conc. g§‘10'3M. Because of an incréasihg background

the offset was. changed in mid scan. The wavenumber shifts‘in

‘théjfigures and tables for»all of the Raman spectra in this

report were obtained by averaging over several spectra.

b) :Resqnance Raman spectrum of Mh(III)ETP in butanol.. Xex = 530.9

nm, power = 50 mw. S1it width = 6.4 cn” ', scan speed = 25 .y

3

~min. Conc. ca 10 °M.

. c)  Resonance Raman spettrum of Mn(III)ETPlTn butanol;. Aex = 457.9

nm, power = 250 mw. S1it width = 6.4 cm’'

min. Conc. 53_10'3.

, scan speed = 50 eml/

Fig. 3. Raman spectra of Mn(III)ETP-X (x-F',,c1‘,-Br';'and'1'), csé is
| 'the_561vent for the F, C17, and Br~ complexes. CHCl; is used
“for I'.comp]ex. Xox = 457.9 nm for F, 476.5 nm for the Q- and
'.'488;0 am for the Br~ and I complexes. Pdwer =10 mw. Slit
1

width =5 cm ', scan speed = 12 em™'/min. Conc. ca 10”3M.v_The-

gaps in the spectrum of MnETP-I ihdicatefSGIQentfinterferencé.:

0P Ak E DD D
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Figure Legends (cont.)

Fig. 4.

Fig., 5.

. The 260 cm’

1 shoulder in the spectrum of the bromide complex is

“more pronounced-in other recorded spectra.

Raman spectra of MnETP-32C1 and 37¢1 in Cs.

1

2° e

Aoy = 476.9 nm,
, scan speed = 1.2 Cm']/min,

power = 10 mv. S1it width = 2 cm”

time constant = 10 sec. Conc. gg_]O'3M. -
a) ‘Four orbital model for the g]ectronfc tfansitions of
-meta]lopohphyrins. | |

b); Molecular orbital model for Mn(III)AporphyrinSZQ,
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Mn (IT) ETIOPORPHYRIN HALIDES

I in_ CHC|3 ‘
Aoy = 488.0 nm

Br~ in CS,
)‘ex = 488.0.nm-

Cl” in CS,
Aex™ 476.5 nm

F~ in CSZ

)\ex'457.9 n‘m h’
500 400 300 200
A, cm-! '
© XBL753-5116
" Asher
&

. Sauer
&E S 020t bk 0 80 ' '

_'Z'Fig. 3



‘Mn (II) ETIOPORPHYRIN CHLORIDE
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Soref band ' Cl
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