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Resonance Raman Spectroscopy of Mangénese (II1) Etioporphyrin 1,
Chromium (Iin Tetraphenylporphin and‘Hemoglobin:
The Dependerice of Resonance Enhancement on the

Resonant Electronic Transitiqn
Sanford Abraham Asher '

Department of Chemistry
and Laboratory of Chemical Biodynamics
Lawrence Radiation Laboratory
University of California
Berkeley, California

October 1976

Abstract

‘A combination of resonance Raman spectroscopy (RRS) and magnetic

- circular dichroism (MCD) is used to study the electronic transitions

of manganese (III) etioporphyrin I (MnETP). The data supports the

assignment of the strong band of Mn (III) porphyrins between 460-490 nm

to a charge transfer transitiqn. The two bands occurrihgbetween

540-600 hm are aséigned to vibronic components of a w +~w* transition.

The band in»tﬁe near UV appears to contain a number of components. It

is suggested that this band has both = +;n* and charge transfer character.
Dramatic differences are found in the RR"spectra of MiETP upon

excitation within different abSorptioh bands. The RR spectra of

METP - X X = F , Cl',bBr', I” or butanol) excited in the charge transfer

band_show.large differencesvin,the low frequency region (100-500 cm—l),

depending on the axial ligand. Pure Mn-halide vibrations are assigned.

An explanation is proposed to account for the differences between the RR
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spectra excited in the Q bands and the charge transfer band. Some of the
vibrational Raman bands in the low frequency region may serve as probes .

for the degree of out-of-plane distortion of the metal from the porphyrin

plane. The resonance Raman spectra of Cr (III) tetraphenylporphin

'(CrTPP) indicate that the thrée absorption bands of CrTPP occurring between

420-600 nm result from m > 7 transitions. The resonance Raman spectra of
F, Ng and OH compléXes of methemoglobin. are studied by excitation in
the charge transfer bands, which occur between 590-650 nm. A selective
enhancement of vibrations of the axial ligand against the iron is
obsérved.

The additionvof iﬁositol hexaphosphate results in no.changes in
the resonance Raman spectra. The lack of é shift in the energy of the
Fe-F vibration is interpreted to indicate that there is no movement
of the.iron relative to the porphyrin plane. The significance of these
results with respect to the Perutz model is discussed.

The Raman spectrometer constructed for these measurements is

described. The exciting source is a pulsed dyé laser, tunable from 265

to 363 nm in the UV and from 435-730 nm in the visible spectralregion.

(2N
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Introduction

- Resonance Raman spectroscopy is a technique for the study of the
vibrational specfrgm of a dilute molecular species. Excitation within
an absorption band of ‘a molecule induces an enhancement of the intensity
of the Raman scattered light. The ability to enhance one particular
component selectively from a multi-component system makes resonance
Raman' spectroscepy useful for the study of bidlogical chromophores. |
One particuiar chromophore, heme, an iron porphyrin is found in such
biologically important molecules as hemoglobin and the cytochromes.

This thesis.déscribes the study of the resonance Raman spectrum
of manganese (III) etioporphyrin I (MnETP), chromium (III) tetraphenyl-
pdrphin (CrTPP) and Methemoglobin (MetHb). The dependence of the |
fesonantly'enhahced vibrations on the nature of the electronic transitions
of metalloporphyrins is detailed.

‘Each of the chapters in the thesis contains an introduction, therefore
a lengthy introduction will not be given here. However, a map of the
structure of the thesis will be presented to aid the reader.

Chapter I describes the Raman spectrometer thch was constructed
to obtain many of the measurements discussed in Chapters IV and V.
Chapter I also includes many of - the experimental detaiis involved in
~ the measurements described in,sﬁbseqﬁent chapters. Chabter IT
Idiscusses Raman and resonance Raman theory. |

-Chapter 1II preséﬁts a review of the absorption and magnetic circular
dichroism (MCD) spectra of pérphyrins. The electronic structure of

porphyrins is discussed and absorption and MCD spectroscopy is used to
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assign the electronic transitions of manganese (III) etioporphyrin I
(MnETP) .

Chapter IV is-a study Qf the dependence of the fesonance Raman
spectra of MnETP and CrTPP on the resonant electronic transition. The
conclusion is that excitation in a charge transfer band enhances vibrational
modes about the metal. In particular, it is shown that axial ligand
modes are enhanced. Chapter V is the culmination of the model studies
reported in Chapter IV. The resonance Raman spectra of various complexes
of Methemoglobin are examined by excitation in charge transfer bands.
The enhanced Raman peaks contain information about the structure and

molecular dynamics of Methb.
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CHAPTER I
EXPERTMENTAL
This thesis includes absorption, MCD and Ramaﬁ spectral studies of
various metalloporphyrins'and derivatives of hemoglobin. The experi-
mental techniques used for the preparation and measurements of tﬁe
Various.samples have been collected in this chapter. Also included is

a description of the Raman spectrometer constructed for the studies in

Chapters IV.and V.



Materials and Methods

. Samples of manganese etioporphyrin I acetate (MnETP) were kindly
supplied by Dr. M. Calvin. The visible, UV, and near IR absorption
spectra correspond to those in the literature  (Boucher, 1972).

Thin layer chromatography performed on the MnETP using a 1:1 pyridine-
water solution on a cellulose plate demonstrated the presence of only
one Cbmponent.

)The.halogen saits of MnETP were prepared from a methanol solution -
of MnETP containing the sodium salt of the halide. Water was added
dropwise with stirring. The resulting precipitate was washed repeatedly
with water and centrifuged. The halidé salts were dried under vacuum,
and their absorption spectra were subsequently monitored (Table I).

An elemental analysis of MnETP-C1 ™ indicated: 64.22%, C; 6.09%; H;
and 9.6% N. The expected percentages were: 65.7%, C; 6.60%, H; and
9.6%, N assuming H,0 as the sixth ligand. |

The absorption spectra of all of the halides of MnETP except
for the fluoride agreed with those in the literature (Boucher, 1972). v
The absorption peaks of the fluoride complex in chloroform were 2-6
nm to higher energy from the values reported by Boucher (Boucher, 1972).

The intensity ratio of band V/VI [R in Boucher's nomenclature
(Bouéher, 1972) was also 80% higher. It should be noted that there
is a large variation in the value of R as the axial ligand is changed

from I to Br to C1~ (Boucher, 1972). The change that Boucher observes

in going to F is surprisingly low. In addition, the chloroform solutions
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TABLE I

Absorption maxima (nm) of MnETPX in CHCl3
compared with values reported in the literature

(Boucher, 1972)

X | F 1 | Br I
| this =~ this this ~ this
Band study Lit. study Lit. study Lit. study Lit.
IIT 582 585 592 592
v 550 552 560 559 562 562 568 568
Vo 450 - 452 474 474 479 478 492 . 493
Va | | 428 427 432 431
V1 350 356 357 - 356 361 361 368 368
R - 1.30 .72 0.69 .69 .46 42 .27 .24
Abs. peak V

,R ~ Abs. peak VI
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of MnETP-F were labile. With time our samples exhibited absorption
changes toward the values reported by Boucher. The liability of the
fluofide complex of MnETP in CHCl; is similar to the lability of the
phenoxide complex of Cr3+ octaethylporphyrin (CrOEP) in CHCl3 solution - ¥
(Gouterman et “al., 1975). Presumably, C1  produced by a gradual
photodisSociatidn of the solvent replaces phenoxide as the axial ligand

of the Cr in CrOCP (Gouterman et al., 1975). Apparently a similar

phenbmenon occurs with MnETP in CHC1 In addition, the MnETP-F salt

3
that we have prepared gives the characteristic spectrum of MnETP complexes
in coordinating solvents such as methanol and pyridine, indicating that
no alteration of the MnETP moiety occurred dufing the preparation of

the F~ salt.

3 3

" The Na>C1(99.35%) and Na° C1(90.363) were obtained from
Oak Ridge National.Laboratories.

The samples of Cr3+ tetraphenylporphin chloride (CrTPP-Cl) were
kindly supplied by Ptofessor Martin Gouterman. An absorption sbectrum
in BuOll indicated the presence of impurities with a peak appearing at
420 nm, possibly indicating the presenée of the free basé.

The CrTPP—C1 was chromatographed on a neutral aluminum oxide
column, grade 1. In contrast fo a recent report in the 1iteratufe
(Gouterman et al., 1975) the CrTPPCI would not eiute from the aluminum
oxide colum with CH2C12. The eluting solyent used was 10% n-butanol,
90% CHZC]_2 V/V. The Cr3+TPP eluted as a narrow band. However, following
this band was a very diffuse band.. Absorption spectra of the CrTPP-Cl

in BuOll and fresh (_III(_?]..S agreed with previously reported ahsorption

spectra (Couterman ct al., 1975).
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Human hemoglobin A, purifiied‘by the method of Williams and Tsay_- i
(Williéms and Tsay; 1973) was generously provided by Professor Todd M.
Schuster'(Universityvof Connecticut, Storrs). Met-hemoglobin was o
prepared by Dr. Larry Vickery (Department of Chemistry, University of
California, Berkeley) by oxidation of oxyhemoglobin witﬁ excess potassium
ferricyanide, followed by extensiverdialysis against 0.1 M HEPES,

1 mM EDTA, pH 7.0; iigandedvcompléxes were formed by the addition of
sélts directly to the capillary tube to be used fbr Raman excitation.
Absorption spectré were measured for ZOO-fold dilutions of the stock

(ca 0.6 M solution). In addition, absorption spectra were measured

for each of the Raman-illuminatéd samples to insure that sample degrada-
tion?had not occurred. The absorption spectra were measured for thin
films of the material spreéd_oh a microscope slide and held in place

by a cover slip. |

A1l of the solvents used for the Raman measurements were freshly
’distilled; vThe room temperature absorption spectra were measured on a
Cary 14 recording spectrophotometer. The low temperature absorption
spectra were measured on a Cary 118 récording spectrophotometer equipped
with a dewar to allow variable temperature absorption measurements.

This dewar was also used in the MCD measurements. The MCD instrument
.has been described preﬁiously_(Sutherland et al;, 1974).

The Raman spectra recorded with excitation at 568.2 and 530.9 nm and
the Raman spectrum of MnETP acetate in bufanolywith excitation at 457.9 nm
were measured through the courtesy of Dr. J. Scherer at Western Regional

.Léboratories, USDA, Albany, Ca. (Bailey and Horvat, 1970). EIxcitation at

568.2 and 530.9 weré obtained from a Spectra Physics Model 165-01 kr' laser.
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Excitation at 457.9 nm was obtained from a Coherent Radiatidn Model

52 Ar' laser. The spectra of ‘the halide complexes of MnETP were
measured using an instrument belonging to Dr. H. Strauss at the
University of California, Berkeley, Department of Chemistry. A Coherent
Radiation model CR2 Ar® laser was coupled to a Spex 1401 double mono- °
chromator. The incident laser beam was chopped, and the scattered
light was amplified with synchronous detection.

Raman Spectrometer

Optical Path

The remaining Raman spectra were obtained on an instruﬁent that
was constructed as outlined in Fig. 1.

The exciting source is a CMX-4 Xenon flashlamp excited, puléed
dye laser broduced by Chromatix Corp. of Mountain View, California.
The laser produces 1 upsec (halfwidth ai half maximum intensity)
pulses at 5, 10, 15, 20 or 30 Hz. The laser is tunable from 430-730 nm
in the visible spectral region and 265-365 nm by second‘harmonic
generation using ADP crystals. Fig. 2 shows the tunability curves
specified by Chromatix Corp. Included in the figure is a list of
currently available dyes that enable tunability through each of the
wavelength intervals numbered in Fig. 2. The dashed curves indicate
only peak power. Oxazine 170 in methanol, which is tunable from
675-730 and 335-366 nm doubled shows poor intensity stability from
pulée to pulse unless the repetitioﬁ rate is limited to 10 Hz.
Coumarin 2 which covers the wavelength region from 445 nm to 482 nm
shows a rapid/phbtochemical decomposition of the dye. To obtain

Raman spectra using these two dyes the repetition rate of the laser must

l'&}
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Fig. I-Z.FDye ranges ahd power curves (from CMX-4 laser manual).

- Tuning Range Peak Gain
Curve Dye ' _(nm) - VWavelength (nm)
1 Coumarin 120 435-455 442
2 . Coumarin 2 By5-4382 460
3 _Lrimarin 102 476-518 - 490
Yy Coumarin 30 493-540 512
5 Coumarin 6 - 521-558 540
b Sodium Fluores- 542-577 558
A v cein
o Rhodamine 575 ~ 566-610 - 590
(1:1 water/
_ Methanol) .
8 - Rhodamine 6G 577-625 598
DR (1:1 water/ : ’
Methanol) _ :
g Rhodamine 6G 585-633 610
: (4% Ammonyx LO) '
10 Kitton Red S 622-665 642
11 Cresyl Violet 655-700 673
12 Oxazine 170 675-730 705
| : T T 1.t
‘:’7’0‘5, | ‘si LY i l JSO-OE‘.
e TN ] N 7\ 1788
7B ERAVAVIEEEFRE - N IR ANV SR 0N
A RN » //1] NP ’;L‘M; L
‘269 210 289 90 LG 42 23 YW 34 REW o0 4 400 4L 43 ;N el [ it €29 10
WAVELENGTH (nanometars) ViAVELENGTH (~anometert)

NOTE: Dashed curves are fer pezk powers znd energy per pulse only,
not averags power. '

e
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be limited to 10 Hz. The compositions of the dje solutions used to excite

the Raman spectra reported in this thesis are detailed in Table II.

The light emerging from the laser is polarized vertically with
respect to the laser for the doubled UV radiation and is polarized

horizontally for the fundamental visible radiation. In order that the

~ laser light incident on the sample is polarized transversely to the

plane defined by the laser beam axis and the viewing axis, a polarization

rotator (Spectra-physics model 310-21 Broadband Polarization Rotator,

Spectra-Physics Corp., Mountain View. California) is used to rotate

IS

‘the visible light (Fig. 1). The poi;rization rotator is removed for

measurements in the ultraviolet wavelength region.

~ The laser beam is 3 mm in cross section as it emerges from the
laéer'output mirror. In addition to the primary laser beam two
secondary non-coincident beams of much lower intensity are emitted
from the oﬁtput mirrOr._ An apertﬁre consisting of a blackened aluminum
plate with a 3mm hole serves to remove the secondary lasing beams and
any nonlasing light from the flashlamp. The aperture also serves to
define the position of the incident beam.

" For laser output in the UV, the fundamental laser light is
frequency doubled by ADP crystals placed inside the laser cavity.
A fused quartz block replaces the doubling crystals for visible operafion
without changing the laser cavity configuration. The refractive
indices of both the doubling crystals and the quartz block
depend on wavelength. Thus, the laser beam which energes from the
doubling crystals or the quartz block shifts position with respect to the
center of the laser output mirror when the wavelength of the laser beam is
changed. After aligning the optical path of the Raman instrument

for one excitation wavelength the aperture is introduced to define a



TABLE II

Dye solutions used for Raman spectra reported
in this thesis

solvents and

Dye tuning range (nm) dye concentration (mg/2) _ additives ‘ dye supplier
Coumarin 2 445-482 s 600 m, water  Exciton Chemical Co.
400 m& methanol Dayton, OChio
12.5 mg BMAR
Fluoral 7 GAb 540-590 - ' 130.0 970 m¢ water GAF Corporation

30 mg Ammonyx®  Melrose Park, I11.
0.2 mR conc. HCL
0.5 mg cord

Rhodamine 6 G 566-610 _ 62.5 500 mt water Eastman Kodak
' ' 500 m¢ methanol Rochester, New York

Rhodamine 6 G 585-633 62.5 960 mf water Eastman Kodak

40 m¢ Ammonyx®  Rochester, New York

Kiton Red S 622-665 62.5 S 960 mf water Exiton Chemical
40 me Ammonyx® Dayton, Ohio

Rhodamine 640 630-685 67.5 500 me water Exiton Chemical
500 mt methanol Dayton, Chio
0.2 m conc. HCR

Oxazine 170 675-730 32.5 300 mL water Eastman Kodak
perchlorate 700 mf methanol Rochester, New York
‘ 0.5 m2 conc. HCL

2DMA - Dimethyl acetamide

bFluor'ol 7 GA must be recrystallized from ethanol (Lambropoulos, 1975)
CAmmonyx purchased from Onyx Chemical Corporation, Jersey City, New Jersey
COT - cyclooctatetraene :

g
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cross section through which the laser beam must be incident.

T6 maintain the alignment of the laser beam with respect to the
sémplé and to the scattered light collection optics the laser is
‘repOSitioned for each new éxciting wavelength so that the beam
again:traversés the aperture.

Following the aperture the beam is split into twb beams by
a quartz plate beam splitter. To maximize the power incident oh the"
~ sample, the quartz beam splitter is antireflection coated with Mng.

“ Since antireflection toatings in the visible enhance reflection in the
'UV'twé'separate antireflection coated beam splitters are utilized,
one for visible operation and the other for thé.UV.

The beam which is reflected by the beam splitter represents
approximately 1% of the incident radiation and is reflected by a
mirror mounted to the side of the aperture into the reference photo-
multipliér. The reference beam is diffused by a ground quartz plate
on the front of the photomultiplier housing. The diffuséd light is
then.éttenuated by a number of néutral density filters prior to
the phofocathode of the EMI 9558 QB phétomultiplier. For operation in
the UV a UV pass filtef (Kodak 18A or Corning 7-54) is introduced to
remove the fundamental Visiblellight'which is coliﬁear with the UV beam.

The light transmitted through the'beam splifter, the sample beam,
is.deflected into the sampling compartment by a defleéting mirror and
through a removable diaphragm which helps to define the optical path.
The beam is focused onto the sample by a movable 5 cm quartz lens.

The Iight,scattcred from the sample is imaged by an off akis cllipsoidal

mirror (Perkin-Elimer Corp., Irvine, California, mirror #186-0110).
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The advantage of an ellipsoidal mirror is that it is free of

~ chromatic and spherical aberrations. To image non-monochromatic light
from any light source, the imaging elemént or elements must show no
dispersion of the refractive index with.respect to frequency. In the
visible épectral region,‘lenses using different types of glass may be
combined such that the array is nearly achromatic. However the tech-
nical problems of producing such a lens-in the UV are severe. Thus a
reflecting imaging system is utilized.

Anvellipsoidal mirror (Fig. 3) has the property that any ray
originating from one of the two foci is reflected through the other
focus. When a sphérical mirror is used to image an object anywhere
but at the radius of cﬁrvature of the mirror, the spherical surface is
being used as an approximation to an ellipsoidal surface. The quality

of the focused image is degraded by spherical aberrations.
These occur because different annular rings of the spherical mirror

focus the image at different distances from center of the mirror.

A large loss in light collection thus occurs when imaging a point light
source into the entrance siits of the monochromator.

The scattered light focused by the ellipsoidal mirror is reflected
by a plane mirror oﬁto thé entrance slit of a Spex 1400 double mono-
chromator. The object is magnified by a factor of 6.

‘A spherical mirror, used to collect light scattered opposite the
ellipsoidal mirror, is positioned such that the sample is at its
radius of curvature. The collected scattered light is re-imaged

“through the sample and is collected by the ellipsoidal mirror.

L
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Fig. I-3. Ray tracing of light reflection by an ellipsoidal mirror
of a point light source at Fl.
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* Grating monochrémators are known to have different transmittances
for light polarized parallel and perpendicular to the entrance slits
(Bailey and Scherer, 1969). To avoid intensity artifacts resulting
from the polarization bias of the monochromator, a polarization scrambier
consisting of a quartz wedge (Lambda Optica, Berkeley Heights, New Jersey,
Number S—114)vis introduced into the imaged beam prior to the entrance
slit of the monochromator. An air spaced UV transmitting polarizing
prism is used.%or analysing the polarization of the scattered light.

The monochromator is a>Spex 1400 double monochromator. The two 4"
square gratings are aluminized and blazed at 7500 A with 1200 grooves
per millimeter resulting in a dispersion of 5 A/mm. The photomultiplier
used is an EMI 9558 QB which has a flat end window.
Electronics

A block diagram of the electronic detection systémAis shown in
Fig. 4. Both the reference and sampling photomultipliers are powered
by a single high voltage power supply. The high voltage to the reference
photomultiplier is attenuated by a voltage divider between the photo-
multiplier and the high voltage power supply. ﬂ

The photomultiplier bases are wired without a load resistor.
but with coupling capacitors between the last three dynodes.; Because
the laser is pulsed, a large current is drawn from the photomultipliers
at each lasér pulse. The purpose of the coupling capacitors is to
avoid draining the dynode resistor chain during the laser pulse which
would result in a non-linear response of the photomultiplier. To
discriminate against dark noise from the photomultiplier and to

amplify the signal from the photomultipliers a.dual channel boxcar

.
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integrator was utilized to amplify the outputs of the photomultipliers.
The dual channel boxcar integrator used in the Raman spectrometer was
designed by the electtronics shop of the Physics Department (University

of California, Berkeley). The design was modified and the unit was

te

built by the electronics shop of the Chemistry Department (University
‘of Califofnia; Berkeley). The gate circuit was further modified by
Bojan Turké and Branko Leskovar of Lawrence Berkeley Laboratories.

To discriminate against dark noise from the photomultiplier the
integrating circuit is gated and is driven by an electronic reference
pulse from the laser. The reference pulsé arrives about 2 microseconds
prior to the light pulse. The electronic reference signal activates
the gate driver which operates a gate between the electrometers and
ground. 'Between light pulses the output of the photomultipliér is
grounded. Just brior to the light pulse, the gate connects the photo-
multiplier output to the electrometers. Immediately after the micro-
second- laser pulse the gate disconnects the photomultiplier outputs
from the electrometers and reconnects them to ground. With this gating
circuit, it was not necessary to cool the two photomultipliers to
reduce dark curfent noise.

Two fluctuations occur in the output light intensity of the Jaser. -
The first is the 'short term fluctuation from pulse to pulse. This
variation in laser intensity can be as much as *+ 20%. The second
variation, usually a slow decrease of lasef intensity with time, results
from two factors: dye decay and tcmperature expansion of the optical
components of the laser cavity. Both the variation in pulse-to-pulse

intensity and the variation in average output power must be compensated
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for. The output of the electrometer is»propoftional‘to the avefage
inéidentvlight intensity on the photomultipliers. The eléctrometers
are wired in‘an integrating mode. The resistor and capacitor placed
across the electrometers provide a two-second time constant. The
electrometers integrate the current-pulses-from‘the photomultipliers

at each pulse,butvbefween pulses a small exponential decay of the

,chargé on the capacitor occurs due to the two-second time constant.

A stationary level is reached when the exponential decay between
pulses is equal to the additional charge introduced by each pulse.

The number of pulses averaged is a function of the time constant

of' 2 seconds. To reach an output within 1% of the stationary level

requires 5 time constants. At a repetition rate of 30 Hz, 300 pulses
ére averaged;-~However, the 300 pulses averaged are not weighted
equally. The most recent pulse has more influence on the output level
thah the one preceding it, which has more influence thanAthe one
preceding it and so forth. ‘Thus, after reaching a stationary level of
V1 from photonultiplier pulses of charge ql,.if subseduent pulses were
of charge q, = 0.5 q, the output level would not be the average of

299 pulses of q; and one pulse of 0.5 9 - The voltage out would
expoﬁentially decrease to V2 with a time constant of 2 seconds.

-The stationary level reached is linearly proportional tb the
average photon intensity. The integration averages out the short temm
pulse-to-pulse fluctuations in laser intensity, but the circuit still
responds to changes in the average photon flux reaching the photo-

nultiplier.
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The longer term decay in average laser power intensity is compen-
sated by an analog divider which divides the sample channel by the
reference channel. The output voltage of the divider is thus a voltage
proportional to the nimber of incident photons reaéhing the_sampling
photomultiplier, but the oufput is normalized to the intensity -
of the laser pulse. Varying the high voltage to the reference photo-
multiplier thus changes the apparent signalvlevel of the Raman spectrum.

Each of the electrometers responds to an average current. Thus, the
electrometers can be calibrated for photoelectron sensitivity with:a.
high impedence constant current source and by gating the electrometers
with a pﬁlse generator.

'b.The output voltage per (photoelectron - secfl) can then be calculated

from: 0=_YG
' TwRe

where O is the output voltage per (photoelectron - séc-l), V is the
output voltage measured, G is the gain of the photomultiplier and I is
the input current. w is the gate width. R is the repetition rate and
e is the number of electrons per.coulomb.
Thus for an input current of 10—6 amps, a gatewidth of 5 psec and .
repetition rate of 30 Hz, the output was measured to be 3.55 V. For
a photomultiplier with a gain of 106 the output voltage is approxi-
mately 3 mV per (photoelectron'~ sec—l). For a photomultiplier‘
with a quantum efficiency of 10% and a laser repetition rate of 10 Hz
a 3 mV output occurs if each laser pulse results in one photon impinging

on the photocathode of the photomultiplier.
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The linearity of the electrometer output as a function of the
average input current and repetition rate was measﬁred for input
_currents ranging from the equivalent of 1 photoelectron per second
(one'photon per 30 laser pulses) to the equivalent of 3000 photoelectrons
per second (100 photons per laser pulse) at 30 Hz. The proportionality
between thé output voltage and theAinput éﬁrrgnt appears constant to
within 2%. The propoftionalit} between the output voltage and repetition
~rate for a given input current waé also measured and was found to be
conStént to within 5% for repetition rates frdm 5 to 100 Hz.

'Ramén sbectra'were collected on a chart recorder. Peak
height measurements were used to determine Raman intensities.

.

Monochromator Calibration

The mohochromator was calibrated with respect to wavelength with
low pressure Hg, Ar, Kr and Xe Qischarge 1amp$. The reflectivity of
the mirrors, monochromator efficiéncy and photomultiplier efficiency is
a function of the wavelength of the incident light. Thus, for an
accurate determination of relative intensities of Raman lines, the
observed spectrum must be normalized against an efficiency profile of
the spectrometer. |

The spectral response of the spectrometer was measured using an
Epply Laboratory, Inc. standard intensity incandescent lamp. The lamp
illwninated (Fig. 5) two mirrors placed at 4% to a plate coated with MgO. The
1hirrors were positioned such that they formed a small slit opening
through which light scattered from the MgQ plate could pass for collection

by the ellipsoidal mirror and for imaging into the monochromator.
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Fig.I-5. Experimental configuration used for the efficiency calibration
of the Raman spectrometer.
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\

- 90° Scattering from the MgO plate is essential in order that the

fréduency distribution of the scattered ligh{ be identical to that of

the standard intensity incandescent lamp (Scherer, 1975).

Figure 6 shows the relative efficiency curve of the spectrometer.

The relative spectrometer efficiency, EA at wavelength A, 1s defined as:

max

where_iA is the output current of the photomultiplier at A. IA is

theintensity of the standard intensityihcéndescentlamp atA and_EA is the

maximum value of EA at Amax' The low efficiency below 500 nm'regﬁﬁts
from the monochromator gratings, which are blazed at 750 nm. The
decline in efficiency above 600 nm is.due to the loss in quantum
efficiency of the photomultiplier. . |

A1l of the spectra used in the excitation profiles obtained
with excitation Wévelengths above 400 nm were normalized to the
efficiency curve of the speétrometer. Spectra obtained with excitation
in the ultraviolet were not corrected for spectrometer efficiency.

The monochromator was used in second and third order for all of
the Raman spectra measured with ultraviolet excitation, to
stay as close to the blaze éngle as possible. To.measure the specéral
reéponse of the spectrometer with the monochromator used in a higher
6rder,a11 of the visible light from the standard intensity incandescent

lamp must be excluded. This is a formidable undertaking.
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‘The Raman Spectra obtained with.gxcitation in the UV were ﬁot
corrected for the variation in spectrometer efficiency with wavelength.
To evaluate the intensity error that migﬁt result in a typical Raman
spéctrum covering 1500 em™t requires an estimate of thé variation wifh
.wavelength of the‘reflettivity of the mirrors, the efficiency of the
gratings and the quahtum efficiéncy of the photomultiplier. The varia-
tion in the reflectivity of a typical first surface UV.énhanced Al
mirror is less than 1% for any wavelength interval spanned by a 1500 cm—1
Ramaﬁ spectral scan in the UV. v |

The efficiency of a grating is wavelength dependent and is highest
in flrst order at the blaze wavelength, A gratlng blazed at Ab
- first order is also blazed at Ab/n for order n. The efficiency of
a grating decreases away from the blaze wavelength. However, the rate
of change of the efficiency with respectbto wavelength is smallest near
the blaze wavelength.

All of thé UV’Raman spectra were obtained in second and third order
in order to stay as close to the blaze wavelength as possible. The
variation in efficiency for a typical iZOO groove grating blazed at

7500 A in first order over a 1500 cm

. UV Raman spectrum measured in
second and third order is 1ess'than 10% (Landau and Mitteldorf, 1972).

The photomultiplier quantum efficiency is wéveiength dependenf.
Hdwéver,the quantum efficiency of a typical EMI 9558 QB phofonmltiplier
is feiati?eiy flat with respect to waveiength below 4500 A,

Within a 1500 cm-1 Raman spectrum excited in the UV, the variation in

quantum efficiency is expcctgd'to be less than 55%. Thus, the maximum
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error expected from intensity measurements in a 1500 en! Raman
spectrum excited in the UV due to variations in the efficiency of the
spectrometer is less than 16%.

Sample Handling

Resonance Raman spectra obtained in the visible spectral region
were measpred with the samples enclosed in-melting point capillaries
of ca 1 mn inside diameter. Excitation was transverse to‘the long
axis of the capillary and scattering was viewed at 90° to the plane
defined by the axis Of‘the incident laser beam and the long axis of
the Capillary. The position of the capillary with respect to the laser
beém was adjusted to minimize self absorption by exciting close to
the capillary wall. Resonance Raman spectra in the UV were obtained
by 75° scattering from a 1.0 mm pathlength quartz (Spectrosil)
absorption cuvette (Lightpath cells, Inc., St. Louis, Mo, catalog
number 1-Q-1). o

Raman spectroscopy in the ultraviolet is especially plagued by .
fluorescence, both from the sample and the sample container. For
example, every solvent used for samples excited with ultraviolet
ligbt required careful distillation. The fluorescence from typical
commercially available solvents was so intense that a blue emission
could be visually observed along the path of the laser beam thfough
the sblvent. Distilled HZO was redistilled in glass prior to use. An
imburity which is at very low concentration can give rise to a background

which obscures the Raman spectra of the sample. Tor example, a 0.001%
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1

impurity which has a quantum yield of fluorescence of 10™% will give a

fluorescence background comparable to the Raman peaks if the Raman
cross section of the sample is 1077,

Because the monochromator is used in second and third order,
fluorescence'in the visible spectral region is also passed by the
monochromator and contributes to the background observed in the -
Ramanﬂspectra.‘,A UV pass filter (Kodak 18A or Corning7-54) was
inserted prior to the entrance slit of the monochromator'for the Raman
spectra measured.with UV excitation. The use of a solar blind photo-
multiplier should eliminate interference from visible fluorescence.

‘Fluorescence from the sample container is also a serious problem.
Only very pﬁre_spectfosil quartz (Thermal Americéﬁ Fuzed Quartz,
Montville, NJ) is suitable as a sample container. Natural fuzed
Quarté shows a'very intehse fluorescence, presumably from impurities in
 the quartz. Another problem is the Raman spectra shown by the quartz.
The Raman spectrum of quartz is broad and gives anintense background _

1

below 450 cm ~. Other materials such as sapphire may be more suitable

as sample containers for Raman spectroscopy excited in the UV.
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CHAPTER IT
RAMAN THEORY

Introduction

' The Raman effect is a consequence of inelastic scattering of
light by a material substance. The difference in energy between the

incident and Raman scattered photon corresponds to the energy difference

between the initial and final states of the scattering media. Although

the effect is named after Sir C.V. Raman who observed inelastic light
scattering from liquids in 1928 (Krishnan, 1971; Konigstein, 1972),
the ﬁéman effect_was observed. almost simultaneously by Landsberg
and Mandelstam in the U.S.S.R. in théir,studies of light scattering
from quartz‘(Krishnan, 1971; Sushchinskii, 1972).  However the
possibility of ineléstic light scattering was envisioned earlier in
1923 by Smekal (Krishnan, 1971).

For vibrational Raman scattering the difference between the
energy of the incident and scattered photon cérresponds to the
energy of a vibrational transition of the molecule. The énergy and
polarization differences between the Raman Scatterea'and incident
photons depend on the internal forces of the molecule. Thus, studies
of the Raman spectra of molecules give information on the vibrational
modes, electronic structure~and Chemical.environment of fhe molecule. -
The.physicél interpretétion of Raman spectra requires an understénding
of the interactions of the incident photoﬁ/with the electronic and

vibrational states of the molccule.
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Physical Description

| A simple physical picture of the Raman effect is visualized

in Fig. 1. An electromagnetic wave of frequency vo.is incident on a
.molecule. The oscillating electromagnetic field drives the molecule
at the incident frequency vo-with-an amp{itude that is a function of
the molecular polarizability. Siﬁce the polarizability is a fuhction
of the nuclear coordihates,'nuclear vibrations:modulate the polariza-
bility with a frequency vy the frequency of vibration ofvthe nuclei.
The éscillating electron.cloud of the molecule is manifested as an
os;illéting dipole moment which radiates 1ight with frequency v,
(Rayleigh scattered light), Vo Yy (Anti-Stokes Raman scattered light)
and Vo T Vy (Stokes Raman scattered light). This_picture can be

visualized more quantitatively by examining the dipole moment . induced

in a molecule by an electromagnetic field (Chantry, 1967).

~

ﬁ=ancos 2n v t 1)

where a, the induced dipole moment, is proportional to the polariza--
bility of the molecule, o, and to the amplitude of the electric

field, ﬁo’ which oscillates with frequency Vo The polarizability
varies with the configuration of the nuclei such that for a vibrational
mode of frequency vy, the polarizability may be expanded as a Taylor

series based on the equilibrium internuclear configuration,

(——aao | (2)
o =aqo,_ + ) MY+ L L
0 5Q), R

where Q is the normal coordinate of the vibration.
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For a diatomic molecule

AQO = A cos 27 vv t
' PTe)

where A is the amplitude of vibration. Defining A 6-5%) as a,
o

and substituting in Eq. (1).

fi = a, Ejcos 2m v, t + o E cos 2n Vo t oS 2m vt (3)

An oscillating dipoie moment radiates power at a rate (Konigstein, 1972;

Dushman, 1938; Chantry, 1967).

- 161T2\)4

= w* @

I

Sﬁbstituting Eq. (3) into Eq. (4) and using a trigonometric identity -

yields:
2

16w
= 3 [\)

I
3c

az Ezicos2 2r v t +
o o o

A~ o0

(v0+vv) o] E 'cosAZW (v0+vv) t *

(5)

=N

E

N N
oON ON

(vo-vv) o cos 2w (vo-vv) t

+ Cross terms] .

A number of features are clear from Eq. (5). The intensity, I,
is proportional to the fourth power of the radiated frequency. Thus,
the higher the frequency of the incident light the greater the
intensity of scattering. For example, the scattéring efficiency for

300 nm light is 16 times as high as for 600 nm light.
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The first term in Eq. (5) represents elastic (i.e., Rayleigh)
scattering, because the frequency radiated is v, _The secondvand
third terms are responsible for Anti-Stokes and Stokes Raman scattering,

because the frequency radiated is v, + v and v, - vv,'respectively.

: The'cross terms can be neglected since the power they propagate'

integrates to zero (Chantry, 1967)

Although the classical descrlptlon of Raman scatterlng is useful

for a physical insight into the Raman phenomenon, the magnitudes of

% and o, and, more important, the interaction of the electronic and

1
vibrational states of'the molecule are not detailed. An understanding
Qf the interaction of the incident light with the mOleculé requires

an explicit description of the polarizability fensor, a. A quantum
mechanical apprOach is necessary to descfibé the states of the :

molecule, the interactions between the vibrational and electronic

states and the interaction between the photon and the molecule.

Polarizability Tensor

Equation (5) gives a simplified description of Raman scattering
from an_oscillating dipole moment induced by a linearly polarized

electromagnetic field incident on a one dimensional oriented molecule.

- For a real molecule fixed in space the polarizability is three

dimensional and Eq. (S) should. read (Albrecht, 1961):
7.5
2°w 2
i = 2 b Oo™ ) | (ape)s5]

p,0

(6)
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Io-is'the intensity of the incidénﬁ light and Iij is~the intensity
-of Raman scattered light for the vibrational transition i -+ j, where
i is the initial vibrational sublevel of the ground electronit state -
and ' j is the final vibrational sublevel of the ground electronic state;
The process described by Eq. (6) is shown in Fig. 2. Thé molecule
starts in the i'th vibrational sublevel of one particular vibrational
mode in the ground eléctroﬁic state. The outgoiﬁg photon carries off

an energy of hvo‘- (Ej - Ei). The fihal state of the system is the

j'th vibrational level of one normal mode of the ground electronic

state. The polarizability is expressed as apo,where p and o are
coordinates in the reference frame of -the molecule.

Whenever the polarizability of the molecule is anisotropiq the
'polarizability must be éxpressed as a second order tensor (Konigsfein,
1972; Wilson et al., 1955) in which the elements are labelled by p and o.
The polarizabilityvtensor determines the orientation of the dipole

moment of the molecule, induced by the incident eléctromagnetic field,

and is expressed as

o, o, o
XX Xy Xz

- & =|lo, 0 _ 0 ' 7 '
oYX Yy vz | (7
Grx %2y %2z
where the subscripts x, y, z labeling the polarizability'matrix clements oo

are defined in the laboratory coordinate system. The induced dipole
moment is a vector and is:

fi=8E ‘ . (8)
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where E, the electric field can be described by a colum vector
E=|E . S
y )

For a molecule fixed in space, at the origin of a laboratory defined

coordinate system the dipole moment induced by the electromagnetic

field is:
.; = ix + U& ;y +'uz }z =
(Axx Ax ¥ éxy Ey ¥ 6’:cxz tz) ¥
(Ayx Ax X Ay ¥ Ayz Igz) ¥
(&zx ﬁx ¥ ézy Ay * ézz lgz)
WhereAgx, {y and Ez are unit vectors in the laboratory coordinate

system. For example, for light polarized along the x direction the

induced dipole moment along the y direction is:

A

uy = § EX

However, for a collection of molecules in solution which can
assune all.possible orientations of the principal axes of the molecules
to the laboratory coordinate frame, 6rientational averaging is necessary.
The result is expressible in térms of three quantities associated with
the polarizability tensor, which are called the iéotropic, &2, symnetric;
ysz, and anfisymmetric, Yai invariants of the polarizability tensor

(Konigstein, 1972; Wilson et al., 1955) and are defined as:

%
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1 2 ) | )
CHEE O ay )’ (11a)

Ysz = %'[(axx-ayy (ayy-azz)
(azz-axx) 1+ 4 [(a +0, ) (11b)

. 2
, (aix+axz) +2(aYz+azY) , | )

Yas T 4 Loy T C N (ayz'azy)']. (11c)

Thesg.tensor invariants are independent of thé orientation of the |
molecules to the laboratory coordinate frame. The effect of orientation
averaging is to relate the polarizabilities along the principal axes

| qf the molecule to the polarizability,observed for an unoriented

collection of molecules in the laboratory frame.

Depolarization Ratio

The depolarization ratio, p, of Raman scattering using a 90°

collection geometry is defined as p = fi-, where Il and I" are the
o '

observed scattered. intensities for a polarization analyzer Qriented

perpendicular and parallel to the incident polariéation direction

(Fig.- 3). For the oriented molecule pictured in Fig. 3 with the

light incident along the i éxis, polarized along the x axis and with

the scattefed light medsured along the y axis: |
L =' (o‘zx)2

N Gy

However, for a collection of molecules which are free to rotate and
which can assume any orientation with respect to the laboratory
reference frame, the depolarization ratio must be written in terms of

the invariants of the polarizability tensor (Eqs. 1la, b and c)
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Fig. TI1-3. Scattering geometry for depolarization ratio measurements.
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(Konigstein, 1972;’Wiisdn et al.; 1955). Thevdepolarization ratio for

linearly polarized light is:

. 2
Iy " +5% :
p=—m—5 . (12)
45 o + 4 Ys '

vay examining the point group of the molecule and the symhetry‘
properfies_of the vibrational modes (Wil;on et al., 1955; Cotton, 1963),
the depolarization ratios cén be predicted for vibrations ofvdifferent
léymmetries. | .
~ The polarizability tensor patterné for different point groups

have been calculated and listed by McClain (McClain, 1971). Table I
liéts the tensor eleménts for vibrations of Al;'AZ, B1 and Bé symmetry '
in the C4v’ D45 DZd and D4h point groups. Each of the entries in the
matrites for the vibrations of symmetries Al’ AZ’ Bl gnd.B2 corresponds
to an element of the polarizability tensor. The tensor elements are
calculated from group theoretical arguments which can predict which
tensor elements vanish.

For a molecule of D4h or C4v symmetry such as a metalloporphyrin,
the depolarization ratios can be calcuiated from the matrices in
Table I. For a vibfation of A symmetry, Eqs. 1la, b and c, and |

Table I yield:

=2 _ 1 2
(l' =g (281+Sz)
2 _ e y2
YS - (Sl Sz)

Y 2.0

as
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Table I. Scattering tensor patterns for the point groups

C4v’ D4, D2d and D4h (McClain, 1971)
5,0 0 |0 sg0
Al =10 S1 0 A2 = -S3 0 0
‘ 00 S2 0 0O
S4 00 0 _SS 0
B1 =10 -S4 0 B2 = S5 0O O
0O 0 0 0 0O
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. Whether an element of the polarizability tensor is idehtically_equal

to zero can be calculated By‘group tﬁeoreticalvarguments (McClain, 1971).
Howéver'an elemeﬁt of the tensor which is not formally equal to zero may
be found to be very small when the propérties of the molecule are
chSidered. It will be shown subsequentlx that eéch_of the elements
of the polariiability tensor depends on the electronic transitions of
the moleculé, - For a porphyrimn, ia which the most intense electronic
transitions are x, y polarized, S1 >> S2 (the z coﬁponents of the

polarizability tensor are small) (Nestor and Spiro, 1973) and

~2 4 .2
o "'—g-Sl
2 _ -2
Ys ~ S1
2
Yas ~ 0

Using.Eq. (12), the depolarization ratio for a vibration of Al'
‘symmetry in a porphyrin is predicted to be 0.125. (Raman bands with

p < 0.75 are called polarized.) For vibrations of B1 symmetry

&2 =0
2 . 2
Ys 7 5 S4
2
Yas © 0

Thus»b1 = 0.75 for vibrations of B1 symmetry and the Raman scattered

light is called depolarized. Vibrations of B2 symmetry have:

3% =0

Ysz ) 3 SS2
Yoo =0 |
= 0.75
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Vibrations of A2 symmetry have:

& =0 )
=0

Yoo =355

p=o

indicating that .the scattered light Js.polarized 90° from the direction
of polarization of the incident light. The. scattered light is called
- inversely polarized. |

Although inverse polarization had been predicted by Placzek over
40 years ago (Placzek, 1934) it was first observed in 1972 by
Spiro and Strekas from resonance Raman scattering from heme proteins
.(Spiro and Strekas, 1972). Thus a measufement of the depolarizafion
rafio will differentiate modes of symmetry Al’ A2 and the set Bl’ B2
from each other. Unfortunately vibrations of both Bl and B, symmetry

show depolarized Raman scattering and cannot be differentiated by a

depolarization measurement.

<

Quantum Mechanical Description

~ The interaction between the‘photon and the electronic and
vibrational states of the molecule is contained in the e1ements of the
polarizability tensor. Using time-dependent perturbation theory of the
intcraction of radiation and matter, the polarizability can be shown

to be (Konigstein, 1972; Davydov, 1963; Placzek, 1934):
- [ <n|Rp[e><elR0|m>

T : +
Fe = Ly = By o 13)
<m|RO|e><e|R0|n>‘]

(

a -
PG’ mn

Bg - k) + L
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where the summation is over all of the vibrdnic states le> of the
molecule, Rb and Rp are the dipole moment operators along ¢ and p.

E,, E and E are the energies of the states |e>, |m> and |n> and

e’ ™ m

E, is. the energy of the incident photon. The states of the moleéule

are specified using the Born-Oppenheimer approximation (Albrecht, 1961).

w
]

4
g

e = 9 (E,Q 20 Q

0,(6,Q 23(Q = |g> [i>

¥

[e> [v>

where'Og(E;Q) is the electronic wave function for the stafe |g> and is
a function of the electronic coordinates, £, and nuclear coordinates Q.
¢§(Q) =v|i>_is the i'th vibrational state wave function of the grbund
electroﬁic state and is a function of the nuclear coordinates.'le# is
an excited electronic state and [v> is v'th vibrational state wave function
of the excited electronic state |e>.

Eq (lo) may be rewrltten

[ <ji (g!R &) vaevy (elR fgni>

Ee - Eg E

<l (g|Ry|ediv><vil (e|R | )N 3> } -

)i gi = L
po'gi,gl g,

(15)

EBev ~ Egj * K
where each of the matrix elemenfsf(gchle) represent the electronic
transition moment at a particular nuclear configuration Q,and |j> is a
vibrational state function of the ground electronic state. Eq. (15) is
an expre551on for the Raman tensor for the Vlbratlona] transition h

i+ j. For incident light of encrgy F the energy of the Raman qcattcred

1ight - (. - E_.).
light is E  ( gj gl)
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However, the Born-Oppenheimer stationary electronlc states of
the system are perturbed by v1brat10ns of the nuclei. The perturbation

operator.is (Albrecht, 1961):
ar © ,
.= Q) 2% - ae)
where ¥ is the electronic Hamiltonian, and AQa is the displacement of
the normal mode, a. The superscript o indicates that.the expression is
evaluated at the equilibrium nuclear configuration. Using first

order perturbation theory for the effect of vibrational motion on the

Born-Oppenheimer excited state, |e> and ground state, |g> :

(s°|h [e%) A %
le) = %) + . 5% (162)
a sfe Ee - ES
o °h, 1% 2 Q |
D=1+ | —5>——1t), (16b)
a t#g Eg - E,c - .

in which the summations are over all of the vibrational modes, a.

The effect of the vibrational perturbation voperator is to create a

new basis set of wavefunctions which are linear combinations of the
original Born-Oppenheimer states. The summation over electronic statesb
is labeled by s in Eq. (16a) and labeled by t in Eq. (16b). The ‘

summations over s and t each span the entire basis set except for

the;diagonaltl componcnts(ls) 7 |e) and [t) # |g)).- : o i
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The superscript o indicates wave functions and energies evaluated at

the equilibrium nuclear configuration in the ground- electronic state

(Albrecht

, 1960).

Combining Eqs. (14) and (15) and assuming the wave functions are

real yields to first order in Q, (Tang and Albrecht,v1970):

- X

. .= A+ C
Colgigg ATETC

(o} .0 O 0 o
3| @IRIICIR ) |, @ IR IR | iyymentiis
1 |

Eev - Egi i} Eo Eoy -_Egj f E,

N

ev gi = E, Eev = Eoi * Eg

ev £]

x <illv><vllQ il >/ (B - Eg) | o
[ o O+ (.0 Oy /.0 0 o 0+ /.0 Oy, Ofp |.0
(g IR [s")(s"|h [e7) (e IRplg ) . (g IRpls )(s"|h, le") (e7[R [g )

+
] Eg, - Eg - E, - Eg, " Ey tE,
. . o 6 » -
x <ilQlv><vllj>/(E - BD) - » a7

R

efg tFg v a
| (g [t (€7 R [e°) (R [87) (e I, %) (t°[R [e%) (° IR )

- Ey Eey = Bgj * Eq

X

Eov - Egi

_ <iHv><VﬂQaHj>

0 _ O
By - Ep
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(71R1 %) (IR 1t (¢, [87) (2[R, (IR, [£%) (¢°Ih, |")

EBev - Egi'- Es By - Egj * B,
<ilQllv><vil 5> | a7)
X
o _ 0
Eg - E¢

whefe |i> indicates the initial Vibratibnal,state, |j> the final
viBra_tional state and |v> labels the .vibrational sublevels of the
intermediate electronic state.

| Eqﬁation (17) expresses one of the theoretical formulations for
Raman intensity. It describes the intensity of Raman scattering when
the energy of the incident photon is far from an electronic transition
of the molecule (i.e., far from resonance),.

A number of important features are évident from Eq. (16).

Term A is responsible for Rayleigh scattering because of the Franck-Condon
6ver1ap factors ) <i|€X&|j> = 6ij' Thus, there are no allowed
Viﬁrational tranZitions. However, a fufther expansion of the A term

may lead to Raman ihtensity (vide infra). Terms B and C give rise to

Raman scattering via the vibrational terms
g <ifv> <vlQlj> =<ilQyl3> = §; 5.

Thus,the selection rule is j = 1 % 1.

The C term results from the mixing of the ground_state with
excited electronic states of the molecule. In general, the difference
in energy between the ground state and any‘excited state is greater
than the diffcrence in energy between adjacent excited states. As a

result, the ratio of Raman intensities of the'C term to the B tem is
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I, [e2-E Z
=|lo—5 ) «1.
B \r° - E
t g

Thus the C term is in general less important in Raman scattering than |
the B term (Albrecht, 1961) (sée, however, Johnson and Peticolas,_197éa).
| If Eo is far from an electronic transition, Eev - Egi ~ Eq, gj
0
Ee

. simplifies to (Tang and Albrecht, 1970)

- Eg and by combining and rearranging terms, the B term in Eq. (17)

B =-1 1 1 Ekg°lRple°)(e°lhals°)(s°lR0|g°)
e sfe a o

0 Oy (.0 0y (0 O - |
+ (g R [e) (7|, |s7) (s [Rplg )] 18)

- [(Eg - Eg)(Eg - Bg) + Eg] <ifQ,]i>
(@ - E)° - B - Ep” - E)
The summation occurs twice over all of the excited states. However
the diagonal component is excluded, e # s. |
The diagonal components of the B term,‘|e> = |s>, result from
an expansion of the eﬁergy denominator of the A term in Eq. (17) in
a power series and the expansion of electronic integrals‘in terms of
AQa (Tang anﬁAlbrecht,1970). The final result for non-resonant Raman
scattering is:
Qpdgigg TAT BT
e (8°IR;1e”) (IR [e%) (IR 1e%) (°IR, |¢") vt
78V | Bey " Bgi  Eo Eev " Bgj * Eo «

E _-E.~=

(19)
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o o (0] '
B = - T1 T IR 1) (I, %) (°[R;l¢®)

+ (&°IR;1€%) (°lhy 5% (°[R | 2] Q9

o ls) o o 2
(Ee - Eg)(ES - Eg) + Eo

P = <ilQ_llj>
O _ 502 _ 52700 _ 102 2 a

| (g - BD” - B - E)® - E])

In general, the A term is, as in Eq. (17), responsible for Rayleigh

scattering. The second term resembles the B term of Eq. [18),Vbut

now contains the diagonal part where |[s> = |e>.

Selection Rules

For a vibration to show intensity in Raman spectroscopy the matrix
elements <g|RUle>, <e|ha|s> and <isp|g>'must'not vanish. For a

totally symmetric ground state with Ty , for <g|RU|e> not to vanish

1g :
Fg X FRU X Fe = FRU x T must contaln,PAlg,(Cotton, 1963). For a
non-degenerate excited state Fe =Tp - Therefore Fe must transform
- .

as does Fx’ r FZ under the point group of the molecule. Similarly

y’
the representation of |s> must be T Fy’ I,. Therefore for <e|ha|s>

not to vanish I, xT

s X Phé must contain FA .  Therefore Fh must

1g a
transform as the product of coordinates x, y, z under the molecular

T ,, T

y2* 1y Xy’ LN Fyz). The representation

point group (i.e., F#z, r
of the normal mode of the vibration is identical to the representation
of ha (Albrecht, 1961). Thus the symmetry representation of the normal

mode must have the representation of the product of coordinates.

v o



¥

-49-

- Raman intensity is also proportional to the transition moment of
the electronic states. Thus the éreater the oscillator strength
of an electronic transition, the more it contributes to Raman intensity.
There is also a selection of the nearest electronic transitione for
m1x1ng by the v1brat10na1 perturbatlon h a0 Via the energy denomlnators
[(E - E ) - E ] in Eq. (19).

phy51cal,plcture of Eq. (19) is shown in Fig. 4. Incident

light of frequency Yo drives the electron cloud of the molecule. The
electronic transitions <g|R0|e>, <g|Ré|s> of energies E_ and E_ are

represented as tightly coiled springs (harmonic oscillators). When we

-are far from resonance each of the electronic transitions is being

driven away from its characteristic frequency. As driven oscillators
they radiate light of frequency Ve However, a nuclear vibration
111ustrated by a 1oose1y c011ed spring couples the two electronic

osc111ators cau51ng a modulation in the frequency of oscillation and

" Raman scattered light of hy  + E, is radiated. The coupllng of the

oscillators in Fig. 4 bears an analogy to the mixing of the adiabatic

wave functions by the vibrational perturbation in Eq. (19).

Resonance Raman Theory

As the energy of the'incidentvphotons approach an electronic

transition, the denominator in Eq. (19) becomes smaller and Eq. (19)

predict% an increase of Raman and Rayleigh scattering. However,
Eq. (19) predicts that the lnten51ty w111 increase without limit when

the resonance condition exists.’ Thls is neither phy51cally reasonable
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nor experimentally observed (Behringer, 1987). This failure of Raman
theory in the resonance case results from the‘inabi;ity of perturbation
theory to deal with such 1arge'perturbatioﬁs (Kbnigstein,.1972).

| This dilemma is resolved phenomenologically by the addition of

a damping correction, iI', to the energy denominators in Eq. (19). The

- result is (Albrecht and Hutley, 1971):

o Cpodgigg TAT B
CHENESICH LTSI .
A7 = o oo - <1lv><vl3>
Ee - Eg - EO + 1T
B = - 11 (IR [€2(e°|n, |s%) (s°|R_|g°) (20)
s a p a . g

+

(&”IR,€%) (%[, [s%) (s°[R [€")]

o 0y 0 _ 0 2
x Te T ) 1R <ilg,l3>
T - EO)Z N ir [ - Eo)z _ E2] al)
e g o s g o ‘

The physical interpretation of the damping constant, il' in the denominator
is af présent not well understood. However, it has beén proposedvto be
associated with.the_lifétime of the resonant excited sfafe (Konigstein,
1972;.Adar et al., 1976). One of the simplifications in Eq. (20) over
(19).is invthe'neglect of the second term of the A term, whére the |
energy of the incident photon is added in the denominator. The second
term must be much smaller than the first term when Eg - Eg = Eg.

The sécond simplification occurs by the removal of the summation over

¢, because the resonant condition results in the selection of one

particular excitod state |e>.
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For an electronic transition that is localized in a molecule,
the vibrationally induced mixing enhances vibrations that couple
(see Fig. 4) the resonant electronic transition with other electronic
transitions. This leads to a selectivity of resonance enhanced
vibrations. For example, in the resonance Raman spectra of hemoglobin
excited in the visible plectronic transitions of the heme, only tﬁe
porphyrin macrocycle modes are enhanced. The electronic transitions.
of fhe protein are sufficiently removed both in energy and spatially
that they do not appear in the spectrum (Spiro, 1975). The vibrations
of peripheral aliphatic substituents around the porphyrin'ring
are $patially isolated from the resonant m - w* electronic transition.
Thus, they do not appear with any intensity. However, a vinyl substituent
on the ring has an electronic transition sufficiently close spatially
that the vibration of the substituent successfhlly mixes the electronic
transitions of the vinyl group and the porphyrin macrocycle, analogously
to the vibration in Fig. 4.

Another mechanism for Raman intensity is via the first term in
Eq. (20). In general } <ifv> <vl|j> = Gij' However, if a displacement
occurs in the internuc¥ear distances for the excited state versus the
ground state, the vibrational wave functions for the excited state are
solutions to a Hamiltonian different from the Hamiltonian of the ground
state. Thus, the vibrational wave functions in the excited state are
not orthonormal to.the vibrational wave functions of the ground state

and ¥ <i|v> <v|j> # 6ij' Thus the first term of Eq. (20) may also be
' ‘
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responsible for Raman intensity. Additionally, overtones and combination
bands'may derive intensity from the first term of Eq. (20) because
there are no formal selection rules for the Franck-Condon overlap factors.
The enhancement shown in Raman scattering'by resonénce excitation
“can bejvery large. qu example,BAcarotene.shows a resonance enhancement
of ~ 106 (Behringer, 1967). Thus, the Raman spectrum of B carotene has
been Qbserﬁeﬂ ™ contentrations as low &S 10_7M. Resonance enhancement
fqr other molecules is smaller, in general. However, resonance
Raman spectra of porphyrins are typically observed in 10'SM solutions
(Spiro, 1975)¢ The intensities of the pérphyrin vibrations are
coﬁparable to the intensities of the soivent, though the porphyrins

6

are ~ 10 ° of the concentration of the solvent.

Resonance Raman theory is presently in a developmental stage.
A large number of workers.are studying the theory and presenting
various formulations (Peticolas, et al., 1970; Mingardi and Siebrand,’
1975; Garrozzo and Galluzzi, 1976; Johnson et al., 1976). Thev
formulatibn used in this thesis contains the basic elements found in
all of the other formulatiéns of Raman theory. However, other formula-
tions include additional terms in the polarizability expression which
_fesult from inclusion of the nuclear kinetic energy~operator
(noﬁ4adiabatic coupling) (Mingardi and Siebrand, 1975). Although
the resulting expressions for Raman intensity may be. quantitatively
more correct, they make the equations nuch more complicatcd and make

a physical interprctation of the Raman expressions more difficult.
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Since it is not clear at this point which formulation gives the most
useful expi‘ession for Raman intensity, the simplest and most concise

formulation was chosen.
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_ CHAPTER III
ELECTRONIC STRUCTURE OF PORPHYRINS

Introduction

The basic porphyrin skeleton: consists of four pyrrole groups

linked together by methine bridges into a single, planar conjugated ring.

The simplest porphyrin, porphin (Fig. 1) is substituted about the ring
and methine carbons with H atoms. Figﬁre 1 shows the structure of the -
frce—base_form of porphin in which two of the pyrrole nitrogens are
pfOtdnated; The protons are on opposite sides of the ring, giving the | §
ring D, symmetry (Gouterman, 1961;.Gurinovich, et al., 1963; Platt, 1956).
The axes of the ring are labeled with the x axis through the pyrrole
nitrogens -containing the free—base protoﬁs. |

A variety of peripheral substituents are found in naturally occuring o
porphyrins, such as heme and chlorophyll (Gurinovich, 1963). A much larger
variety of substituents is possible for synthetic porphyrins. Figure 1
illustrates the labeling scheme for the porphyrih skeleton (Falk, 1964)
and Table I lists the structures for the porphyrins which willlbe discussed

in this thesis. In addition to peripheral substituents, a variety of

~metals can be complexed into the center of the porphyrin. The metal may' j

bind additional ligands.arranged perpendicular to the porphyrin plane
(axial ligands).

~ The porphyrin is an aromatic, highly-conjugated molecule containing
eleven double_bonds. However, two of the double bonds in the porphyrin
are not well conjugated into thé macrocyclic ring system and are called .
"semi-isolated" double bonds (Gurinovich, 1963; Simpson, 1949). Thus,

there are 18 m clectrons in the conjugated macrocycle, which satisfies
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Fig., ITI-1. Structure.of porphin showing the numbering scheme
for the atoms and rings.
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Table I. Structure of.PorphyIjins..

(Substituent position labels are defined in Fig.

1.)
Substituent Position o B8 y & 1 2 3 4 5 6 7 8
Etioporphyrin I : H H H H M EMEME M E
Tetraphenyl Porphin o ¢ ¢. -. ¢ H-H H H H H H H
Protoporphyrin IX H H H H M V M V M P P M

side-chain abbreviations: H; hydrogen; ¢, phenyl;

V, vinyl; M, methyl; P, -CHZCHZCOOH; E, ethyl.
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the 4n + 2 rule for aromaticity.

Absqution Spectra

The absorption spectra of free-base porphyrins show four weak bands
in the visjble and a very intense absorption band in the near UV called
the Soret band. Although some variations occur both in the energies and
in the relative intensities of the absorption bands, the spectra of all
of the free-base porphyrins are qualitatiﬁely similar.

A simplification occurs in the absorption spectrum of the dianion,
dication and for many metal complexes of free-base porphyrins (Gouterman,
1961, 1959; Gurinovich, et al., 1963, 1968; Caughey, et al., 1965). Upon
métallation or production of the dianion or dication, the symmetry of the
porphyrin ring.changes from D2h to D4h symmetry and the absorption spectrum
‘shows two weak bands called o and B in the visible and a narrower Soret
band in the UV. The 4 absorption bands in the visible spectral region
Qf,the free base, some of which appear to result from the inequivalency
of the x and y direction (induced by the free-base protons), merge into
2 bands that result from doubly degenerate transitions (Gurinovich,

et al., 1963, 1968; Platt, 1956).

Electron—in;a—Ring Model -

| A simple free electron model which treats the porphyrin 7 electrons
as if they are free to circulate in a ring (Simpson, 1949) explains the
| absorption spectra of porphyrins surprisingly well. The approach concen-
trates on the 18 m electrons of the porphyrin macrocycle which are confined
to the ring. Figure 2 shows the energy level diagram and the orbital occupancy
for tﬁe clectronic orbitals of an eclectron-in-a-ring system containing 18

electrons. The encrgy levels are labeled by their angular momentum, 1.
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| A simple free electron model which treats the porphyrin 7 electrons
as if they are free to circulate in a ring (Simpson, 1949) explains the
| absorption spectra of porphyrins surprisingly'well. The approach concen-
trétes on the 18 7 electrons of the porphyrin macrocycle which are confined
to the ring. Figure 2 shows the energy level diagram and the orbital occupancy
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electrons. The energy levels arc labeled by their angular momentum, 1.
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ORBITAL ENERGY
LEVELS
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TRANSITION
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XBL 7610-4841

Fig. III-2. a) Energy levels and electron populations for the
electron-in-a-ring model of porphyrins.

b) Electronic transitions for the electron—in¥a-ring

model.,
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There are two Sets of doubly degenerate electronic transitions
possible from the two highest occupied degenerate orbitals, where
1 =% 4 to the two lowest unoccupied orbitals which have 1 = + §,
‘As Fig. 2b indicates, these transitions correspdnd to changes in
angular momentum of + 9 and * 1. Hund's rule indicates that, for a
given multiplicity, the lowest energy states have the greatest angular
momentum. Thus, the transition with 1 = #9 is placed lower in energy
than the transition with 1 = + 1. The médel predicts a two banded
absorption spectrum for porphyrins with a very intense allowed electronic

transition at higher energy than a forbidden electronic transition.

Four Orbital Model

The visible and near UV spectra of porphyrins can be interpreted
ﬁ0re quantitatively using the 4-orbital model proposed by Gouterman
(Gouterman, 1961, 1973); This model proposes that the electronic
transitions that givé rise to the characteristic spectra of metal
porphyrins [a, 8 (Q bandé) and Soret (B band)] result from excitation
from the two highest filled orbitals of a4 and 25 symmetry under the

-D4h point group to the lowest empty orbitals of eg synmetry (Fig. 3).
The two highest occupied orbitals are nearly degenerate in energy. |
Thus, the two doubly degenerate excited states that result are of
identical symmetry and are nearly degenerate in energy. Consequently,
they are mixed by configuration interaction to give two new doubly
degenerate states resulting from addition or subtraction of the

. transition dipoles. This leads to a very intense absorption band at

-high encrgy, the Sorct band,and a less intense band at lower encrgy,



€g
. . Soret

Q band| Soret band . T
_ CI 5 —Q 1
ap, ~H— —4#— 9y ®
: wi

ground

state

a b

: - XBL 753 - 5114B

Fig. III-3. Four orbital model for the electronic transitions of metalloporphyrins..

a) orbital transitions.
b) electronic states after configuration interaction.
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the a band (Goutemrman, 1961, 1973). In addition, the 0-1 vibronic
overtone (B band) is also 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 rémarkably
similar (Gouterman, 1959; Weiss, et al., 1965; Gurinovich, et al., 1968),
indicating little metal porphyrin interaction. Substitution of a wide
variety of metals such as Zn, Co, Cu, Ni, Pd, Ag, Mg and V
“(Caughey, et al., 1965) results in relatively small changes in the
absorption spectrum. However, a few metalloporphyrins such as Fe3+
and Mn3+ porphyrins, for example, show a much more complicated absorp-
tion spectrum (Gouterman, 1973).
Through an extended Hickel calculation Gouterman and his coworkers
(Zerner and Gouterman, 1966) have shown that the energies of the
porphyrin wm orbitals and the metal d orbitals are sufficiently different

for most metalloporphyrins that little mixing occurs.

MCD Spectra of Porphyrins

.

Introduction to MCD

Magnetic Circular Dichroism (MCD) measures the difference
between the absorption of left (lcp) and right (rcp) circulariy

" polarized light (AA = A - Afcp) induced by a magnetic field

lcp
(McCaffery, 1971; Schatz and McCaffery, 1969; Sutherland, 1976;
Dratz, 1966). The effect of thc magnetic field is to split decgenerate

electronic states -into their non-degenerate Zeeman levels which differ

in energy by & =2 8 H Mz’ where AE is the energy splitting.
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B is the Bohr magneton; H is the intensity of the magneti; field and
‘Mz is the z component of the angular momenfum of the .excited state,
where the z direction is along tﬁe magnetic field. Another effect of
the magnetic field is fo induce mixing between the initial stationary
‘states of the molecule. The preparation of new states from degeneraty—
splitting and the mixing of states induced by the magnetic field
résults in new electvanic transitions which preferentially absorb
right or left circularly polarized light. Three types of line shapes .
may be observed in MCD spectroscopy. Thesé are designated A, B ahd C
terms.‘ The terminology A, B and C derives from the quantﬁm mechanical
formulatibn of MCD which results in three different.possible interactions
between thé=molecu1e and the mégnetic field (Stebhens, et al., 1966).
The A‘term results from degeneracies in the ground or excited
state. For a molecule in a magnetic field the degeneracy is split intov
its 2eeman components. Circularly polarized 1light has an associated
angular momentum (McCaffery, 1971), with rcp and 1cp having angular.
momenta of M, = -1 and M, = +1,.respective1y. Figure 4a shows.an
energy level diagram for a molecule with a non-degenerate ground state
and a doubly degenerate excited state. When the magnetic field along

the z direction is turned on, the degeneracy is split into two

I}

‘non-degenerate Zeeman levels with M, =21, Since.angular momentum

nust be conserved, transitions to Mz +1 and MZ = -1 are allowed

only for lcp and rcp, respectively.
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Figure 4b shows the absorption spectrum of a molecule in the
ébsence of a magnetic field. When the field is turned on, the absorption
spectra for rcp and lcp are shifted oppositely in energy, but ﬁymmetri-
cally with respect to the maximum of the absorption‘spectrum in the
absence of the field. The resultant MCD spectrum appears with the'
shape of the derivative of the ab;drption Band. | |

The C temm (Fig.'S) results from degeneracies in the ground state.
The degeneracy is lifted by the magnetic field and transitions are |
allowed from M, = +1 and M, = —1_to<the non=degenerate excited state
by lcp and rcp, respectively. However, the population of the Mi = +1
and M, = -1 states is governed by a Boltzmann distribution. Thus,

,Arcp # A1Cp and the C term has a shape similar to the absorption
spectrum. The intensity of the C térm is inversely proportional to
the absolute temperature.

| The Faraday B term results from the mixing of states by the
magnetic field and has the shape of the absorption band. For
electronic transitions in which neither the ground nor excited state
is degenerate, the B term is the only contribution to the MCD spectrum.
Neither the A nor the B term has any temperature dependence other than

the usual changes in absorption lineshape.

MCD Spectra of Porphyrins

" The MCD spectra of free-base porphyrins show MCD B terms
(Sutherland, 1976; Gale, et a];, 1972) for the visible absorption
bands, indicating that the electronic transitions responsible for the

absorption bands do not involve degenerate electronic states. The



: M =4} |
3 z excited
state
A MZ =‘-|.
Y A
lcp rcp
ground
1 state
field on

b

off '

XBL 760-9638

- Fig. III-4. a) Effect of a magnetic field on a degenerate excited state.

and the selection rules for lcp and rcp.

b) Resultant MCD A term.

_Lg_

b
£

9



A | excited

1 1 ~ state \

| i i
cp rcp flelg

2
b\\
\p 3

1 Mp=+l
/ | - ground
T\ M. = —| state

field on

XBL 769- 9579

Fig. III-5. a) Effect of a magnetic ‘fleld on a degenerate ground state
: and the selection rules for lcp and rCp.
b) Resultant MCD C term.



O 0

oy

4670 t 6 2 7

-69-

splitting of the Soret band is not visible in the absorption spectrum
- and the Sorét band has a derivativé.shape in the MCD spectfum. Upon
metallation the porphyrin electronic transitions become degenerate
and the a and B bands show inténsé A terms. Comparison of the MCD
and absorption spectra by moment analysis (Schatz and McCafory, 1969;
Stephens, 1970j or curve fitting (Dratz, 1966) yields values of the
excited state angular momentum. The value of M, calculated for the

o band of Zn deuteroporphyrin is 6.5, while Mz-for the Soret band is b.82.
These'values of Mz are close to the values of 9 and 1 predicted by

the eléctron-in-a—ring model. The B band, which has been assigned to
the 0-1 vibronic overtone of the o band often shows structure in the
MCD sbectrum, especially at low temperatures (Sutherland, 1976;

Gale, et al., 1972; Linder, et al., 1974) and vibronic components which
are not resolved in the absorption spectrum may be resolved in the

‘MCD spectrum.

prerporphzrihs

" A class of metalloporphyrins occur, called '"hyperporphyrins'
by Goutermaﬁ (Gouterman, 1973), show a more compli;ated absorption
spectrum.. Two examples of hyperporphyrins are FeS+_porphyrins and
Mn3+Aporphyrins. It appears for Fe3+ and much more dramatically for
Mn3+ that the energies of the d orbitals and the porphyrin w orbitals
are Sufficiently close for large interactions to occur between the

e? () orbitals of the porphyrin and the eg_(d dyz) orbitals of the

xz?
metal, perturbing the classic metalloporphyrin spectrum (Boucher, 1970,

1972).
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Manganese (II1) porphyrins exhibit a wealth of absorption bands
in the near IR, visible and near UV fegion. The simple 4-orbital
model breaks down fbr:Mn (IIT) porphyrins. = Boucher proposed that‘the
additional bands that appear in the absorption spectrum of Mn (III)
porphyrins result from charge transfer transitions in which an electron
is promoted from a filled porphyrin w orbital to an unfilled orbital
of the mefal (Boucher,‘1970; Zerner and Gouterman, 1966). |

The absorption spectra of Fe3+ porphyrins seem to lie somewhere

3+ porphyrins and the other

intermediate between the spectra of the Mn
‘metai porphyrins (Boﬁcher, 1972). The ferric porphyrins show absorption
bands in the near IR which may be charge transfer bands (Smith and
Williams, 1969). In addition, other bands sometimes appear in the
visible region. Ferricytochromé c shows an absorption band at

695 nm, for example. It is possible that this band is a charge |
transfer transition from the pofphyrin to the metal (Smith and

Williams, 1969). Thus, it appears that there is more interaction

between the porphyrin and the metal in Fe3+ porphyrins than in the.

typical metal porphyrin complex.

Absorption and MCD Spectra of Mn (III) Etioporphyrin I

‘Figure 6 shows the structure of manganese (II1I) étiopoipﬁyrin I
(MnETP), indicating that the porphyrin macrocycle 1is substitutéd with
ethyl and methyl groups about the ring. The metal is coordinately |
unsaturated and may bind additional ligands. In coordinating solvents
such as alcohols the fifth and sixth ligand positions on the manganose

are replaced by the solvent (Boucher, 1972). Thus, the absorption
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spectra of different axial complexes of MnETP appear to be identical in

coordinating solvents. However, the absorption spectra of different

axial complexes of MnETP are well differentiated in pobrly coordinating

solvents such as benzene, CSZ’ CHCIS, etc.

The mahganese ion is d4, high-spin in Mn (III) porphyrins. There
are no reports of any low spin complexes 6f Mn’(III) porphyrins
(Boucher, 1972). Figure 7 shows a qualitative molecular orbital model
for the ground state of Mn (III) porphyrins (Boucher, 1972). The four
lowest d orbitals are singly occupied, with the dxz _ yz‘orbital highest
in energy and unoccupied.

" The UV and visible absorption spectra of the F , C1°, Br and

I complexes of MnETP are shown in Fig. 8 and are tabulated in Table II.

The molar absorptivities of MnETP in n-butanol were determined by
dissolving a carefully weighed amount of MnETP in n—buténbl, measuring
the absorption spectrum and calculating the molar absorptivities using
Beers' Law. The other molar absorptivities in Table II were determined
with referencevto the molar absorptivities of MnETP in n-butanol.
The molar absorptivities for MaETP-X (X :-F-, Cl, Br, I') in CHC1,
were determined by preparing concentrated stock solutions of each of the
complexes in CHCIS.
a cuvette containing 2.3 ml CHC1, and to a cuvette containing 2.3 ml of
n-butanol. The con¢entrations of the stock solutions and the molar

absorptivities for each of the halide complexes were determined from the

previously calculated molar absorptivities of MnETP n-butanol.

Ten pl aliquots of the stock solutions were added to

)

ak
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Teble IT. Absorption Spectral Values of MnETP-X (X-F Cl, Br, I) in CHCl- (freshly distilled from P,0.)
: n- 1u‘canol and in MCP. _ 25

Band I v v v, VI
Ralide or Solvent A . me Mo Smax Mo Smax A\)I/2 Area A A . €. Av,/z Area. R
F 584 7.55x10] 551 L.oax1ot| 4s0 7.0m10% 00 0.71 | 350 6.08x10% 3800 2.31 1.30
c1 592 5.66x10°| 560 1.12x10%| 474 5.25x10% 760 0.40] 428| 357 7.32x10% 3100 2.27 0.72
Br 562 479 790 432| 361 2390 0.46
I 570 9.0x10° | 493 2.73x10% 1070 0.29 369 - 9.71x10% 2300 2.23 0.28
n-butanol  |576 6.35x10°| 543 9.1x10° | 457 5.75x10% 780 0.49| 413| 365 6.80x20% 3300 2.24 0.85

_VL_

MCP (RT) 580 _ 550 8.74)(103 457 4.61x104 1050 0.48| 415| 362 6.4 x10% 3450 2.21 0.72
MCP (122°K) 574 7.62)(103 542 1.01x104 456 9.33)(104 582 0.54} 411} 365 8.45}(104 2820 2.41 1.10
L . _ ' . liter .
Amax, = peak maximum (nm), Emax = _molar absorptivity (m’) R
' -1 Smax %y - 1it .
Av, = full width at half height (cm ), Area = 5 ( 1 e%)
2 10 mole-cm
€ . (band V)
R = » MCP = solution of 20% n-butanol, 60% methyl cyclohexane,

= ax( andVI
and 20% 2-methylpentane (by volume) .
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The absorption bands in Fig. 8 are labeled using a numbefing scheme
introduced by Bouéher (Boucher, 1972). Bands I and II appear at about

780 and 680 nm, réspectively, with molar absorptivities of about 103

(Boucher, 1972). Bands III and IV appear between 550 - 600 nm. Band V ap-

pears between 450 - 500 nm while band VI appears betweeh 350 - 370 nm. Bou-

~ cher proposed that the additional bands that appear in the absorption spectrum
of Mn (III) porphyrins, especially band V, result from charge transfer tran-

sitions. These occur when an electron is promoted from a filled porphyrin or-

~bital to an unfilled orbital of the metal, or vice versa (Boucher, 197Z;
Zerner and Gouterman,.1966). Boucher has assigned the}near IR absorption

bands of Mn (III) porphyrins to d -+ d and/or charge transfer transitions.

The visible bands IIi'and IV were assigned to charge transfer and/or Q tran-
sitions. Band VjWES'assigned to a charge transfer transition from an agy

azu occupied 7 orbital to the dxz’ dyz orbitals of the metél, and band Va was
assigned to a charge transfer transition from an inner océupied porphyrin m

orbital to the.dzz Orbitalcﬁ?themetal. | Band VI was aséigned to an admixture

of the Soret band and a chérge transfer transition from:an inner m orbital

to the d,» 4, orbitals of the metal.

y
The spectra in Fig. 8 display a number of interesting features. As the

axial halide varies from F~ through I~ the absorption bands broaden and the

molar absorptivities aecrease until band III is no longef resolved in the

I" complex. However, the low temperature MCD.specfrum (T = 193°) of

Mn ETﬁ-I-in C82 resolves band TII as an additional component>under1ying the

low cnergy shoulder of band 1V. As Table II indicates, the decrease in

the molar absorptjvity of band IV is only about 10% through the halide

series, while the band maxima shift by 600 cm_1 to the red.
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in freshly distilled CHC1 . Concentrations:
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MnETP-Br =10""M; MnETP-17=1.75 X 10™°M.



i

O&.ﬁzﬁfédaugg
-77-

Band VI shows a 60% increase in its molar absorptivity betWeén the
F" and I, but thé halfwidth décreases proportionately. Thus, the in-
tegrated area ranaiﬁs identical to within_l% for each of the halide com-
plexes in CHCl3 and for MhETP—X in n-butanol. The absorption maximﬁm of
band VI shifts 1471 en! between the I” and F- complexes.

Band V showé a mﬁch stronger‘dependence on.the axial ligand. The
molar absorptivity of band V decreases by 66% ih the If‘compared to the
F complex. The‘intggrated abéorptioﬁ in energy units detfeases by 60%
in this case. The position of the band maximum shifts to the red
by 1940 e’ in tﬁg_I— compared tovthe F. ‘

The ehergy and the molar absorptivity of band V shows the largest -

dependence on the axial ligand. This is consistent with_the'assignment

| of band V to a charge transfer band, because an axial iigénd affects

the energies of the'd.orbitals of the metal more than the porphyrin

m orbitals. - Thus;_the energy of the exéited state formed by a charge
transfer transitibn shou1d be more affected by a change in axial iigation
than the energy 6f aﬁ excited state formed by a m -+ w¥* transition.

To characterize the electronic transitions of MnETP further,

MCD spectra of MnETP were obtained in a solution which forms a clear

glass at liquid nitrbgén temperatures. The solution‘(abbreviated MCP)
contained 20% n—buténbl; 603 methyl cyclohexane and 20% 2-methyl pentane.
Figure 9 shows the room and low temperature absorption and MCD spectra
of MnETP in MCP. 'Bands IIT and IV show A terms in both the room

and low temperature MCD spectra, with crossovers at the absorption

band maxima. Both the absorption maxima and the crossover points of

the A terms shift to higher energy as the temperature is lowered.
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The magnitude of the A term for band III doubles at 122°K. However, the
increase is somewhat less than the factor of 2.4 expected if the MCD spectrum
is purely from C'ferms. Additionally, both bands III and IV narrow in

the absorption speétfum. The narrowing is more obvious in the MCD

spectrum where the ﬁeak to trough splitting decreases by 46% for Band III
with a concomitant increaée in the magnitude of the A term (Table III).
" The MCD spectrumﬁbfibands IIT and IV resembles the MCD spectra of the

a and B bands of 6tﬁgr metalloporphyrins (Sutherland, 1976; Dratz, 1966;
Gale, et al., 1972). . In addition, the A term of band IV shows

structure at 122°wahich is consistent with its assignment to the

B band of metallopdfphyrins (Linder, et al., 1974, Gale, et al., 1972).

| Band V shows a much larger temperature dependence in both the MCD

and adsorption spectra than do bands ITTI, IV and VI. Band V narrows from
aiAv%'(full width at half height) of 1050 cm-1 at room temperature to
'A\),/2 = 582 cm! at 122°K. Additionally, the peak to troggh spiitting
of the MCD spectrum,measured from the higher intensity positive peak
to the trougﬁ;décrééses from 860 cm_1 at room temperature to 180 c:m'1
at 122°K. The magnifude of an A term is proportional to the reciprocal
of the square of thc:peak to trough separation (Stephens, et al., 1966).
Thus the 17 fold increase in magnitude of the MCDlspectrum may be
accounted for by the greater than fouf—fold narrowiﬁg of the peak to

E | ’
trough separation. There is no evidence for a C term contribution to

band V.

Kl
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Table III. Energies (cm‘l) of the extrema and crossovers in the MCD
: spectra of MnETP in MCP at room temperature at 122°K (Fig. 9).

Energies (cm'l)
Band ' Room Temper%xtui‘e - 122°K
MIN 16,890 17,280
11 CROSSOVER 17,100 17,460
MAX 17,450 17,580
NS 560 300
MIN 17,870 18,220
CROSSOVER 18,110 | 18,440
H MAX 18,580 18,780
I 710 » 560
MIN 21,410 | 21,860
CROSSOVER 21,910 21,960
v MAX 22,270 - 22,040
MAX 22,800 22,320
A 860 180
MIN ‘ | 24,000
CROSSOVER 24,220
MAX : ._' 24,640
CROSSOVER - 25,220

Va and VI

MIN | 25,530
CROSSOVER 25,760
MAX 26,000 26,300
CROSSOVER 26,780 26,730
B MIN 27,700 27,200

A is peak to trough separation (cm-1)
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The MCD spectrum of band V at 122°K shows a splitting which
corresponds_ to an asymmetry present in the absorption spectrum.

1

The crossover of band V in the MCD spectrum occurs within 30 cm © of

- the position of "the absorption maximum, both at room:temperature and
at 122°K. As the temperature is lowered the MCD spectrum narrows

symmetrically about the crossover point, which shifts ~ 50 c:m_1 to

higher enexgy.paralleling the shift of 50 cm! in the absorption
spectrum. Although it is possible that the features in the MCD
spectrum are duefto'overlapping B and/or C terms, the lack of three
corresponding features in the absorption spectrum and the symmetric
nafrowing of the MCD spectrum suggests that at least the lower
energy peak and the trough have an A temm contribution, in agreement
with BRoucher's quignment (Boucher, 1972). A less likcly alternative would
invoke overlapping B and C terms resulting from multiple electronic or vibronic
transitions which have equal narrowing'and energy shifts as the
temperature is lowered. The absorption‘spectrum of ‘
band V shows a shoﬁlder at about 22,170 <:m'1 at 122°K,;indicating the
presence of another electronic or vibronic transition. ‘No corresponding
peak or trough aépeérs at this energy in the MCD spectrum. However, a
peak appears in the:hKI)spectrum at 22,320 Cm—l. No corresponding
feature is resoived in the absorption spectrum at this ecnergy. The
asymmetry of thé A term which has a Crdssover‘at 21,960 Cﬁ-l suggests
the existence of an overlapping negative component whichvdeéreases the

' 1

magnitude of the pqéitivc lobe. Possibly the peak at 22,320 cm ~ is

the positive lobe of an overlapping A term. Thus, the MCD spectrum
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of band V may result from the overlap of two A.terms of different peak
to trough widths, which are résolvedvon the high energy side but which
overlap at lower energy to give an asymmetric shape to the A term which
has a crossover at the peak of the absorption band. The separation
between the A terms would be about 300 an’ L.

The second A term may arise from either another electronic transi-
tion or a vibronic dvertone of band V. An absorption spectrum of
BﬁﬂSFP;I- in C52 at 213°K (Fig. 10) shows an unresolvedIShbulder at
21,000 cn ! on the high energy side of band V, while the maximum of
band V is at 19,800 Cm-l. Corresponding features appear in the MCD

spectrum with an A term centered at 19,800 and another peak at

21,500 cm L.

Band V shows no-Splitting of the A term in CS, at 193°K.  The
feature at 21,500 ] may corréspond to the peak obserQed at 22,320 et
in the MCD spectrum of MIETP in MCP (Fig. 9). The two peaks in the
robm temperature MCD spe¢trum of MnETP in MCP are separated by 530 cm_1
whilec the separatioﬁ'is about 1300 cm-1 for MnETP-I~ in.CSZ. Resonance
Raman spectra obtaiﬁed by Shelnutt, et al. from MnETP-I  (Shelnutt,
et al., 1976) show‘ah excitation profile maximum both at the absorption
maximum of band V and at about 1200 cm—1 to higher energy. To explain
the two nonequal excifation profile maxima, they invoked'a non-adiabatic

coupling mechanism. However, the presence of another electronic

transition would also explain their results.
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The absorption and MCD spectra are much more complex for bands
Va and VI. Band VI resolves into 3 components in the low temperature

absorption spectrum: a peakat 26,O4Ocmf1; the main peak at 27,470 cm,-1

and a high energy shoulder at 28,000 em L.

The MCD spectrum is very
complicated{ None of the features in the MCD spectrum clearly coincides
with any of the resolved features in the absorption spectrum. The
feature (in both the room temperature and 122°K MCD spectrum) that
simulates an A term with a crossover at about 26,750 on”t appears
between two resolved components of band VI in the absorption spectrum.
The éomplexity of the MCD spectrum suggests that bénd VI contains
more electronic transitions than are resolved in the low temperature

absorption spectrum and that the complexity of the MCD spectrum results

from the overlap of these bands.

Assignments of the Electronic Transitions of Mn ETP

Thé narrowing of band V at low temperature probably results fromthe
increased ordering of the solvent cage around the MnETP. The major inter-
action of the solvent with MnETP is through the axial ligation of butanol.
An increased ordering of the solvent should effect the d orbitals of
the metal more than the m orbitals of the porphyrin. Thus, a charge
transfer transition which involves the d orbitals of the metal would
be expected to narrow more than a m ~ n* transition.

The unique narrowing of band V at low temperature and the
dependence of its intensity on the axial ligand implicates band V as
a charge transfer band, in agreement with Boucher's conclusions.

The MCD spectra of bands 17T and TV are consistent with the assignment

1y
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of these bands to the o and B bands of metalloporphyrins. Band V
shows at least one A temm, indicafing that a degenerate ground or
excited state is involved in the electronic transition.

The growid state of MnETP is 5B1g in D4h symmetry. The only
allowed charge transfer.transitions for MnETP in this point group are
from the porphyrin m orbitals to the metal, because the ground state is
gerade while the excited state must be ungerade for the transition to
be allowed. Transitions of the d electrons of the metal to the eg* (ﬂ)
orbitals are formally forbidden by symmetry since the excited state would
be gerade. A charge transfer transition to a doubly degenerate excited
state is allowed from any of the 4 highest occupied porphyrin m orbitals,

which are of a and b, symmetry (Gouterman, 1973), to the

w? 22u

d d ; orbitals of eg symnetry. Thus, one possible assignment of

xz’ 7y

band V is a transition from an a3, OF a5, orbital to the dxz’ dyz

orbitals of the metal. The additional feature underlying band V may

result from the other transition_fronleither1ﬂu3alucn?azu porthrin.orbital.
Boucher (Boucher, 1973) has proposed a mechanism to account for

the dependence of the oscillator strength of band V on the axial ligand.

As the halide anion increases in size,the metél is pulled further out

of the plane of the porphyrin due to ﬁoh—bonded repulsions between the

electron cloud of the anion and the porphyrin m orbitéls. The overlap

of the d orbitals of the.metal'and the porphyrin w orbitals decreases,

resulting in a decrease in the transition moment. That the decrease in

oscillator strength is an effect of the out-of-plane distance of the

metal and is not dn effect of the ligating atom was shown by a comparison
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of the absorption spectra of MnETP with imidazole aﬁd piperidine as
ligands. Non-bonded interaction of the N-H with the porphyrin ring
forces the metal further out of the ring in the piperidine complex
than in the imidazole complex (Boucﬁer, 1973). Boucher observed that
the molar:absorptivity of band V in the piperidine complex is only 60%
of the value for the imidazole complex- and concluded that the further
the metal lies out of the plane of the porphyriu the more unfavorable is
d and 7 orbifal overlap and the less allowed the transition will be.
Recently Shelnutt, eplél., (1976) proposed that band V,
Va and VI resqi§ from mixing via configuration interacti?n of the
excited states involved in the Soret band with the excited states
reached by‘a charge transfer transition. However, the unique dependence
of the oscillator strength of band V on the axial ligand without a
concomitant reverse dépendence of the oscillator strengths of bands
Va and VI suggests that there is no mixing of the exéited states
involved in band V with the excited states in band VI and that band V
may be a pure change transfer transition. If band V results from the
mixing of the Soret band and a charge transfer band, reduction of the
oscillator strength of band V by increasing the out-of-plane distance
of the metal from the ring should change the overlap of the d and
w orbitals with a resulting change in the mixing coefficients. Conser-
vation of oscillator strength under the Thomas-Kuhn sum rule predicts
that the oséillutor strengths of bands Va and/or VI should increasec

proportionately to the decrease in V (Merzbacher, 1970).
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The electronic transitions which give rise to bands Va and VI
may arise from configuration interacfion.between an excited state
reached by a charge transfer transition and an excited state involved
in the Soret band. The resulting absorption and MCD spectra would be
very complex and would be difficult tolinterpret in the absence of

good molecular orbital calculatiqns.
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' CHAPTER IV
RESONANCE RAMAN SPECTROSCOPY OF
MANGANESE (II1) ETIOPORPHYRIN I
AND CHROMIUM (III)'TETRAPHENYLPORPHIN

' Rqsonancé Ramaﬂ spectroscopy 1is a téchnique for the
selective observation of the vibrational spectra of dilﬁte
molecular species. Other molecules in the medium which are
not resonantly enhanced exhibit much weaker Ramén scattering
on a'per molecule basis. Resonance Raman Speétroscopy may
therefore be used as a selective technique for the study of
one molecular species in a medipm that contéins a myriad of
other components, provided that excitation occurs within an
absorption band of thé molecule of.intefest which does not
overlap with fhe absorption bands of the other components
of the medium. The Vibrational.structure of a molecule is
dependent on the force constants and bond distances which are,
in turn, dependent on intermolecular interactions such as
hydrogen bonding. Thus, the resonance Raman spectrum of
a molecule may contain environmental information. The
selectivity of the resonance Raman teéhniéue and the environ-
mentél information that it may yield makes it a potentially
powerful tool for the study of chromophores in biological
systems. | ‘

Porphyrins, which appear in biologically important
molecules such as.hchoglobin and the cytochfomes,have intense
absorption bands which occur at longer wavelengths than the

‘absorption bands of proteins, nucleic acids and most of the
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other components of the cell. The enzymatic properties of
the heme in the cytochromes and the dxygen binding properties
of the heme in hemoglobin appear to be modulated by the
surrounding protein matrixv(Smith and Williams, 1970). Thus,
a study of the resonance Raman.Spectra of these molecules
might yield information on the interactions between the
metalloporphyrin and the protein.

The potentiai utility of resonance Raman spectroscopy
as a probe of the interactions between the heme and the pro-
tein has led to intensive-studies.of the reSonanbe Raman
spectra of a wide variety of porphyrins, and porphyrin-pro-
tein complexes: free-base porphyrins (Verma, et al., (1974);
Mendelsohn, et al., 1975a; Berjot, et al., 1975; Plus and
Lutz,,1974); metalloporphyfins (Solévjov, et al., 1973; Verma .
and Bernstein, 1974a, b, ¢, and d; Mendelsohn, et al., 1975a
and b; Felton, et al., (1974); Kitagawa, et al., 1975a and
b; SUnder, et al., 1975; Berjot, et al., 1975; Spaulding,
et al., 1975; Gaughan, et al., 1975; Asher and Sauer, 1976;
Shelnutt, et al., 1976; Kitagawa, et al., 1976,'a and b; Spiro
1972a, 1973; Spiro and Strekas, 1972, 1973; Yamamoto, et al.,
1973; Brunner and Suséner, 1973; Strekas, et al., 1973;
Sussﬁer, et al.,.1974; Spiro, 1975, Rimai, et al., 1975;
.Szabo and Barron, 1975; Kitagawa,.et al., 1975c, 1976; Ozaki,
et al., 1976); the cytochromes (Strekas and Spiro; 1972b;
Spiro and Strekas, 1972, 1973; Brunner, 1973;‘Sa1meen, ct al.,
1973; Nafie, et al., 1973; Friedman and Hochsfrasser, 1973;
Collins et al., 1973; Pezolet, et al., 1973; Nestor and

Spiro, 1973; Adarband Erecinska, 1974; Adar, 1975, Kitagawa,
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et al., 1975d, Ikeda-Saito, ef al., 1975; Spiro, 1975; Collins,
et al., 1976; Yamamoto, et al., 1976); horseradish pero;idase
(Rakshit and Spiro, 1974; Felton,'et al., 1976; Rakshit,
et al., 1976); and cobalt substitufed hemoglobin and
myoglobin (Woodruff, et al., 1974, 1975).

From these studies, it appears that excitation within
m+1" electronic transitions_iﬁvolving the macrocyclic ring
enhances vibrnations within the macrocycle (Spifo and Strekas,
1976; Brunner‘and Sussner, 1973; Strekas and Spiro, 1973;
Mendelsohn, et al., 1975a; Plus and Lutz, 1974; Verma and
Bernstein, 19743). |

The vibrations of atoms that are not intimately con-
jugated to the aromatic structure of tﬁe ring make only a
small contribution to the resonance Raman spectrum; and,as
a result, changes in peripheral substituents about the
porphyrin ring produce relatively small differences in the
vibrational frequenéies observed (Mendelsohn, et al., 1975a
and b; Verma and Bernstein 1975a; Sunder, et al., 1975;

Adar, 1975; Spiro, 1975). Thé élterations»of the resonance
Raman spectra produéed by changes in peripheral substituents
appear-td be induced mainly by changes in the symmetry of
the porphyrin macrocycle (Sunder, et al., 1975). |

Changes in thevcentfai metal also result in differences
in the RR spectra. Variations in fhe spin state, oxidation
state (Spiro and Strekas, 1974; Brunﬁer and Sussner, 1973,
Strekas, et al., 1973; Brunner, 1973) or in the blanarity of

the metal with respect to the porphyrin planc shift the
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energy and poiarization 6f some of the resonance enhanced
vibrations (Woodruff;.et.al., 1974; Verma and'Beinstein,
1974b; Felton, et al., 1974; Spaulding, et al., 1975;"
Kitagawa, et al., 1975). These shifts in energy and
polarization are due to.a change in the structure, which
may be a doming of the porphyrin when the metal lies farther
from the porphyrin fing plane (Spiro and Strekas, 1974;
Brunner and Sussner, 1973;_Strekas, et al., 1973; Brunner,
11973 Feiton, et al 1974; Spiro, 1975) 6r anzéxpénsion of '
the ﬁorphyrin'core resulting in a decrease bf the metal-
 to-porphyrin-center distance (Spaulding, et al., 1975).

Another possibility is that the shifts in energy are
due to a change in the conjugation between the metal
orbitals and the pofphyrin 7 orbitals which affects the
stretching force constants of the ring (Kitagawa, et al.,
1975b; Spiro and Burke, 1976). 7The effect of axial
ligation on porphyrin macrocycle vibrations depends on
the extent that the ligand induces a chénge in the dis-
vpiacement of the metal from the ring plane (Felton, et al.,
1974). |

There have Been few reports of axial ligand vibrations
in heme proteins and metallopofphyrins (Brunner, 1974,
Kitagawa, et al., 1976b, Spiro and Burke, 1976), which are
of very weak intensity wheﬂ»excitaﬁion occurs in a w+n*
transition (Kitagawa, et al., 1976b).

The only feature directly sensitive to the environment

of the prophyrin macrocycle is the dispersion'wjth respect
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to frequency of the depolérizatioh ratio. Since the

depolarization ratio is a function of porphyrin symmetry,

it cén be influenced by environmental factors such as

axial ligation (Verma and Bernstein, 1974;'Fe1ton, et al.,.

1974), and periphefal substitution (Pezolet, et al., 1973;

Mendélsohn, et al., 1975b; Felton, et al., 1974; Collins,

et al., 1973). waever, the'dispeisién of the depolarization

ratio cculd also be explainedbby the overlap of two Raman
bands of different depolarization ratios which have

~different excifation profiles (Spaulding, et a1.,'1975){

The lack of enhancement of axial ligand vibrations in
n+n* transitions 1is hot surprising in view of the fact that
there is little hixing between the porphyrin m orbitals and
the metal d ofbitals in the «,8 and Soret bands of
metalloporphyrins (Zerner and Gouteiman, 1966). Since the
axial ligand is bound to the metal, métal—axial ligand
‘vibrations are effectively isolated from the - transitions
of the porphyrin macrocycle. However, axial ligand
vibrations might be enhanced by excitation in electronic
transitions, such as charge transfer or d;d tranéitions,

which involve the metal orbitals._



. ay

00 U 4060 0 {1 6 4 0

-95- .

MANGANESE (III) ETIOPORPHYRIN

Bands iII,’IV and V

The visible and near uv absorption spectrum of Mn (III)

- ETP acetate,in n-butanol is shown in Fig. 1. The bands are

labeled uéing the numbering scheme introduced by Boucher
(Boucher 1970, 1972) and the locations are shown for the
laser lines used to excite the resonance Raman spectra shown
in Fig. 2. The laser line at 568.2 nm lies between bands
III and IV, while the line at 530.9 nm lies on the high

energy side of band IV. The 457.9 nm line is in resonance

- with peak V, an electronic transition that has been ,

assigned as a possible charge transfer transition (Chapter

III). The solvent contributions to the Raman spectra are

noted in the figures. Table I contains the energies and

relative intensities for each of the Raman peaks shown in
Fig. 2.

Apart from the rising baseline, the spectra shown in
Figs. Ze and b are qualitatively similar; It is unclear
whether the rising baseline in Fig. 2a which peaks at

15,900 cm‘l

(630 nm) represents emission from MnETP or an.
1mpur1ty, ‘but there are no obvious features in the
absorptlon spectrum that would give rise to fluorescence
at th1§,wavelength.

vThe'Raman.spectra shown in Figs. 2a and b show strong

correlations in frequency and intensity. However, differen-
1

ces appear‘for peaks at 757, 988 and 1313 cm . The

intensities of these thrcc pcaks show grecater enhancement
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Fig. IV-1. Absorption spectrum of Mn(III) etioporphyrin I in butanol. Path length =1 cm,
: » conc. = 8.34x10-4M. The bands are labeled in Boucher's nomenclature (Boucher, 1970,1972).

The position and source of the laser lines used in the Raman spectra are indicated.

“
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Fig. IV-2. a) Resonance Raman spectrum of Mn(III)ETP in butanol.
Aoy = 568.2 mm, power = 160 mw. S1it width =5 cm_l,
scan speed = 50 cn Y /min. Conc. ca 10°M. Because
of an increasing background the offset was changed in
mid scan. The wavenumber shifts in the figures and
tables for all of the Raman spectra in this figure

were obtained by averaging over several spectra.

b) Resonance Raman spectrum of Mn(III)ETP in butanol.
1

gy = 530.9 nm, power = 50 mw. Slit width = 6.4 cm T,
3

scan speed = 25 cm 1/min. Conc. ca 10 M.

c) Resonance Raman spectrum of Mn(III)ETP in butanol.
1

Aex = 457.9 nm, power = 250 mw. Slit width = 6.4 cm ~,

scan speed = 50 cm 1/min. Conc. ca 1075,
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TABLE I

Observed vibrational frequencies and relative intensities

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; vw - very

weak; sh - shoulder.

Exciting line: 457.9 530.9
av cm”t I v cmt I
242 W
266 s 265 VW
343 vs 342 W
398 s 401 W
600 VW 603 vw
683 W 677 w
693 \
758 W
803 (solvent) . 807 (solvent)
827 (solvent)
849 (solvent)
950 W
961 W
1002 m
1028 w

568.2

Av cm

196

352
401
490
591
675

757
805
828
847

960
088
1003
1028

vw

VW

vw

s
(solvent)
(solvent)

(solvent)
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TABLE I (cont.) |

exciting line:

457.9 - 530.9
av_em™d I av em™t T I
1137 m 1138 m

S11s7 . ww . 1158 m
1220 ww 12200 m
1310~ ww 1304 (solvent)
1374 m C 1374 s

o 1407  m

' 1448 (solvent)

1502 om
1566 sh 1566 s
1586 w1584 wvs

1633 - w 1633 vs

568

Av cm

.2

1

1136

1160

1219

1271
1313

1376

1406 °

1458 .(solvent)

1500
1566

1584
1633 -

w

VS .

vs

Vs
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Qifh excitation in band III thaﬁ with excitation in band IV.
Conversely, the peak at 1374 cmf1 is more intense with
excitation in béhd IV rather than in band III. The most
intense feafufes of both spectfa appear between 1550 and

1650 cm L.

-1

There are few well resolved features below 500
cm o
“ Comparison of the spectra obtainéd with excitation
in bands IiI and IV wifh the spectrumhobtained with excita-

tion iﬁ band V showsmore dramatic differences. The most
intense features in Fig. 2c are-Vibrafions at frequencies
less than 500 Cm_l. This is the region in which manganese
pyrrole nitrogen vibrations are expected to.oécur (Burgér,
et al., 1971; Ogashi, et al., 1971; 1972, 1973; Boucher
and Katz, 1967; Warshel, 1976). Higher frequency vibrations
are still visible, but their relative inﬁensities are small.
A number of peaks are conspicuous by their absence. The
bands at 757 and 1002 cm ® seen in Figs. 2a and 2b do not
appéar with excitation in absorption band V; instead a new
peak appears at 1502 cm-l. |
In order to determine whether the low frequency vibra-
tions (less than 500 cm_l) in the Raman spectrum of MnETP
are metal related, the Raman spectra of the F, Cl , Br ,
and I'}saits were measured. These Raman spectra are
shown in Fig. 3. Table II lists the frequencies and
relative intensities of the Raman bands of‘MhETP—X between
1

100 and 500 cm’ All of the Raman bands in Fig. 3 are

polarized. Carbon disulfide'Waé used as the solvent
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Raman spectra of Mn(IIT)ETP-X (X-F , C17, Br , and 17).
© €S, is the solvent for the F, CL', and Br complexes.

CHCl; is used for I" complex. Aéx = 457.9 nm for F ,

476.5 nm for the C1  and 488.0 nm for the Br and I
complexes. Power = 10 mw. S1lit width =5 cm_l;

'scan;spééd'= 12 cm-l/min; Conc. gg{lO_SM.'.The gaps in

the spectrum of MnETP—I-indicate solvent interference.
The 260 cm’ ™
comptex is more pronounced-in other recorded spectra.

shoulder in the spectrum of the bromide
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Mn (IT) ETIOPORPHYRIN HALIDES

: 3?7

1340 245 | I '

I” in CHCI3
Aey = 488.0 nm

Br~ in CS»
_)\ex-'488.0 nm

Cl™in CS,
Ax® 476.5 nm

F- in CS, ; -
)‘ex *457.9 nm MW E MW
- I .

500 400 300 - 200

XBL753-5116
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TABLE II
Observed Ramam bands of the halide salts of MnETP. In-
tehsities are labeled as in Table I. p is depolarizétion
ratio:. p,vpolarized; dp, depolarized; ap, anomalously |

polarized.

_ F E C1 ~ Br N 1
Av,cm;l' I gy Av,cmfl Ip Aq,cm-l I vg_szcmfl' I o
| 118 s p
| 143 .S p_b |
165 s p  v
193 | 179 s p | 185 w. |18  w
| 225  m.p | 233 s p
| 245 s plz4s o w  p
260 s p| 259 mop | 260 sh p |CHC1 inter-
» Co _ fgrence
285 s p
295' W p o 287 v
331 sh p | 329 .“s P 327 vs p| 327 o vs‘ p
343 s p | 342 s p | 341 s pl 340 | m. p.
374 vw 373 W 372 w  |CHCl, inter-
- | : ference
399 m p | 398 mp | 395 m pl| 398  m P
495 s p : |
| | 754 moap
805 .w p
923 W ap
1002 w p 1002 wop J1002  m pl1003  w  p
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TABLE II (cont.)

" Cl Br
av,em T T A\),cm’1 Ip A\),cm’1 I plav,em_
1057 W

1138 s 1136 s p |1136 s pfil138 P
1256 . w 1254 wop |1256  w pl|1256 p

| o 1308 m ap|1309 ap
1376 s p| 1374 sop|1375 s p‘1376v p
1505 m | 1502  mop|1502  w pl1506 P
1568 sh | 1564 w ap 1569 sh )
1585w | 1585  m ap|1585 s dp|1586 dp
1637 )

e
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for the F-{ c1-, and Br Salts‘ Because of insufficient

SOlubllltY in CSZ’ chloroform was used for the I™ salt: The

- exciting laser llght was changed in order to stay in maximum

‘resonance with peaka.

e_The Raman spectra of the halide salts are»tlearly a
fuhction-of the axial ligand. Unique peaks appear for_each
of the halide salts; A number of important differences |
ahd*similarities appear among these spectra._ The similari-
ties will be discusSed first ’In the Raman soectra of all of
~ these complexes peaks appear at about 398 374 342, 327

1; and these frequencies are v1rtua11y 1ndepend—v

-1

‘and 260 cm
ent of the mass of the ‘axial ligand. The 260 cm peak
decreases by 1 cm -1 from the F to the C1~ compiex and
appears as a shoulderhnear 260 Cm;l for the Br complex.
‘The Raman speCtrum of the solvent, CHC1, masks this.region
in the I  complex. The spectrum of MnETP in butanol

- (Fig. 2c) shows a peak appearing at 266-cm-1.

-1 peak is’foundh'

The relative 1nten51ty of the 329 cm
to be sen51tlve to the ax1al llgand A,dlstinct increase
in intensity occurs as the axial llgand is changed from F~

through I . The 329 cm 1

peak is not evident for MnETP

in butanol. Because the peaks at 329 and 342 cm ! both
show a small frequency dependence on the ligand, there
must be eome metal contribution to these vibrational modes.
The change in axial ligand has a small effect through the

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

also have a large porphyrin contribution. The peak at
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about 400 cm™* appearé in all of the spectra. The exact
position 1is difficult to obtain since a very weak Raman line
of CSé also appears in this reéion. The position of this
peak does not appear to shift appreciably with a change in

the ligand, since this peak appears at 398 cmfl

for MnETP
in butanol and at 398 cm fdf the I complex in CHC1,.

A number of peaks do not correlate between spectra.
The peak at 495 cm'_1 in the F~ coﬁplgkvdoes not have any

1 225 emt

counterpart in the other spectra. The 285 cm~
and 165 cm” ! peaks in the Cl. complex also 'show no counter-
parts in the other spectra. This is also true of the 245

and 143 cm % 1

peaks of the Br~ and the 186 and 118 cm’
peaks of the I_'comélex. The peaks at 495 in the F;, 285
in the C1~, 245 in the Br  ‘and 233.in,the I~ appear to
cbrfespond withMn—X vibrations observed in the far IR

- spectra of Mn(III) protoporphyrin IX dimethyl ester halides
(Boucher, 1968). All of these peaks are shifted between
43:and 23 cm'1 to higher freqﬁency-from the Mn-halide
stretches in Mn(III) protoporphyrin IX dimethyl ester which

1 for F', C1, and I

appear at 462, 262, 211 and 190 cm
resbectively, presumably because the spectra shown in Fig. 3
are for the molecules in solution rather'than in the solid
state mulls that were used for the far IR spectral
‘measurements. |

Another indication that these peaks represent the Mn-
halide stretches is shown by isotopic substitution of 35¢1

and 37Cliin the MnETP-C1 complex (Fig. 4 and Table III).



~ Mn(II) ETIOPORPHYRIN CHLORIDE
343.2 ' B

Aex® 476.9 nm

282.5 259.9 2242

L ] 1 1 !

| ca. 1073M in CS, - | |5l5-4

MnETP-CI37

MnETP-CI3%

I !

400 o 300 | 200
' A, em=!

Fig. IV-4. Raman spectra of MIETP->°Cl and °'Cl in CS,. A, = 476.9 mm,
power = 10 mw. Slit width = 2 cm-l, scan speed =

1.2 cm—l/min, time constant = 10 sec. Conc. ca IO-SM,

EY

100

XBL753-5115
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TABLE III-

Observed vibrational frequencies (cm'l) and shifts of the

Raman bands of MnETP 35Cl and 37(31 in CSZ.» Xex = 476.5 nm;
ACAV) = Av - 4v | |
, 3501 37¢1
MnETP-5¢1 MnETP->'Cl . a(4v)

165.7 4 165.4

179.9

226.8 - 224.2 +2.6

259.0 259.9

286.5 ~282.5 +4.0

328.8 329.6

343.0 ' 343.2
397.8 : 398.2
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- All of the low energy peaks are constant in frequency, within
cxperimental precision'i 1 cm‘l, except for the peaks at 285
v R

and 225 cm ~ (Table III). The peaks at 285 and 225 cm'l'show‘-

a shift of 4 and 2.6 cm'l, respectively, to lower frequency

when the axial ligand is changed from >°Cl to >/Cl. Using a

harmonic oscillator model,-tﬁe'énergy shift-for the 285 cm™1
peak is 0.8 en ! less than the shift pf.4.8 em™? expected if
this Qere a pure Mn-C1 vibratidn. The péak'at 225'cm-1'$hows
a_smailer shift, andithe'vibrational hode responsible.fof if
must also involve motibn of the metaljagéiﬁst the porphyrin ,_
macrocycle; _ ﬁ |
- The‘peaks:at 165 and 143 cm™ ! in the C1” and Br- compleies
énd'fhé twdvpeaks at 186 and 118 em™t in the I” complex appear
also to be axiélFligan& depéndenf.' The 165 cm - peak,.fhe
dominant feature in the Raman spettrﬁm of the Cl_ complex
shows ﬁo frequency'changé with isotopic sUBsfitution._ A |
corfelatiqn of the 225 em™t peak in.Ci;'witvaheil43 cmflv
peak in Br  and the 118 ém—l'peak in I seems reasénable.
The peaks exhibit é deéréasé in frequency with mass, and ﬁay‘
reflect a vibration of the metal and'halide_égainst'the pof-
phfrin.v Althngh the Corresponding peak is not apparent in
~the F complex, it may lie within the broad feéture at 260
cm 1. This is éupported by a polarization study invwhich»thé_‘
RR peaks recorded with the ahalyier ofiented either paralléi'
or perpendicular to the electric vector of the incident

radiation showed different maxima separated by about 3 cmfl.'
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Table IV summarizes the assignments for the low freqﬁency
region of the Raman spectra of the halide complexes of MnETP.

1'of these

The higher frequency region 500-1700 cm
“metal complexés shows no pronounced changes with substitution
of”thevaxialiligand, in agreement with the observations made
by Kitagawa, et al., for the F, C1 , Br and I  complexes
of Fe(III) octaethylporphyrin (Kitagawa, et al., 1975b) and )
.by Spirc and Eurke for the F, CI and p-oxo complexes
of Fe(III) ﬁesoporphyrin IX (Spiro and Burke, 1976).
Table V lists a cbmpilation of low frequency Vibratioﬁs
observed in the far IR spectra of metalloporphyrins. |

There appears to be a corresponden;e between some of
the far IR spectral peaks observed for other metalloporphyrins
with the 260, 330, 340 and 400 cm™* Raman peaks measured
for MnETP—X. The symmetry of the axial halide complexes
of MnETP-X is C4v' Thus A, vibrations are allowed in
bdth the IR and Raman spectra. Since all of the low frequency
Raman peaks are polarized, they correspond to A1 vibrations.
The far IR spectra listed in TaBle V indicate that vibrational
modes which are métal—dependent occur between 203-275 cm"l,

1 1

337-351 cm”© and 385-420 cm”'. Additionally, these modes

.show isotope shifts when Zn64 is substituted for Zn68; Ni58

is substituted for N164; and Fe54 is substituted for Fe56.
These vibrations must, therefore, have a significant
metal contribution to the vibrational mode. The IR bands that are

observed for Fe(III)octaethylporphyrin-X (X=F~, €1 ,Br ,I ,NCS



-112-

TABLE 1Y

\
Assignmént of the low energy-Réman bands of the MnETP halides

- - . - N -

F Cl Br I | Assignments
495 |
285
245 _ _ﬁanganesé halide stretch
“ 233 | o |
374 - 373 372 ‘ porphyfin +‘ménganese
343 342 341 '340 vpbrphyrin + manganese
331 329 527 - 327 out of plane porphyrin
| | | + manganese vibrétion
260 259 260 sh porphyiin + manganése
225 ' | f'porphyrin + Mn + Ci-

260 162 143 118 © porphyrin + Mn + Halide
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TABLE V

Far infrared absorption bands of various metalloporphyrins

porphyrin‘
Fe Co Ni Cu in Pd  Ag Cd__ Mg moiety " __isotope exchange Av assignment reference
267 235 202 OEP 108468 1.8 Birger et al (1972)
270 : OEP Fed4%6 4 Ogashi et al (1973)
264 287 234 203 275 214 OFEP . M-N Ogashi et al (1971)
290 246 202 " porphyrin 7n04+68 3.7 v(M-N)+8(CCN) Ogashi et.al (1972)
349 353 348 - 349 352 350 352 342 protoporphyrin porphyrin de- Boucher & Katz
. . . dimethylester. formation (1967)
348 352 346 346 346 .348 346 337 hematoporphyrin pérpﬁyrin de- Boucher § Katz
formation (1967)
366 346 348 porphin &§(CCN)+v (C-C,
CN) + v(M-N) Ogashi et al (1972)
356 : )
351 356 338 337 oEP Ni5864 764268 5 5 L0.2 Bicger et al (1972)
351 355 336 334 348 336 QEP X v(M-N)+Ligand Ogashi et al (1971)
385 81 ' OEP FeS4-56 4 Ogashi et al (1973)
4z0 392 385 porphin 7584+68 0.3 §(CCN) Ogashi et al (1972)
OEP - octaethylporphyrin
8v - isotope shift (em™l)

<
*

stretching

o
.

in plane bending

XBL 769-9649
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~and NS‘) at ca 350, 340, 260, and 220 em™ L show a small
energy'dependence on the axial halide (Ogashi, et al., 1973)
similar to the small energy dependence on the axial ligand
obserﬁed for MnETP-X in Fig. 3.

Hlowever, care is wérranted in comparing vibrational
peaks dbserved'in IR and Raman Spectroscbpy. Recently
 Kitagawa, et al., measured both the IR and Raman spectra of
a variety of metal porphyrins.(Kitagawa, et al., 1976b).

The IR spectrum of Ni octaethylporphyrin shows a strong
band at 355 en L. On  deuteration of the methine carbons
this peak appears to shift to 334 cm*l, implying a large
contribution of methine bridge stretching to the vibrational
mode. Ih contrast, the resonance Raman spéctrum of Ni
octaethylporphyfin shows a weak doublet abpearing at 364

and 344 cm-1 which shifts only a few wavenumbers on
deuteration, implying that the bands observed in the IR

and Raman spectra . are fortuitously close in enefgyAbut
‘result from different vibrational modes.

Wérshel, in a recent normal mode célculation on
vmetalloporﬁhyrins,found a large‘contribution of metal-
pyrrolc'nitrogpn stretching for an Alg mode at.360‘cm‘1

(Warshel,}1976). It is interesting thaf the doublcét
observed by Kitagawa at 364 and 344 cm_1 in Ni octaethyl
porphyrin shifts on Substitufion of Cu, Co and.Pd. In
addition, a weakvRaman peak at 2063 cmbl'for Cu octa-
ethylporphyrin appecars to shift to 254 cmnl.in the Co

complex and shifts to 275 cm_l in Pd. 1t thus appears,



Q0404601 650

=115~

that on exgitihg into band V .of MnETP, a specific enhance-
‘ment occurs for vibrational modes about the metal, .such as
modes involving Mn-pyrrole nitrogen stfetches and axial
ligand stretches. | | |

The 1acR‘of enhancement of these vibrations in,n+ﬁ*
transitions and their selective enhancement in charge
transfer transitions can be accounted for by an examinétion
‘of the Raman tensor.? In Chapter II the Raman tensor for
the yibrational transition i+j .for the normal'mbde‘a was

detailed as (eq. 20):

. .= A7 4+ Ber
(apo)gl,'g] .
o 0y,.0 0 o

A=Y (g lRp|e ) (e IRolg ) <i|v><vi]j>
VoE® - E® - E% +ir,

e g 0 €

Boor = - 1T 1GIR [e®) (e®Ih, [s°) (sC[R |g%)

s a P 2 °

+ (8%IR,1e%) (e%[n, 5% (s°[R 1)1

(0 - Eg)(nf - Eg) + Eg' o
X D e - . <i{Q,ij>
LEC - 5992 - 12 4w im 1 ° - 9% - 1l &
e g7 o el s g o

(1)
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where g is the poth component of the polarizability tensor
and p and ¢ are coordinates within the molecule- fixed coordinate

sjrstem‘. ]g0> represents the ground electronic state. lco> represents
the excited electronicstate in resonance. |so5is a different exciééd
electronic state. |i> and |j> arc vibrational stafes
of the ground electronic state. |v> is a vibrational state
of the excitéd ¢lectronic state le>. Rp and R0 afe the di-
pole moment operators. ha is the change in the elcctronic
Hamiltonian with the vibration of the ground statc normal
mode a. Q, is the displaéément.of the ath nQrmal mode.
E, and E, are the energies of the excited states [e> 'and
|s> and E, 1is the energy of the incident iaser light.
r, is a damping factor. | | v

The B term contributes to Raman intenSity_through
the vibrationally induced mixing of différent'electronic:
states produced by ﬁerturbation by the vibrational mode, a.
The vibrational mode that is most active in mixing the
states will show the greatest Raman intensity. This
accounts for the lack of resonance enhancement of vibrations
- of peripheral substituents in the Raman spectrum of
porphyrins. Thus,ﬁibratibns at fhe periphery of thé ring
which do not perturb the electronic states of the porphyrin
sufficiently for mixing tb oCéur-bétween different elec-

tronic states show little resonance enhancement.



DO o460 1 65

- -117-

What this argument intends to show is that the enhanced
vibrations of a metalloporphyrin with excitation in a charge
- transfer band are different from the enhanced vibrations

. : . F3
with excitation in a nw-7w

traﬁsition. It is necessary to
tesolve the spatial properties of <e] oH /3Qal5’f

The only pért of the electronic Hamiltonian that depends
on nuclear position 1s the coulomb potentiai between electrons

and nuclei’ (Albrecht, 1961)
i.e. ~ (sH/3Qy) = -e § g a(zn/rjn)/aQa_ (2)

where the summation is over all of the electrons j and nuclei
. n;‘e is fhe elgctrdnic charge, Z, is_the_charge on nucleus
ﬁ and rjn is the distance between electron j and nucleus n.
aH/aQa is, thus, a one electron operdtor. qu any pne-electron

operator, G «(Albrecht, 1961; Tang and Albrecht, 1964, 1972)

G

n

) G(rj) = [G(r) dr )
i

where G = aH/aQa

<e|fG(r)p(r)dr|s> = f<e]p(r)|s>G(r)dr (4)

where <e|p(r)|s>, the transition density, (Murrell and Pople,

and <elG|s>

1956; Lopguet—Higgins,>1956); represents the spatial over-
lap 0f>|e> and |s>. As Albrecht has pointed out,vfor
mixing by a vibrational perturbation to 0ccur, the mixed
electronic states must lie within the same region of the

molecule.
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We will consider éxcitation within three types of pos-
sible porphfrin transitions w»n*, d»d and w+d, a charge
transfer transitioh. The results for a d+n*‘charge trans-
fer transition would be ‘the same, but these transitions
would not be allowed for Mn porphyrins under Dy Symmetry.
The ground state for Mn(III) porphyrins is‘illustrated-in

‘Fig. 7 of Chapter III.

lg> - v - NAn ¢ "o gl al dl & a®, | (5)
& l”por metal i p01 ¢por Xy Xz yz 227X -y

The lowest energy w-+n¥ excited states may be written:

m-1 . ' o)
_ 2 1 *1 .1 ,1 ,1 ,1 .
le> = N = g ¢por ¢porm¢pordxydxzdyzdzz(&zfy?A 1(6)
m-2 | .
) 2 1 2 *1 1,1 .1 | J'
|s> = NSA I ¢pori¢porm_-l¢por ¢’pordxydxzdyzdzzd “oy®

i

An excited statc reached by a d+d transition may be written:

m ‘ o
_ -2 *o .1 o 11 41 1
|d> = NdA g ¢p q)po1d>\ydxz yzdz dx‘ -y* (7)

The electron is promoted from one of the degenerate»d.OﬂﬁIalstO
the dxz_yz-orbital. Althbugh there are no d»d transitions allqwed‘1nﬁﬂer
Dan symmctry, a d+d transition from one of the degencrate

d orbitals to the dxé—y% orbital is allowed qnder C4v symmetry.
The éhange from D4h to C4V‘symmetry in a metalloporphyrin can
occur by axial ligation. An excited state reached by an
allowed charge transfer excitation of an elcctron from the
porphyrinrto the metal may be written

v m-1 '
D . 2 1 *0 ,1 ,1 2 1 _ : ‘
|C) - I\‘c‘/\‘ g ¢p01 ¢por ¢pord)ydxz yz d ‘] y2 <. (8)
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Wpor and Yhetal represent the wavefunction of thc porphyrin

and metal, respectively, |e> is the excited state in

- resonance. N is the normalization factor. A is the anti-

symmetrizer. ¢p0r are the occupied molecular orbitals
: . “1 ' :
in the ground state configuration of the porphyrin. ¢;or

is the-lowest unoccupied porphyrin molecular orbital. The
product of orbitals is in order of increasing energy

(Boucher, 1972). d d d ,dzz,dxz_

dyyrdyz1dy, 2 represent the

y :
atomic orbitals of the manganese. The superscripts indicate
the electron occupancy of the orbitals. |

An examination of the transition density matrix element
indicates which Vibrational.modesvare enhanced by excitation
~ within a particular type bf electronic transition; ThQ
types of transition density matrix elements tﬁat‘must be
examined are between states reached by r+n* transitions,
charge transfer transitions and d»d transitions.

If the two states le> and |s> that couple are both.
reached by a m»n* transition: |

1

1
por, dr. (9)

<elo(r) s> = -ef ¥ por =3
m

G(r-rj)¢

sincé the integral equals unity for electrons not involvéd
in the transition. This is a spatial integral over the two
highest energy occupied molecular orbitals of the ground
state. Spatially, thesc orbitals occur within the porphyrin
macrocycle and occupy similar regions; as a result, the
vibrational modcs, a, that ave picked out by the electron

density matrix clcment <el3H/3qus> are those within the
<
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‘macrocycle.

For coupling of a charge transfer band in which an
electron'goes to a dyz or de orbital, for‘example, with an
excited state reached by a m>n* transition from the same
oc;ﬁpied molecular orbital, the required vibrational

perturbation matrix element is <c|oH/3Q,|e> and the transition

density is:

<c|p (1) le>v = —efd;zﬁ(r-rj)qg;(l)rdrj v (10)

This integral repfesents the spatial overlap of a d orbital
of the metal and a = orbital of the porphyrin. The region
of maximunm o?erlap will occur around the metal and pyrfole
nitrogens. The vibrational modes picked’out by the
transition density operator in this case will be those around
the central metal, such as vibrations involving the manganesé-
pyrrole nitrogén bonds. Vibratiéns involving the axial
ligand on the manganese may also be picked out, becausc thé
metal-ligand Vibration should.pérturb the d orbitals,
affecting thc_ekcitéd state reached by the charge transfer
transition. l

Fof coupling of two different excited states formed by
charge transfer transitions in which the excitation is from
the Same porphyrin ground state occupied molecular orbital,

where |c]> and |c2> represent two different charge transfer

stuates and dl and dz arc the two different d orbitals that
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are bccupied by the promoted electron. This term will be
small since.thc two different d Ofbitals occupy different
rcgions of space, unless axial ligand vibratiqns and the‘
"constraints imposed by the pyrrole nitrogens'mix the d
orbitals. This may be the term that allows the vibrations
éf axial ligands to be enhanced. For céupling between two
charge transfer states |c1> and |c3> that terminate in the
same d orbital but are initiated from different porphyrin./

7 orbitals

o 1
<cl|p(r)|c3> = ~ef¢ por s(r-r. )¢p0rn ld?j (12)

and vibrations active in the mécrocycle'willvshow intensity.
Sfates differing by the occupancy of more than one electron
cannot couple under the vibra Llonal perturbatJOn so that
‘charge transfer transitions differing in occupancy of both
porphyrin and d orbitals cannot couple. |

Coupling may not occur between a state |d>, reached
by a d»d transition and a state |e>, reached by a w»>n¥
transition.beéause a difference in occupancy of two elec-
- trons exists between the two states. State |d> may couple
with a charge transfer state |c> if the electron is
promoted to the same d orbital in thhxtransitjons. The
~vibrations picked out by this transition density matrix

¢lement involve the central metal.
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Loqking'at the form of the polarizability tensor for
excitation within (1) a charge transfer band and (2) a n+>rn*
transition we find:

1. There are terms in the polarizability fensor
containing <clp(r)|d>, <c|p(r)|s> and <cl|p(r)lc2>. The
<clp(r)|s> and <c|p(r)|d> terms enhance vibrations active
about the metal while the <c1|p(r)|c2> terms enhance
vibrations both within the macrocycle and around the metal,
including vibrations involving the axial ligand.

2. There are térms cohtaining both <e|p(r)]s> and
<e[p(r)1c>. <c¢|p(r)]s> enhances vibrations active in the
macrocycle, while <e|p(r)|c> enhances vibrations about the
nctal.

In Lhisbargument we have neglected Configuration
interaction of the Q and B states but, as Gdutcrman
(Gouterman, 1959, 1961, 1973) has pointed out, this is a
major phenomenon in porphyrins; as a result the B and Q
states arc mixed and the ex¢ited states shouid be written

more preciscly:

|Q> = M|Q®> + N|B®> and |B> = P|B®> + T|QO>

~

where M,N,P and T are the coupling coefficients and |[Q°»>
and |BO> and the zero order |Q> and |D> states. The

transition density matrix clements are then:
<Qlp () |B> = MI<Q9 o (r)|Q®> + NP<hO|p(r)]|BO> + (MP+NT)
<BO o (1) ]QO> (13)

The overlap of the |Q> and [B> states with themselves would
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equal ﬁnity. As a result the terms in the polarizability
tensor éontaining.<Q[p(r)lB> would dominate and, for
excitation in a Q band, we would expect to see vibrations
in theyporphyrin macrocycle as the major enhanced vibrations.
Differentiation of metal and porphyrin vibratibnal
mbdcs can also occur via the diagonal part of the polari-
zability tensor, Albrecht's A term (Albrecht and Hutley,
1971). The A term enhances thbse vibrational modes which
have large Franck-Condon overlap factors within the resonant
eiectronic transition. Excitation within a n-+n®
transition will enhance VibrationS which are associdted‘with
the porphyrin macrocycle, while excitation in a charge |

transfer transition will enhance both vibrations in the

macrocycle and vibrations about the metal. This results

from an examination of the A term.

z <g|R§|e><e|Rp[g>'

VIEC-EO-E® + ir
e (o]

<j|V><V|j> (14)

Using the Born-Oppenheimer approximation, the wave-
function for a molecule in a state [e> may be separated

into an electronic and vibrational wavefunction

Ve = ¢(q,Qx(Q) (15)

where ¢ is the clectronic wavefunction which is dependent
on the electronic coordinates q, and the nuclear coordinates
Q; x represents the vibrational wavefunction and is a func-

tion of only the nuclear coordinates. x(Q) may. be expanded
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as the product of orthonormal modes, a

x(Q) = mAy (16)
a

where the superscript labels the quantunm leVel of the vi-
brational mode a. It is convenient to separate x (Q) into

2 partg, L (Q) = Xp(QJ %y (Q - XP(Q) represents modes which
arc mainly associated with the porphyrin macrocycle and
xm(Q) represents mode$ associated with the metal. These two
sets may be differentiated experimentally by their energy
dependence with metal or.axial ligand substituiion,_or
thecoretically By a correlation of the atoms which contribute
to each of the normal modes. |

We may then rewrite equations (5)-(7) as:

. ’ 1.1
1> = : (
|g1 onr Qmet xp X (17)
. . 0 ¢ xJ xJ
lgj> = "por ‘met *p *m
e ev_v
VD> = q)
eV por “met Xp X
%+ F %t ®T
_ outou
|¢U> B onr *met Xp  Xm

For rcsonance with state |e>, a state reached by mrn¥

transition, the Franck-Condon factors have the form:

Lo dpevovo_ev vy 1 i 8
‘2/ \Xp Xm l Xp Xlll Xp Xm ] >\]') Xl]l (1 )
\ jroev_ o evy 11 .3 vy i l

<\ bl ’ N b < 3, > >
) xplxp Xy IAPJ [ X b <X I

v

e
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Since the w+r* transition occurs mainly in the porphyrin
macrocycle, the maximum change in the electronic configuration

of the excited state vs. the grdund state occurs within the

macrocycle as opposed to about the metal. Concomitantly,

the equilibrium nuclear configuration shows its maximum

change within the macrocycle. This results in different
potentials within the Hamiltonian for the excited state
compared to the grdund state. This means that

<XJ|XCV><X;VIX;> # ‘Gij o (19)

and Raman intensity may derive from the A term with j = i+l.
However, the change in potential about the metal is

small, and

. V v i z' .
<Xilxm?<xmlxm> = %5 (20)

We would not expect to see metal modes so enhanced as
porphylln modes by the A term.

Following a similar argument it can be shown that'both
porphyrin and metal modes will be enhanced by the A term if

excitation occurs in a charge transfer transition, since a

~large change in potential occurs in the macrocycle and

about the metal.

The above atguments provide a means of distinguishing
a charge transfer band from a =»>nv* transition. The vibra-
fions most enhanced by excitation in band V are vibrations
involving the central metal, while the vibrations most

enhanced by excitation in bands IIT and IV arc porphyrin
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macraocycle vibrations. Thus, band V is assigned to a
charge transfer transition, and bands III and IV are
identified as the « and g bands of metalloporphyrins,
respectively.

A comparison of the resonance Raman speétra of MnETP
in bénds IIT and IV with the resonance Raman specfra of
CuETP(1) also favors fhese assignmeﬁtsiCMendelsohn, et al},
197Sb). The resonance Raman spectra of CuETP(I) excited
in the o and,g bands show many similarities to the Raman
specfra of MnETP excited in bands III and IV. In all of
thesevspectra tﬂevenhancéd vibrations are those of the
porphyrin macrocycle. The vibrations at 757, 988 and
1313 cm-1 in MnETP are maximally enhanced with excitation
in band III. Analogously, vibrations at 754, 984 and 1314
c:m-1 in the spectra of CuETP(I) are maximally enhanced with
excitation in the o« band. The vibration at 1374 cm‘1 in -
MnETP shows maximum enhancement with excitation in band IV.
The corresponding vibration in CuETP(I) at 138Q cm"1 shows
maximum enhancement with excitation in the g _band.

Many of the low frequency vibrations enhanced by
excitation in the charge transfer band are metal and'axial
ligand dependént; Some of these vibrations may be assignéd
to manganese-halide stretches. The intensity but not the
frequency of the vibration at 329 em™t is strongly dependent
on the axial ligand (Fig. 3). Thereforé, it may be assumed
that this band is only indirectly influenced by the axial

ligand. One possible way to account for this intensity
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dependence 1s to assume that the 329 cm”! peak is an out-
of-plane vibrational mode of the manganeSe porphyrin. As
the ligand increases in size the metal is pulled out of the
plane of the porphyrin (Felton, et al., 1974; Boucher, 1973).
When the metal lies farther out of the plane, an out-of-
plane‘viﬁration-which puts the metal back into the ring
'will show increasing enhancement. - This could be‘due to
inc¢reased coupling between the excited charge transfer

state and the n* state. |

The out-of-plane distance of the metal with respect

to the porphyrin also has an effect on the molar absorp-
tivity (Boucher 1970, 1972, 1973). For the fluoride
" complex the ratio of band v to band VI is high. It
decreases as the size of the énion increases. 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 spectra of MnETP with imidazole
and piperidiﬁe as ligands. Nonbonded interaction of the
'N-H with the porphyrin ring forces the metal further out of
the ring in thejpiperidine complex'than in the imidazole
complex'(Boucher, 1973). The molar absorptivity 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 pléne of the porphyrin the more unfavorable is d and
m orbital overlap and the less allowed the transition will
be;

After completion of this work two studies on the
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resonance Raman spectre qf manganese (III) porphyrins
were reported (Gaughan,.et al., 1975; Shelnutt, et al., 1976).
The first report by Gaughan, et al., also neted selective
enﬁancement of lew frequency Raman modes upon excitation in
band V of Mn(III) tetrdphenYlporpﬁyrin. However, the in-
tensity pattern of these low frequency peaks were radically
different. The most prominent feature that they observed
was a band at 400 cm'l. Beth their study and ours show
little dependence of the intensity or frequency of this
“band oh the axial ligand. |

in contrast to our study, Gaughan, et al.; did not ob-
serve enhancement of axial ligand vibrations. Yet, the
chloride and bromide complexes of both Mn(III)'etiopofphyrin
I and Mn(III) hemateporphyrin.IX show enhancement of the Mn
halide vibrations when excitation is in band V. iThe lack
of axial ligand vibrations in the Raman spectra of Mn(III)-
tetraphenylporphyrin may reflect a difference in the
strucﬁure of Mn(III) tetraphenYlporphyrin.compared to
Mn(III) etioporphyrin, or it may.indicate that a reevaluation
of the resonance Raman spectra.of Mn(IIIJ-tetraphenyiporphyrin
is in order. |

The second Study, by Sheinutt, et.al., (Shelnutt et al.,
1976) also investigated Mn(IiI).etioporphyrin. They-obeerved
enhancement of low frequency'modes upon excitation in band V.e’
However, Shelnutt, et al., in their report emphasized the

enhancement profiles observed in band V. To account for

the nonsymmetric doubly peaked excitation profiles, they
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invqked a non-adiabatic coupling mechanism. We believe
that the excitation profiles reported may alternatively be
accounted for by the presence of a seéond electronic
‘transition underlying band V. A study of the absorption
spectrum of band V of MnETP-I™ in CS, (ChapterIII) clearly
shows a high energy shoulder evident at 480 nm, while the
main peak occurs at 505 nm. The MCD spectrum shows the
presence of an electronic transitioﬁ_at about 480 nm. The
intensity and the frequency separation of this electronic
transition from the main peak is a function of the axial
ligang and the solvent system. Thus, the excitation profiles
‘that Shelnutt, et al., report may be a consequence of the
presence of two transitions underlying band V. In this
' event,'nbn—adiabatic coupling need not be invoked to
‘account for the Raman excitation profiles. Furthermore, the
fixed laser frequeﬁcies used and the uncertainties in inten-
sity determinations indicated by the error bars in Shelnutt,
et al., make a precise determination of the excitation
profile maxima difficult. |
Band VI |

| As ChapterIII'indicated, band VI shows a very compleiv
.absofption andbMCD.spectrum,indicating that numerous elec-
tronic transitions underlie band VI. A resonance Ramén
spectrum of MnETP in n-butanol excited at 3577.1R is shown
in Figure 5. The broad background in Fig. S between 200-

- 500 cm.1 results from the Raman spectrum of the quartz
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Resonance Raman spectrum of MnETP in n-butanol.
Aex = 3577.1 A, energy = 1074 joule/pulse.
Pulse repetition rate 10 Hz, scan speed = 4.5 A/min.

vSlitwidth = 1,0 A, Monochromator was used in second

order. Conc ~ 107°M.
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cuvette that contains the MnETP solution.
The Raman peaks of the solvent, n-butanol, are notvisible over
the background. All of the features in Fig. 5 except for the broad

1 2nd the 809 cm™!

background below 500 cm— peaks are due to MnETP.
The 809 cm'1 peak is a composite band resulting from the overlap of
the Raman spectrum of quartz and the resonance Raman spectr\um‘o'f
MnETP. Eachof the Raman peaks in Fig. 5 hasa close correspondence
to the resonance Raman spectra obtained by excitation in Bands III;
IVandV (Fig. 2 ). Themajor difference is the increase in enhance-
ment of the 1504 cm ' peak and the disappearance of the 1566 cm” !
peak. Incontrast to depolarization measurements with excitation in
bands III, IVandV, which indicated that the peak at 1586 cm” L wavs
anomalously polarized, depolarization measurements in band VI show
that the band is polarized. Excitationprofiles for the Raman peaks
observed in band VI are shown in Fig. 6. Since the Raman peaks for

the solvent, n-butanol were not visible over the backgfound, the

broad Raman spectrum of quartz between 200-500 (:m-1 was used as an
internal standard. The intensities of the Raman. peaks in each of the
Raman spectra used in the excitation profiles were normalized to the
quartz band. The sampling occurred by 75‘°scattering from a quartz
curvette and the geometry was held fixed between spectra. With excita-
tion below 330 nm the Raman peaks of the solvent are observed over the
background. The ratios of the intensities.of the solvent peaks to the
quartz background remains constant to within 15% for the spectra excited
at wavelengths below 330 nm.

A number of features are evident in Fig. 6. The 1504,

1589 and 1377 cm—1 Raman bands show their maximum intensity
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and 1633 cm - peaks at about 320 nm. The 262 and 348 cm )
peaks appear to be in resonance with an electronic transi-
tion which lies above 362 nm. ﬁnfortunately, due to the
lack of laser intensity above 362 nm, the remainder of band
VI lying to longer wavelength could not be probed.

The peak in the excitation at ca 320 nm has no
corresponding feature in the room temperature absorption
spectrum, or in either the room or low temperature MCD
spectrum. However, a faint shoulder occurs in the low
temperature (77°K) absorption spectrum of MnETP in MCP.

The excitation profile indicates that an electronic transition
which is not resolvable in the MCD and is poorly resolved

in absorption lies at about 320 nm. In addition, the

1

selective enhancement of higher energy Raman bands (>1000 cm~
suggests that the electronic transition at 320 nm results
from a w+n* transition. An interesting point is the lack of

enhancement of the 1504 cm-1 peak at 320 cm‘l. Another,

larger maximum occurs for the 1634, 1589 and 1504 cm™t

vibrations at ca 354 nm, 3000 cm L

to lower energy than'the
ca 320 nm maximum. The 1377 cn! vibration shows its
maximum intensity a few hundred wavenumbers to lower energy
(ca 359 nm) from the excitation profile maxima of the
1634, 1589 and 1504 em”t bands. The intensity of the 348

1

and 262 cm = bands continues to rise at 362 nm.
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There is no absorption oT MCD feature which suggests
the presence of an electronic transition at 355 nm to
account for the excitation profile maxima. The
progression of excitation profile maxima exhibited by the
set of peaks at 1634, 1589 and 1504 cm‘l, the peak at 1377
cnl and the two peaks at 348 and 262 e suggests that the
resonance Raman bands are in resonance with a Q-1 vibronic

overtone of a 0-0 electronic transition lying to lower

energy. An examination of the denominator of the resonance

- Raman tensor expression (eq. 1) indicates that an intensity

maximum will occur for Raman scattering at the 0-Q vibronic
level of an electronic transition. The energy denominator,
Eeo - Ego - E, + iT vanishes, except for the damping factor.
At the 0-1 vibronic overtone, Eeo(O—l) = Eeo + hQ, where
Q 1is the vibrational frequency. When E, = Eeo + hq, the
denominator again vanishes except for the damping factor,
predicting a progression of excitation pfofile maxima which
occur at an energy equal to the sum of the energy of the
(0-0) electronic transition and the energy of the vibrational
mode. Spiro (Spiro, 1975).experimentally observed the
excitation profile progressions in his studies of ferro-
cytochrome ¢ excited in the 8 band. As the theory predicts,
the excitation profile maximum for a vibratioh of energy hQ
in ferrocytochrome c occurs at an energy, hq, greater than
the energy of the absorption maximum of the o« band.

The 1634, 1589 and 1504\cm°1 bands show excitation

profile maxima at about 354 nm (28,250 cm 1).
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If the excitation profile maxima are a résult of
enhancement in a 0-1 vibronic transition, subtraction of
1550 cm“1 from the excitation profile maximum predicts the
0-0 transition to be at ca 26,700 cm'l. Both the room and
low temperature MCD spectra show a derivative shaped feature
with a cross-over at 26,700. On decreasiﬁg the temperéture,
the MCD feature narrows but the cross-over does not shift.
Thus, the feature which has the shape of an A term and has a
crass-over at ~26,700 em L may result from the (Q-0)
component of an electronic transitidn.

 Verma and Bernstein noted ih an éxcitation profile-
study of protohemin (Verma and Bernstein, 1974b) that a spin-
state sensitive, polarized vibration at ~i$00 -::m_1 appeared
to be seleétively enhanced by the Soret band. By analogy,
the selective enhancement of the 1500 cm°1, polarized
vibration in band VI suggests a Soret band contribution.
However, the enhancement of the low frequency 262,348 and
399 cm'l, vibrations which appear to have significant
contribution from metal - pyrrole nitrogen stretching
vibrations and'whiéh may be diagnostic of charge transfer
character, suggestéa change transfer contribution to band
VI. Unfortunately, there have been few reports of the
resonance Raman spectra of porphyrins excitated in the Soref
band; this is due to the unavailability of laser lines in
the region between 360 - 440 nm. Lutz (Lutz, 1974) reported
Raman spectra excited at the maximum of the absorption

band of chlorophyll b. The dominant features in the Raman
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spectrum occurred at energieé above 1000 cm°1} Nafie, et al.,
(Nafie, et al., 1973) excited on the high energy side of
the Soret band of ferroéytochrome c. They observed only very
weak features below 600 cm 1. On the other hand, excitation
at 4416 R, close to the Soret band of cytochrome c oxidase
(Salmeen, et al., 1973) or of hemogldbin and myoglobin (Rimai,
et al., 1975) resulted in enhancement of low frequency modes.
For examplé, vibrations at 215 and 340 cm-1 in cytochrome c
oxidase, were enhanced to the extent that they were comparable
“in intensity to the higher frequency modes. .
The limited data available suggests that band VI contains
both a charge transfer and Soret transition. The derivative
shaped feature at ca 26,700 em™ ! may result from a A term
.occuring at a 0-0 electronic transition and the high energy

shoulder in the absorption spectrum of band VI may result from

the contribution of a 0-1 vibronic overtone.
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- CHROMIUM (III) TETRAPHENYLPORPHIN

The absorptionvspectrum:of chromium (III) tetraphenyl-
porphin (CrTPP) in the visible and near UV spectral regions
qualitatively appears similar to the.absorption spectra
of other 'normal” metalloporphyrins (Fig. 7). Two
absorption bands, TII and IV, which have been assigned
to the a and B bands,are observed between 500-610 nm
(Gouterman, et al., 1975). The very intense absorption
band at 447 nm for CrTPP-Cl  in CHCl; (band V) has been
assigned to the Soret band (Gouterman, et al., 1975).
However, additional bands occur in both the near‘IR and UV
spectral regions. | _

The UV absorption spectrum of CrTPP—Cl- shows a
complex series of moderately strong (e* 2x10 4) bands
(l1abeled VI) betWeen 280-400 nm, while several
weak bands' (I and II) (e¥ 103) are found in the near IR
between 650-800 nm (Goutefman, et ai., 1975j. Additionally,
a shoulder appears on the short wavelength side of band IV.
Goutermaﬂ has proposed that the extra bands in the UV may
result from charge transfer transitions. He suggests, that
the energies of charge transfer transitions from the‘aiu,'
asu porphyrin m orbitals to the dxz’ dy; metal qrbitalé
for the series of metalloporphyrins containing Cr(III),
Mn(III) and Fe(III), occur in the dfder Cr(III)> Mn(III)>
Fe(III). Thus charge transfer bands would occur in the
visible spectral region for Fe(III) porphyrins, in the blue

for Mn(III) porphyrins and in the UV for Cr(III) porphyrins
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Cr(l) TPP—CI™
in CHCI5

X6.7
| 1 1 ] 1 ]
350 400 450 500 550 600

X8L 769-8643

Fig. IV-7. Absorption spectrum of Cr(III)tetraphenylporphin-Cl

in‘CHClS. The bands are labeled after Gouterman
et al., (Gouterman, et al., 1975).
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(Gouterman, et al.; 1975).
To test the assignments of bands III, IV and V, resonance
Raman spectfa were measured on a solution of Cr(III) TPP-C1
in CSZ. 'Fig. 8 shows the absorption spectrum of Cr(III) |
TPP-C1  in cs, and indicates the positions of the excitation
wavélengths used in the resonance Raman spectra shown in
Figs. 9,10 and 11.
The resonance Raman spectrum of Cr(III)TPP -C1 obtained
by excitation at 4581, OA in band V (Flg 9) shows as its
-1

most prominent feature a peak at 400 cm Other features

appear at higher frequencies (>800 cm‘l). However, except

for the very weak peak at 336 cm.1 the region below 400 cm -1

-1

is blank. The very strong peak at 656 cm ~ and the moderately

intense peak at ca 800 <:m'1 are due to CS,. Spectra obtained

with excitation at 4518.2X, 4552.9X andb46192 show speétrav

similar ﬁo Fig. 9. The major difference lies in the vari-

athjlof enhancement of the Cr(III)TPP peaks over the 656

and 800 cm™ pmﬂs of the ‘solvent"CS2 |
Table VI llsts the Raman peaks observed for CrTPP-Cl in

CSZ' The resonance Raman peaks observed by exc1tat10n in

band V of CrTPP correlate well with Raman spectra reported

for free base tetraphenylporphin (Mendelsohn, et al., 197Sa):

and for various metal compiexes (Mendelsohn, et al., 1975a;

Solovyov, et al., 1973; Gaughan, et al., 1975; Shelnutt,

et al., 1976). For example, Raman peaks are observed at

-1

1005, 1232, 1372, 1495, 1548 and 1593 cm for the free-base

form of tetraphenylporphin (Mendelsohn, et ai., 1975a). For
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Cr () TPP-GI—
in CS,
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1 1 1 |
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XBL 769-9641
Absorption spectrum of Cr(III)tetraphenylporphin in CS,.

Fig. IV-8.

Pathlength = 1 cm. The bands are labeled after Gouterman
(Gouterman, et al., 1975). . The position of the laser
lines used in the Raman spectra are indicated.



Fig. IV-9.

-142-

Resonance Raman spectrum of Cr(III)tetraphenylporphin
in CS,. A = 4581.0. Energy =7 X 107" joule/pulse.
Pulse repetition rate = 10 Hz. Scan speed = 9 A/min,
Slitwidth = 0.85 A, conc ~ 107M. Position of solvent

bands is indicated in the figure.
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Intensity ———=

CS,

Cr(ll) TPP-CI™

- inCSp
Aex = 6041.6 A
Conc. ca. I0~3M

IV-10.

XBL 769-9639

Resonance Raman spectrum of Cr(ITT)tetraphenylporphin
in Cs,. >‘ex = 6041.6 A. Encrgy =3x 1073 joule/pulse.
Pulse repetition rate = 30 Hz. Scan speed = 14 A/min.
Slitwidth = 1.5 A. Conc ~ 10"°M. Position of solvent
band is indicated in figure.
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Cr(Im TPP-CI™
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Agx = 5776.1A
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XBL 769-9642
Fig. IV-11. Resonance Raman spectrum of Cr(III)tetraphenylporphin in

CSZf .Aex= 5776.1 A, Energy = 10—3 joule/pulse. Pulse
repetition rate = 30 Hz. Scan speed = 14 A/min.
Slitwidth = 1.5 A, Conc ~ 10 °M. Position of solvent
band is indicated.

intensity
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TABLE VI

Observed vibrational frequencies and relative intensities
of the Raman Bands of Cr(III)TPP-C1l™ in CS,. Relative
intensities are normalized with respect to the 656 em”!

line of CS, and are corrected for spectrometer efficiency.

p, the depolarization ratio is labeled; p, polarized;

dp, depolarized; ap, anomalously polarized.

Exciting 0 0 ’ 0
line:  4581.0A 5776.1A 6041.6A
aveem™ 1 6P aveen™ av,em™ I
336 0.04 | |
400 0.61p | 400 400 0.35
1015 0.33 p.
1240 0.13 p | 1240 ap
"_ 1341
1370 0.10 p
1494 ~0.08 ap} 1515 ap
1557  0.14 p
15832

aonly observed with excitation at 4475.6A

bfrom Shelnutt, et al., 1976
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. 0
CuTPP and NiTPP, Raman spectra excited at 6328A show peaks

appeéring at 1236, 1365 and 1582 for CuTPP, while peaks
appear at 1246, 1370‘and'1592 for NiTPP (Solovyov, et al.,
1973). For Mn(III)TPP Raman peaks are observed at 1497,
1564 and 1583 cm L. Because of the small dependence on
metal substitution of the energies of the Raman peaks which
occur above 1000 cmfl, these vibrations are assigned to
porphyrin macrocycle modes. The Raman spéctrum in Fig. 9
above 400 em ™ agrees qualitativeiy with the Raman spectrum
of CrTPP-Cl in CH,C1,, excited at 4579.08 measured by
Shelnutt, et al (Shelnutt, et al., 1976). The major
difference is in the lack of clearly resolved; medium
intensity peaks below 400 cm_l. Resonance Raman spectra
were measured with excitation at 4619, 4581, 4552.9, 4518.0
and 4475.6A for CrTPP-C1™ in CS, and at 46198 for CrTPP-C1”
in'CHZClzu None of these spectra showed any_medium intensity
1

features below 400 cm Excitation at the maximum of’

absorption band V, which occurs at 45303, produced two weak,
i1l resolved peaks at ca 307 and 340 cm L.

A comparisbn of the resonance Raman specfrum‘ofAMnTPPa
Br (Gaughan, et al; 1975) and MnETP-Br-; excited in band V
shows low frequency peaks occufing at 395, 327, 245 cm‘1
for MnETP-Br and at 392, 330 and 240 cm > for MnTPP-Br .
Tﬁe major difference between the resonance Raman spectra of
MnTPP and MnETP is the lafge enhancement observed for the

392 em”t peak in MnTPP. Although all of the low frequency

(<500 cm_l) modes of MnTPP are more intense than the high
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1 beak of MnTPP is

frequency modes (>500 cm’l), the 392 cm
almost an order of magnitude more intense than anf other
peak in the spectrum. The remarkable enhancement of the

ca 400 cm‘1 modes in both CrTPP and MnTPP, in contrast to
the lack of enhancement of a ;orrespbnding mode in MnETP,
suggests that the origin of the enhancement of‘this mode 1is
peculiar to metai1otetrapheny1pqrphins.

Enhancement of the 400"cm“1

'peak.also occurs upon
excitation in band III at 6041.6R (Fig.lO).l An intense
background occurs in the Raman Spectrum of CrTPP measured in
bands III and IV, presumably from an impurity which was not 
removed by chromatography with alumina; as a result, only
the low frequency region of the Raman spectrum excited in
band III éould be measured. The 400 cm”l feature that
appeared with excitafion in band V appears again with
excitation in band III. The Raman peak due to CS, at 656v
cm © is shown for Compérison. |

Excitation at’5776.1R in band IV results in a somewhat dif-

ferent spectrum. (Fig. 11) The 400 cm”

peak does not appear with
much intensity, while peaks at 1240, 1341 and 1515 dominate
the spectrum. Both the 1515 and the 1240 em”t peaks are
anomalously polarized with excitation at 5776.12. Thus,
it appears that the 400 em™L peak is in resonance with both
band III and band V, but not with band IV.

Mendelsohn et al., (Mendelsohn, et al., 1975b) in their

study of the resonance Raman spectra of CuETP noted that a

342 cm‘1 polarized Raman band appeared to be enhanced both
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in the o and by the Soret band. ‘Verma and Bernstein (Verma
and Bernstein, 1974c) noted that the.342 <:m'1 polarized |
peak was the dominant feature in the resonance Raman Specfrum
of CuETP excited in the o band. If the 400 cm-1 beak of

CrTPP represents the same vibrational mode as the 342 cm-1

peak in CuETP, then the resonahce enhancement of the 400 cm-lv
mode'in both bands III and V support the assignments of

bands III and V to the a and Soret bands. The enhancement

of high frequencf, porphyrin macrocycle modes by excitation
in band IV is consistant with the'assignment of band IV to
the g8 band.

The lack of enhancement of low frequency modes other
than the 400 cm-1 peak, fhe lack of a Raman peak assignable
to a Cr ] Cl™ stretch and the enhancement of porphyrin
macrocycle modes indicate that bands III, IV and V result
from m»n* transitions; this supports Gouterman's assignments

of bands III, IV and V to the a, 8 and Soret Bands

(Gouterman, et al., 1975).
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Chapter v

RESONANCE RAMAN SPECTROSCOPY OF HEMOGLOBIN

Introduction

Hemoglobin (Hb), a metalloporphyrin-protein complex, reversibly

- binds and transports molecular oxygen from the alveoli of the lungs

through the circulatory system to the cells where respiration occurs.
Vertebrate Hb consists ofb4 non-covalently linked subunits, each of
which contains one molecule of iron protoporphyrin IX (heme) (Antonini
and Brunori, 1971). The subunits can be differentiated into 2 types
called the a and g subunits. The tetrameric hemoglobin molecule consists
of 2 o and 2 B subunits. Although the o and 8 chains are somewhat
different in their amino acid sequences, they have similar tertiary
structures (Perutz, et al., 1968). Both the o and B chains bind heme in
a hydrophobic cavity of the protein by the axial linkage of the imidazole
group of the "proximal histidine' to the iron atom of the heme. Further
interactions between the protein and the heme occur through Van der Waals
interactions with side chains of the protein protruding into the heme
cavity (Perutz, 1970).

Reversible biﬁding Qf 0, can dccur only when the heme iron is in
the ferrous (+2) oxidation state (Smith and Williams, 1970). However,
ferrous porphyrins are readily oxidized to the ferric (+3) state in the
presence of oxygen. One of‘the roles of the protein is to stabilize the
ferrous oxidation state of the heme and pfevent oxidation to the ferric
state (Stryer, 1975; Antonini and.Brunori, 1971).

The subunits of Hb do not bind O2 independently; the oxygen binding

occurs by a cooperative mechanism in which binding of oxygen by one
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subunit facilitates oxygen binding in tﬁe unoxygenated subunits (Perutz,
1970). For example, the brobability of binding a molecule of oxygen for
the two‘hemoglobins, A and B, where A contains three bound 02 and B
contains none, is 70 times higher for A than for B (Perutz, 1970). The
cooperativity phenomenon serves an important physiological role in oxygen
transport by decreasing the oxygen affinity of saturated Hb as oxygen
begins to dissociate. As Perutz pointed out (Perutz, 1970), the.partial
pressure of 0, %n the tissues is not much lower than in the alveoli.

The decrease in oxygen affinity that reéults from the first dissociation
of oxygen triggers further dissociation of oxygen. This leads to a very
efficient transport of oxygen from the alveoli to the cells.

A'detailed and expefimentallyAtestable model for the molecular
mechanism of cooperativity has been proposed by Peruti (Perutz, 1970,
1972; Perutz, et al., 1974 a,b,c, 1976) using the allosteric theory of
Monod, et al. (Monod, et al., 1965). fhe model proposes that the increase
in oxygen affinity for Hb as it becomes oxygenated resﬁlts from a |
transition between 2 quarternary forms. In the relaxed (R) quafternary
form, the oiygen affinity of each heme is relétively high, similar to
that of the isolated o or B subunits. The tense (T) form of Hb shéws a
decreased oxygen affinity.‘ Deoxyhemoglobin is in the T form; the iron is
high~spin and lies 0.60 A out of the heme plane (Fermi, 1975). Upon
oxygenation, the Fe2+ atom becomes low-spin. The ionic radius decreases
and the‘Fe2+ atom moves into the heme plane (Perutz and Teneyck, 1971).
The distance between the ''proximal histidine'" and the heme plane should
decrease in response to fhe movement of the Fez+ atom into the heme plane.
The pulling of the histidige towards the porphyrin plane would result in

changes in the tertiary and quarternary structure of the protein.
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Perutz proposed that the change in the distance between the histidine and
fhe porphyrin plane-is the triggef mechanism responsible for the tertiary
and quarternary structural changes occurring in the.transition from the
T (low oxygen affinity) to the R (high oxygen affinity) form of Hb.

The R and T forms of Hb can be differentiated by the distance
between the iron atoms of the different hemes and by a change in the
binding between the o and 8 subunits (Perutz, et al., 1974a). Iﬁositol
hexaphosphate (IHP) stabilizes the T form of Hb (Perutz, et al., 1974b).
Along with the characteristic absorption, CD and sulfhydryl reactivity
changes observed in the R » T transition, a rise in the paramagnetic
Susceptibility of the iron occurs, indicating a small shift of the spin-
state equilibrium.of the iron to the high-spin form. Perutz (Perutz, et al.,
1974c) interprets these data asindicatingthat the protein exerts a tension
in the T form, pulling the "proximal histidine'" and the iron away from

the heme plane. This tension stabilizes the high-spin form of Fe2+ and

* opposes the transition to the low-spin form necessary for combination with

~ oxygen. Perutz (Perutz, 197Z; Perutz, et al., 1976) pfoposes that the

interaction between the heme and the globin is a reciprocal one: that

oxygenation of one.subuﬁit, resulting in an in-plane, low-spin heme, changes

‘the tertiary structure of that subunit. This change induces an alteration

in the tertiary and quarternary structures of the other subunits to a
form ﬁore characteristic of the R‘conformation. The result is an
increase in the oxygen affinities df‘the unoxygenated subunits.

The absorption spectra of iron porphyrins are more complex than the
absorﬁtion spectra of "normal metalloporphyrins. Oxyhemoglobin

shows the characteristic a, B8, and Soret bands in the visible and near
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uv spectfal regions, but an additional weak absorption band occurs at
ca 900 nm (Antonini and Brunbri, 1971). Ferric hemoglobin, which is
often called methemoglobin (MetHb), sh0w§ a more complicated spectrum.
MetHb'F_shows a very diffuse visible and near IR absorption spectrum
with'beaks or shoulders appearing at 486, 543, 579, 603, 738, 840 and
1110.nm (Perutz, et al., 1974c). MetHbJQ;shows peaks at 500, 540,
580, 630 and 1000 nm, while MetHb(]{-complex shows peaks at 486, 540,
576, 600, 816, and 980 nm. The additionai peaks in the absorption
spectra of iron porphyrins compared to '"nmormal' porphyrins appear to be
due to charge transfer and/or d + d transitions (Smith and Williams,
1970). The absorption spectrum of MetHb is vefy sensitive to axial |
ligation, to pH and to protein conformational changes (Smith and Williamé,
1970; Perutz, et al., 1974c). Although most of the visible absorptioﬁ
bands result from electronic transitions polarized in the x,y plane of
the porphyrin, the azide complex shows a z-polarized transition at about
640 nm (Eaton and Hochstrasser, 1968). Smith and Williams Suggested that
charge transfer transitions contribute to the absorption bands of MetHb |
derivatives between 470-640 nm Xig_configu;ation interaction with the
a and 8 bands (Smifh and Williams, 1970). Noné of the absorption bands
that result can be éonsideredvto come,from pure m -+ ™ or charge tranéfef
transitions. The resulting complex absorption spectrum is sensitive to
substitution of -the axial ligand, which affects the energies of the d
orbitals and the amount of configuration interaction occurring:between
the charge transfer bands and the a and 8 bands.

In view of the results outlined in Chapter IV, whicﬁ indicate that

excitation in the charge transfer band of MnETP enhances vibrational
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- Fig. V-1. Resonance Raman épectrum of Methb N; (0.76 mM heme)

containing 0.25 M NaZSO4 as aninternalystandard. xex=
SSQO.SR. Energy=10-'3 joule/pulse. Pulse repetition rate=
30 Hz. Scan speed= 23 3/min. Slitwidth= 3 &. Position

of Raman lines due to SOZ and wncomplexed azide are shown

in the figure.
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modes about the metal, excitation in the charge transfer bands of
hemoglobin might be expected to enhance vibrational modes about the
iron atom. These modes should be sensitive to the out-of-plane distance
of the iron from the heme plane and ﬁay monitor the geometric changes
occurring at the heme due to a tr;nsition of the protein between the

R and T conformations. The OH, Ng and F~ derivatives of MetHb were
studied because each exhibits distinct absorption bands which have -
been assigned to charge transfer transitions (Smith and Williams, 1970).
In addition, the OH and N% derivatives are knpwn to undergo changes

in both their absorption spectra and spin state equilibria upon
addition of IHP. Addition of THP to MetHbF~ induces changes in the
sulfhydryl reactivities and the UV absorption and CD spectra; these
changes are similar to those observed in the R to T transition in
deoxyHb (Perutz, et al., 1974b). Perutz concluded that IHP addition
results in the conversion of the R quarternary.form of MetHb F to the

T form.

Resonance Raman Spectra of Hemoglobin

These studies were carried out in collaboration with Dr. Larry Vickery
(Department of Chemistry, University of California, Berkeley), who
prepared most of the Hb and myoglobin derivatives and who measured the

absorption spectra contained in Figs. 3, 6 and 9.

Metlb N
Figures 1 and 2 show the Tesonance Raman spectra of the azide
complex of Mettlb excited at 5590.8 and 6383.2 A, respectively. As

the absorption spectrum of MetHb N% in Fig. 3 shows, excitation at
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5590.8 R'occurS'between two absorption bands which have been assigned to
the a and B bands of metalloporphyrlns (Eaton and Hochstrasser, 1968).
Excitation at 6383.2 A occurs w1th1n a weak absorption band at ca 6400 A
which has been a551gned to a charge transfer transition (Eaton and
Hochstrasser, 1968). A comparison of Figs. 1 and 2 witﬁ the Raman
spectrum of an aqueous solution of Na2804 indicates that the feature in
the Raman spectra at 983 an’l is due to SOZ, which was added to the Hb
solution as an internal standard fo} the excitatien profile measurements
shown in Fig. 3. A comparison between the Raman spectrum of an aqueous
solution of NaNS, and a solution of Methb N% with lowef concentrations
of N% indicates that the feature at 1344 an! is due to uncomplexed
~azide. The 1344 cm-llpeak does not appear with lower concentrations
of NaN; (0.04 M). Yet the absorption spectrum of the MetHb solution is
still cﬁaracteristic of the MetHb N; complex.

The dominant features in the resonance Raman spectrum excited
between the a and 8 bands (Fig. 1)‘appear at energies greater.than
600 cm™!, occurring at 1640, 1586, 1308, 1132, and 755 en’l. From a
comparison between the resonance Raman spectra of high and low-spin
forms of the ferric and ferrous derivatives of a variety of heme-
proteins and iron porphyrin complexes, Spiro and coworkers noted a
correlation between the energies of some of the Ramen bands and the
oxidation and spin-state of the iron (Spiro and Strekas, 1974; Spiro,
1975; Spiro and Burke, 1976). For example, peaks which appear at
"~ 1640 and v 1590 (:m_1 in the low-spin form of heme-proteins and
Fe3+ mesoporphyrin IX dimethyl ester shift to ~ 1633 and 1575 (:m—1

in the high-spin form (Spiro and Burke, 1976). However, exceptions

to these correlations occur for some heme proteins. For example, for
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MetHb F and Met myoglobin fluoride (MetMb F ) which are in the high-spin

state, peaks appear at 1608 and 1555 e L.

In contrast, peaks appear at
1632 and 1572 for Fe+3 mesoporphyrin IX dimethyl ester-F . The increased.
shift of the Raman peaks in MetHb F and Meth F~ over the values expected
for other high-spin heme-proteins and Fe+3 porphyrins appears to be due |
to an interaction with the protein, which may result in,aniincreased out-
of -plane distance of the Fe+3 from the porphyrin plane (Spiro and Burke,

1

1976). Peaks appear in the Raman spectrum of MetHb N, at 1640 and 1586 cm -,

3
indicating that MetHb N; is predominantly low-spin, in agreement with
paramagnetic susceptibility measurements (Antonini and Brunori, 1971).

An oxidation-state dependent vibration occurs at v 1374 et for ferric
hemes and at ~ 1360 cm—1 for ferrous hemes (Spiro, 1975). Due to the
‘interference of the Raman spectrum of the azide ion, the oxidation
dependent vibration is not visible in Figs. 1l.and 2. However, Raman
spectra of MetHb Ng obtained with lower concentrations of’N;—(0.04 M)
clearly show a peak at 1375 cm;l, indicating that the ifon is in the +3
oxidation state.

The Raman spectrum shown in Fig. 1 is similar to previously reported
'spectra of the azide complexes of MetHb (Strekas and Spiro, 1972) and
Met myoglobin (Mb) (Kitagawa, SE.E&;; 1976). All of the‘festﬁres in
the Raman spectrum of MetHb N% excited at 5590.8 A are dueifo porphyrin
macrocyclic vibrational modes (Spiro, 1975).

The resonance Raman spectrum of Mettb N; excited at 6383.2 A in the
charge transfer band (Fig 2) shows a new Raman peak appearing at 413 Cmal.
A depolarlzatlon ratlo measurement of tne 413 cm’ peakiindicates that

the peak 1is polarlzed whlle an examlnatlon of‘the exc1tat10n proflles in

F1g 3 shows that the 413 m 1 peak is the only peak 1n resonance ‘with the
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charge transfer band at 6400 R. All:of the other Raman peaks which
, éppear with 6383.2 R eXcitatién are ﬁore intense upon excitation at
; shortér wavelength and appeaf to be in resonance with the a and B.
_;bands. ,

The 413‘c:m-1 peak enhanced by excitation in the charge transfer
band of MetHb N% 1s close in energy to a vibration.observed in the IR -
spectrum of Fe3+ octaethylporphin—N3 atv421 cm-l, which was assigned
to the Fe-azide stretching vibration (Ogashi, et al., 1973). The
unique enhancement of the 413 c:m-1 peak by the charge transfer band
of.Me;Hb N;, the close correspondence between the energiés of the
413 cm-1 peak and the Fe-N; stretch observed in Fe(ITI) octaethylporphin-
N;,'the fact that the peak is polarized, and the selective appearance
'of the 413 cm © peak in the resonance Raman spectrum of MetHb Ny in
contrast to its absence in MetHb OH and MetHb F (vide infra) all
suggest that the 413 cm-l peak results from a vibration of the azide
nitrogen against the heme iron.

MetHb N; was prepared with the Na Loy Ty 15y (97% enriched from
Koch Isoiopes, Inc., Cambridge, Massachusetts). A comparison betweeh

the resonance Raman spectra of MetHb-(14N‘l4N 14N) and.MetHb-(lsN 14N 14N)

was not conclusive for an isotope shift. Binding of the singly,
terminally labeled azidelresults‘in a 50-50 mixture of the azide coﬁplex
of MetHb (i.e., Fe - 15N = 14N = 14N and Fe - 14N = 14N = 15N). Using -
a harménic oscillator model and assuming that the 413 cm-1 peak 1is due
to a pure Fe—Ng stretch which is not mixed with any other Vibrational
modes, substitution of 15N for 14N at the iroﬁ 1s expected to decrease

the energy of the 413cm - peak to 402 cn’l. However, only 50% of the
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MetHb N% has the 15N label bound to the iron. Thus, the Raman spectrum
of the singly terminally labeled azide complex of MetHb results from

the overlap of two Raman peaks, one shifted to lower energy and one

remaining at 413 L, Assuming equal amounts of MetHb - Loy = M4y -

14N and MetHb - 14N = 14N = 1SN, and that the bands are Gaussian, a

shift of 5.5 cm T is expected for the resultant Raman peak. The

intensity of the peak would decrease by 9%, and the full width at half

height would increase by 9%. A shift of 5.5 cm! in a broad Raman
peak is not detectable with the present Raman spectrométer, due to the
spectral signal-to-noise ratio and the 3 (:m_1 laser line width. To
demonstrate an isotope shift for the Fe—Né vibration it is necessary
to use an azide with both termini labeled.

In contrast to the Raman spectra obtained from MnETP excited in
the charge transfer band (Chapter IV),_no porphyrin vibrational modes
are enhanced by excitation in the charge transfer band of MetHb N%.
The porphyrin'macrocyclic‘modes appear tb derive their intensity from

the o and B bands. Even the pyrrole-nitrogen-Fe vibrations are not

- visibly enhanced. The lack of enhancement of pyrrole—nitrogen-Fe3+

vibrations suggests that the electronic transition which is responsible

for the absorption band at 6400 A in MetHb N; is different from the

.electronic transition which is responsible for band V in MnETP. This

conclusion is supported by a polarization study of the absorption spectra
of single crystals of MetHb N; (Kabat, 1967) and ferrimyoglobin—Ng

GWeth Ng) (Eaton and Hochstrasser, 1968), which indicates that a
z-polarized electronic transition is responsible for the absorption

band at 6400 A. MCD spectra of MetHb Ns show a negative extremum due

‘to the 6400 A absorption band (Vickery, et al., 1976). In contrast, the
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~ MCD spectra of band V of MnETP show an A term (Chapter III).' Since the
ground state of MnETP is non-degenerate, the MCD results indicate that
the excited state of MnETP is degenerate énd‘therefore X,y polarized,
while the electronic transition of Pkt}b N% is non-degenerate.

MetMb N% shows an absorption spectrum almoSt identicallto that of
MetHb N;. The major difference is a shift of all of the absorption
bands abouﬁ 40 R.to longer wavelength (Antonini and Brﬁnori,.1971).

The similarity between the absorption spectra of MetHb N% and MetMb N%
is due to the similar environments of the heme in MetHb and.Meth. Mb
is.an oxygen storage and traﬁsport heme-protein found in muscle. In
contrast to Hb, which is a tetramer, Mb is monomeric. The molecular
weight and amino acid sequence is similar to that of the individual

a and 8 subunits of Hb. The heme in Mb is bound in a hydrophobic éavity
of the protein by a "proximal histidine'. 'Eéton and Hochstrasser
assigned the ~ 6400 R,absorption band of MetMb N; to either an

azu(ﬂ) > dZz or an azide +’iron (d) ;harge transfer band. It is 1e$s |
likely that the band results from a d - d transition, because its molar
absorptivity (e v 103) is an order of magnitude higher than the molar
absorptivity expected for a d +~ d transition (Smith and Williams, 1970).

The Raman data do not distinguish the azu(ﬂ) +~d 2 from the‘azide >
iron (d) charge transfer transitions. -Enhancement ofzin—plane pprphyrin
and pyrrole-nitrogen. - Fe3+ vibrations would not necessarily be expected
for a z-polarized electronic transition. However, erhancement of out-of-
plane vibrations involving the Fez+-pyrrolevlinkages would be expected.

Unfortunately, the magnitude of this enhancement is difficult to predict.

No new features which might be due to out-of-plane vibrations of the

o»
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heme are observed in the Raman spectrum of MetHb N;. The vibration of
the Fe—N% linkage is expected to be the majer vibration enhanced in an

a, or aZU +~d 2 transition since the azide is bound by the d 2 orbital

1u 2% 7

of the iron.

A charge transfer transition from the azide to the d orbitals of
the iron would be expected to enhance the Raman bé&k due to the
vibration of the Fe-N; linkage. ' However, internal vibrations of the
N; might also be expected to be resonance-enhanced, since an analogous
enhancement of nyridine vibrations occurs upon excitation into a Fez+ >
pyridine charge transfer band at 4765 R in pyridine complexes of Fe2+
mesoporphyrin IX (Spiro and Burke, 1976). Raman spectra of MetHb N%
with lower concentrations of N; (0.04 M) show spectra similar to Fig.

2. The only difference is the disappearance of the 1344 cm !

peak,
due to free'Né present. There is no obvious enhancement of internal
azide vibrations upon excitation in the charge transfer band at 6400 R.
However, from X-ray crystallographic studies of MetMb N;, azide'
is known to bind at a 111° angle to the normal‘of the heme plane (Fig.
4a) (Stryer, et al., 1964). Both the symmetric and énti-symmetric
vibrations of the N; are at a 111° angle to the z-polarized electronic
transition. Thus, fhese azide Vibrétions may not couple well with the
z-polarized charge transfer transition. It is difficult to.predict the
'enhancenent expected for the doubly degenerate azide deformation
mode (Fig. 4b). Another possibility is that the charge transfer
transition occurs from a nonbonding orbital of the azide to a d 2 orbital

of the iron. The transition, whlch is z-polarized would enhance the

vibration between the Fe and azide nitrogen. However, neither the
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pyrrole-nitrogen-Fe nor internal azide vibrations would be appreciably

enhanced.

MetHb OH”
In acidic or neutral solutions and in the absence of exogenous

coordinating ligands, the sixth axial position of MetHb is occupied

by a water molecule. However, in basic solutions the sixth ligand

is hydroxide. For human MetHb the pK for the displacement of the axial

coordinated water by OH is 8.05 (Antonini and Brunori, 1971). Thus,

~at a pH greater than 10.0 essentially all of the MetHb is complexed to

O4". In contrast to Methb N; which is predominantly low-spin, MetHb OH
exists in a spin-state equilibrium with comparable concentrations of the
high and low-spin forms (Anfonini and Brunori, 1971).

Fig. 5 shows the resonance Raman spectrum of Metdb OH at pH = 11.06.
The dominant features in the spectrum occur at 497, 755, 1555, 1587 and
1634 cm-l.. A number of differences appear between the resonance Raman
spectrum of MetHb OH ‘and Methb N. The 413 am! peak is absent in the
1 An examination of the
absorption spectrum and the excitation profiies in Fig. 6 indicates that
the 497 — peak is in resonance with the shoulder at 6000 A in thé
absorption spectrum. The other Raman bands at 353, 755, 1555, 1587 and

1634 cm_1 increase in intensity as the excitation wavelength decreases,

“indicating that theyare rebsonantly enhanced by the 5700 and/or 5400 K

absorption bands.

The unique enhancement of the 497 a1 band by the shoulder at 6000 R

1

is similar to the selective enhancement shown by the 413 cm -~ Raman peak

in thé charge transfer band of Metlb N;at 6400 ;\ To determine whether
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the 497 cm,—1 peak results from the Fe-0 stretch, MetHb was freeze-

dried and redissolved in H, %0 and H,'%0 (95% enriched in °

0, Bio-
Rad Lab., Richmond, California, catalog number 7167451). Each of the

resulting solutions was.titrated at 0°C with a small amount of a 30%

solution of Nal6OH in H2160. Fig. 7 shows the resonance Raman spectra
of Mettb 180H™ and Mettb 100K excited at 6004.7 A. The 497 cm '
16 1

peak which appears in the spectrum of MetHb ~"OH shifts 20 am™ = to

1851, The increased background

lower energy following substitution of
in both of the spectra in Fig. 7 over that in Fig. 5, presumably is
due to some denaturation of the Methb during the freeze-drying process.

Using a harmonic oscillator model, the energy shift for the 497 et

peak is 2 c:m_1 less than the 22 cm-1 shift expected if this vibration
were due to a bure Fe-0 stretch. The enhancement of the Fe-0 stretch
at 6000 R and.the lack of observable excitation profile maxima for the
other porphyrin macrocyciic modes in this region suggests that the
shoulder of the'abéorption band at ca 6000 R 1s a pure charge transfer
transition which is not mixed with the nf+1§transition. In addition,

the enhancement of the Fe-0 stretch in MetHb OH lends further support

to the assignment of the 413 cm—-1 peak in MetHb Ng to the Fe-azide

stretch. The similarity between the excitation profiles of MetHb N3

and MetHb OH suggests that the electronic transitions are similar
charge transfer transitions, and predicts that the shoulder at ca 6000 1
in MetHb OH is z-polarized.

Another difference between the resonance Raman spectra of MetHb Né _

v 3
excited at 5590.8 A shows intense peaks at 1640 and 1586 cm-l, indicating

and MetHb OH™ occurs between 1550-1640 cm Y. The spectrum of Metlb N

~
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6

Fig. V-7. Resonance Raman spectra of MetHb 160t and Mettb Bon

— _— - -3
(ca. 0.9 mM heme). pH=10.2. X_=6004.7 R. Energy=2 X 10
joule/pulse. Pulse repetition rate=30 Hz. Scan speed= 16

R/min. Slitwidth= 4.5 &.
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that the iron is low-spin. The spectrum of MetHb OH shows peaks

appearing at 1634, 1587 and 1555 cm L.

appears at ca 1605 L.

In addition, a shouider

The peak at 1587 cn™t is indicative of
thevlow—spin state of iron; while the shoulder at 1605 and the peak
at 1555 cm-1 suggest not only the high-spin state of iron, but of a
high-spin state.simiiar:to that of MetHb F and MetMb F (Spiro and
Burke, 1976). The simultaneous appearance of peaké which are markers
of the high and low-spin forms of hemoglobin suggests the existence
of two forms of MetHb OH in solution.

‘Spectra similar to Fig. 5 between 1200-1700 cm-1 have been obtained
by Ozaki et al. (Ozaki, et al., 1976) in their study of the pH dependence
of the resonance Raman spectrum of Metib. As the pH is increased frdm
7 to 11.6, the acid form of MetMb is converted to MetMb OH . At pH =
11.6, 99.8 % of the MetMb exists as the OH complex (Ozaki, et al.,
1976). As the pH is raised from 7 to 11.6 the ratib of intensities
of the 1SBi an ! to the 1561 cm™! band increases, indicating an increase
in the cqncentration of the low-spin form. The presence of bands
characterisfic of the @igh_and low-spin forms of iron at pH = 11.6 was
interbreted'by Ozéki, et al., as‘indicating that MetMb OH exists in
“two spin-states in solution (Ozaki, et al., 1976).

George, et al. (George, et al., 1961) studying the absorption
spectra and magnetic susceptibilities of various axial ligand complexes
of Mettb, suggested that a thermal equilibrium exists between the high
and low-spin forms of MetHb OH . They estimated that between 50% and
.55%vof MetHb QH_ exists in the low-spin form at room temperature. By a
'coﬁparison between the absorption spectra of various high and low-spin

derivatives of MetHb and other heme proteins, George, et al., proposed
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that the ebsorptlon-spectrum‘of MetHb OH was due to the overlap of

the absorption spectra of the individual.high and 1ow-epin forms'land’
that the h1gh—sp1n form absorbed at longer wavelength than the low-~ -
spin form, contrlbutlng most of the 1nten51ty to the shoulder at 6000 A
_1n the absorptlon spectrum (Fig. 6).

The exeitation profile measurementS'in Fig. 6 indicate that with
vexc1tat10n at 6196.0 A the ratio of intensities of the 1555 to 1587 am -1
peak, R (R. 1 (1555)/1(1587)) is v 2.1. As the excitation wavelength -
decreeses R becomes smaller, equaling ~ 1.5 at 6000.9 A and "~ 0.8 at
. 5849.9 K’(Flg. 6). Thus; the Raman data are cohsistent with the
existence of two forms of MetHb OHi in solution. Further, the increase
of R at longer wavelength indicates that the high-spin form absorbs
at longervwavelength than the lowsspin; in agreement with George, et al.
(George et al., 1961). Yamamoto, et al. ; proposed that R reflects the
relative concentrat1ons of the low and high-spin forms of the heme iron
(Yamamoto, et al., 1973). However whlle R may be proportional to the »
concentrations of the high and low-spin forms, the excitation profiles |
(Fig. 6) indicate that the proportionality constant is a'sensitive
function of the excitation wavelehgth. Thus, a quantitativelcalcolation
of the relative concentrations of.the high and low-spin forms»is not
possible in the absence of the absorption spectra and the excitation
profiles of the individual high and low-spin forms.

'Of all the bands shown in the excitation profiles in Fig. 6, only
the 497 c:m_1 peak shows an intehsity maximum between 5849.9 and 6196.0 R.
Although the intensity of the 1555 n 't peak is greater than the intensity

of the 1587 cm‘1 peak for excitation wavelengths above 5900 A, both the
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1555 and 1587 cm_l peaks appear to be in resonance with an electronic
transition below SSSO.R. |

The data support Geérge et al. in theirbconc1u$ions that two forms
of Metlb OH exist in solution, with the high~spin form absorbing at
longer wavelength. The selective enhahcement of the 497 cm_1 feature
and the lack of an intensity profile maximm for the 757, 1555, 1587 and
1638 c:m_1 peaks at'6000_5 suggest that the electronic transition at
6000 K is a charge transfer transition. The selective énhancement of
only the Fe-axial ligand vibrations by both the 6000 A and 6400 A
absorption bands of Mettb OH and MetHb Ng suggests a similarity

between these electronic transitions.

MetHb F_

In contrast to Metﬁb N, which is predominantly low-spin and
Methb OH™ which is in a thermal spirrstate equilibrium, MetHb F is
high-spin (Antonini and Brunmori, 1971).. Fig. 8 shows the résonance
Raman spectrum of MetHb F_ excited at 6175.1 A. The dominant features
in the Raman spectrum occur at 1610, 1550, 1217, 760, 471 and 443 cm-l.
’The higher frequency region of the Raﬁan spectrum shown in Fig. 8
(> 700 cm_l) is quaiitatively similar to previously reporteavspectra of
Metib F (Strekas, et al., 1973). In contraét,to the Raman spectra of
MetHb N% and Mebe'OH',:which show peaks at 413 and 497 cm_l, an intense
doublet appears at 443 and 47i cm-l. An examination Qf the excitation
profiles and the absdrption spectrum of MetHb F shown in Fig. 9 reveals
a very complek behavior for many of the Raman peaks,of MetHb F . The

two peaks at 443 and 471 cm_l, which are polarized, appear to be 1in

- resonance with the absorption peak at ~ 6000 A. However, it should be
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Absorption spectrum and excitation profiles of MetHb F. .
Conditions as in Fig. V-3. The points at wavelenghts
below 5200 R were obtained from previously reported spectra
(Strekas, et al., 1973)..
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noted that the 443 cm_l-peak’shdws an intensity maximum at a somewhat

higher wavelength than the 471 cm-1 peak; and at excitation wavelengths

lower than 6080 K, the 471 cm ! péak is more intense than the 443 em 1

peak. The appearance of the 443 and 471 an -

doublet is not unique
to Mettb F~ and is not due to the quarternary structure of the Hb.

Resoﬁan;e'Ramaﬁ spectra of MetMb F and MetHblE_ are almost identical,

with the-doublets appearing at essentially the same frequency (¢ 3 Cmfl);

In view of the enhancement'of Fe-axial ligand»vibratiOnS'by,the

‘chérge traﬁsfer bands of Methb Nz and MetHb OH , and the‘factvthaf
intense vibrations betwéen 400-500'cm_l have.not been observed for any -
| metalloporphyfins other than METP F , Mettb N% and MetHb QH_,'it is
tempting to assign the 443 and/or 471 en™L peaks ‘to the Fe-F stretéh.
However, Ogashi gg_gl;_in theif IR studies of metalloporphyrins, |
assigned an Fe-F  stretch in ferric octaethylporphih F fo‘a band

at '6_02vc_m_1 (Ogashi, et al., 1973). The evidence for this assignment.

was the selective appearance of this peak in the F complex and an

54

isotope shift‘on_substitutibn'of ke for >*Fe. Kincaid and Nakamoto

observed the appearance of a 600 cm,—1 peak in the resonance Raman

spectrum of the F-'complex_of ferric octaethylporphin. The 600»cm_;

6

peak shifted to 596 emt following isotopic substitution of ke for

54Fe (Kincaid and Nakamoto, 1976). Recently, Spiro and Burke (Spiro

and Burké, 1976) observed the selective appearance of a 580 cm.1

peak
in the resonance Raman spectrum of the fluoride complex of ferric‘
mesoporphyrin'IX dimethyl ester.

However, the environment of the iron in Mettb F is much different

from that in fluoride complexes of non-protein bound metalloporphyrins.

s
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In Metllb F the high-spin iron is constrained by the proximal histidine

to lie out of the heme plane on the side opposite the flubride (Deatherage,
1976). The steric non~Bonding interactions between the charge cloud of |
the F and the porphyrin orbitals would be expected to cause the Fe-F
bond length to increase cqmpared to that of a non-protein bound ferric
pqrphyrin fluoride complex, resulting in a decrease of both the bond
ﬁtrength and the vibrational frequency. |

o The éxistence of two polarized, closely lyihg peaks which have
siﬁilar excitation profiles suggests a correlation between them.

Although any assignment of these peaks is somewhat speculative in

the absence of additional data, the observation by Deatherage et al.,

using X-ray difference Fourier diffraction, that the environment of
the.F- ion in MetHb F  is heterogeneous may account for the presence
of two peaks assignable to'the Fe-F stretch (Deatherage, 1976a).
Deafherage observed the presence of an.additionalvfeétﬁre within the
heme cavity which he proposed to be an H20 molecule stabilized in the
heme cavity by hydrogen bonding to the fluoride ion. - The magni tude
of the.featﬁre suggested that the water molecule is stabilized in the
heme pocket only part of the time, leading to a heterogeneity in the
fluoride. environment. Hydrogen bonding with the fluoride ion would be
expected to decrease the frequency of the Fe-F; vibration. “
Other alternative assignments of the 443 and 471 L doublet are
possible. One of the peaks might result from the vibration of the
imidazole of the proximal histidine against the iron. The doublet
could result from a vibrational mode of thé.metalloporphyrin. However,

1

no reports of intense porphyrin Raman bands between 400-500 cm ~ have



-184-

appeared in the literature. Additional experiments on model systems are

1

necessary to assign the 443 and 471 am doublet conclusively.

" Measurements of the resonance Ramen spectrum of the fluoride complex

of N-acetylated heme octapeptide from cytochrome ¢ may help assign the

doublet (Fraenkel-Conrat, 1957, Harbury and Loach, 1960): The heme group

is.covalently attached to the peptide with two thioether linkages and
the iron of the heme is complexed to the peptide by the'imidazolevgrbup

~of a histidine residue. Thus, the heme is in a coordination environment |

. analogous to that in Hb and Mb. The major difference is the absence-of-ﬁ".

a hydrophobic,environment, Thus, if the doublet observed in MetHb F~
results from hydrogen bonding of the axial fluoride ligand to a water
molecule trapped‘in some of the‘heme cevities,'the resonance'Raman
spectrum ef the octapeptide should show enly one peak due to the axiel
fluoride ligand. »

In addition to the 443 and 471 em Y peaks a weak, polarized Ramah
peak at 347 cnt appears to be in resonance with the 6000 A absorptien
band. The vibrations which show their maximum intensity at 6250 A occur
at 1610 (dp) and 1550 (dp) cm—l'(Fig. 9). Since these peaks are
depolarized they are eifher of B1g or Bzg'symmetry in the D4h point | |
group. However, the 760 anl (dp) and 1217 e’ peaks each show a very
broad excitation profile, suggesting that the excitatien'profiles (Fig;
9) may result from the overlap of two maxima at 6000 and 6250 A. Weaker,
anomalously polarized peaks at 1345 and 1431 cm‘1 appear with excitation
at ca 6000 and 6250 R. liowever, these peaks are not observed with

excitation between 6080.8 and 6150.0 A. The 1217 ent peaks show a

depolarization ratio, p, of 0.62. For the D4hbpoint group theory predicts

L
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(Chapter II) that vibrations of Aig symmetry have p = 0.125, those of
Azg symmetry have p = =, and those of Blg or B2g have p = 0.75. Thus,
a depolarization ratio intermediate between 0.125 and 0.75 suggests an
overlap of an Alg vibration with e v;bratlon’of Blg’ Bzg or AZg' Thus,
it appears that only depolarized or inversely polarized peaks show an
intensity maxirum at 6250 A.

Measurements of the excitation profiles of Metilb F using the 5145,

‘5017, 4965, 4880, 4724 and 4579 A lines of an Ar' ion laser show maxima

-1 -1

appearing at ~ 5080 K for the 760 cm
-1

peak, v 4930 for the 1175 cm
peak and v 4960 R for the 1340 cm ~ peak (Strekas, et_gl; 1973). .Assuming
that the excitation profile maxima resulted from resonance with the B
band, Strekas 93 31; subtrected the energies of the Raman bands from
the energies of the excitation profile maxima and predicted that the a
band eccursvat ca 5260 R In their studies of the resonance Raman peaks
of oxy b exc1ted in the a band. Strekas and Spiro (Strekas and Spiro,
1973) noted that all of the observed Raman peaks displayed intensity _
profile maxima at the peak of the o band Peaks at 1640 (dp), 1342 (1p),
1225 (dp) and 755 (dp) showed relatlvely narrow exc1tat10n profiles.
Verma et al. showed that the 1640 (dp) 1313 (ap) and 1131 (ap) peaks’
of Cu(II) mesoporphyrln IX dlmethyl ester and the 1657 (dp) 1305 (dp),
1130 (ap?) and 342 (p) peaks Qf‘N;;meseporphyrxn IX dimethyl ester were
maximally enhanced at the a band.méximﬁm (Verma et al. 1974). |

The excitation ptofiles efvthe resonance Raman beaks of MetHb F~
(Fig. 9) show a more complicated pattern, presumably because of the
complexity of the visible absefbtionvsﬁectrum, which consists of at

least four overlapping bandeigEaton andiHochstrasscr, 1968). ‘In



B thelr measumements of the 51ng1e crystal polarlzed absorptlon spectrum '

';.'of Meth F Eaton and Hochstrasser observed that 1n contrast to Meth N

| whlch shows a z- polarlzed transition at ca 6400 R the entire v151ble
. absorptlon spectrum of Meth F - was x,y polarlzed waever, they noted P

that an 1nequ1valency of X and y polarlzed electronlc tran51t10ns

'fJ;occurred at ca 6250 A. 1nd1cat1ng a. 5p11tt1ng of the degeneracy of tne

X and Yy d1rect10ns It has been proposed that the complex1ty of the
‘_v151b1e absorptlon spectrum of MetHb F results from the - m1x1ng of

'charge transfer bands w1th porphyrln T > n tran51t10ns to the extent
* that none of the absorptlon bands in the v131b1e reglon can be con51dered>:_:
as pure tran51t10ns (Zerner et al 1966 Eaton and Hochstrasser,_1968
Smith and Williams, 1970). | - |

Cautlon is necessary in the 1nterpretatlon of the exc1tat10n proflle :

. data of MetHb F because of the p0551b1e occurrence of interference -

effects between overlapplng electroalc tran51t10ns wnlch are not

resolved 1n the absorptlon spectrum (Frledman and Hochstrasser 197;;
_Steln et al 1976) One p0551b1e 1nterpretat10n of tne ex01tatlon j;'
proflle measurements is that the absorptlon band at 6000 A contalns two L
electronlc tran51t10ns occurrlng at. 6000 and 6250 A The only 1ndependent |
_ ;ev1dence for the existence of an electronlc tran51t10n at 6250 A is the f.,‘(‘ ¥
inequivalency of the X and y d1rect10ns of the single crystal absorpt;on
. spectra; Since, an inequivalency of_the p'e and'yidirections-oCCUrs at |
6250 A, a‘description of the eiectronic'transitions in the D,y point
vgroup is appropriate In the D2h p01nt group the symmetry of the
.;v1brat10ns whlch would mix x and Y electronic transltlons is:

PX>X Fy f;FB X“rB‘ = FB . Thus,_v;bratlons of B »symmetry:are

2u - 3u C1g C1g

f‘ i
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expected to be enhanced at 6250 A. However, B, vibrations in the D2h

1g

point group correlate to B, and Azg vibrations in the D4h point group

2g
(Kitagawa, et al. 1975); and depolarizéd and inversely polarized
vibrations are expected to’be enhanced at 6250 R; in agreement with‘
the excitation brofile'data. None of the polériied vibrations Shows
én'excitation profile maximum at 6250 R. Instead, the polarized 347,

443, and 471 ! peaks show excitation profile maxima at ~ 6000 A.

The.471 cm_1 peak 1is the most intense feature in the Raman spectrum

‘with excitation at 6000 A.

Eaton éhd Hochstrasser suggested that the inequivalency of the x
and y directions results from thg.splitting of the dxz’-dyz orbitals of
the iron. However, the enhancement at 6250 R of porphyrin macrocyclic
modes exclusively suggests that thevorigin of the dégeneracy splitting -
occurs mainly in. the porphyrin macrocycle and is.hot a result of an
axial ligand induced inequivalency of the dXZ or d . orbitals. If the
inequivalency resulted.from the m¢ta1 orbitals, Vibrations of AZg and
B2g Symmétry about the metal would be enhan;ed by terms such as

<d, %%—ldyz> in the polarizability expression (Chapter IV). Thus,
the.inequ?valency in the x and y directions may result_from an inter-

action not through the iron but directly on the pofphyrin»plane by the

‘heme environment. This could result from a steric influence of the

proximal histidine, which might bind to the iron in one particular
orientation with respect to the x and y directions of the porphyrin
macrocYcle. Alternatively, the splitting might result from the inter-

action of the heme with another species in the heme cavity.
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Effect of Inositol Hexaphogphate""
| Inositol hexaphosphate (IHP), wh1ch is known to alter the sp1n state

| equ111br1um of MetHb OH™ and MetHb N3, appears to convert MetHb F from

 the R to the Tlform (Perut;, et al. 1974b and c). 1Perutz proposes that_

- inhthe'T form that“iron‘lies further'out of the porphyrin planet.dBecause -
of the steric interactions of thebsixth‘ligand'uith the heme plane, the
'frequency of the'vlbration'Of thefsixth ligand to ‘the iron should be a

l_sens1t1ve functron of the out- of plane distance of ‘the metal ~ Since the

1 F ax1al llgand is: constralned to- interact with the porphyr1n m orbltals

the Fe F bond is like a stretched splng Any movement of the iron would

either shorten or lengthen the bond dlstance | |
In 5 coordinate, h1gh spin complexes of ferr1c porphyrins the iron

l1es "N 0 45 A out of the plane towards the Sth ax1al llgand (Hoard 1975).

vaowever, in MetHb F the iron lles out of the plane on the opp051te side

- from which the F' must bind. The out-of-plane dlstance of the iron from

the heme in MetHb F  is 0.3.K(Deatherage;gt_al;_1976a; Perutz, éE_El;

1974b). Thus, the iron'is displaced a total 0.75 A behind the porphyTin -

plane in Metﬁb F compared to’ferric‘porphyrin.fluoridé The ~ 100 cm L

- difference between the Fe-F  vibrations in MetHb F . and ferric porphyrln,

fluorides suggests that the frequency of thls Vlbrat1on should be a

sensitive measure of any-movement of the iron with respect to the

“porphyrin plane. Thus, IHP was added to solutions of‘MetHb X (X =

OH , N;) and resonance Raman spectra were excited at wavelengths which

maximally enhanced the Fe-X vibrations. The addition of IHP to solutions

of MetHb X~ had no effect on the resonance Raman spectra within the signal-'

to-noise ratio of the spectra. The fact that IHP has no effect on the
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energy of the Fe-0 vibration in Methb OH may not be surprising in view
of the fact that IHP does not bind well to bthb.at pH greater than 7
(Perutz, gg_glij‘1974c). -Howevér,’thé iack of a shift in the enérgy of
the vibrations which are assigned to Fé—Ng and Fe-F_Vstretching suggests
that ﬁo movement bf the iron occurs bn the addition of IHP. The addition
of IHP to Methb F-_results in changes in the CD spectra, the absorption
spectra and the sulfhydryl reactivities, which is consistent with a
transition of the R to the T quarternary form (Peruti, Eﬁ.él;; 1974b).
Pefutz's model predicts a chénge in the out—of-plane distance of the iron

from the porphyrin upon the R - T transitioﬁ. If the 443 and/or 471 peaks

_ result from an Fe-F vibrations, then any change in the out-of-planarity

of the iron should result in a significant shift in the energy of the
Fe-F vibration. Thus, it appears thatfho movement of the iron occurs
on the addition of IHP, Suggesting that either IHP does.not induce the
R - T transition or that Perutz'sjmodei is incorrect. However, the
basis for tﬁese conclusions rests on the assignment of the 443 and/or
471 cem’™t peaks to the Fe-F  stretch. |

The arguments in favor of this assignment are: 1. The 443 and
471 cm-l'peaks'are the dominant features in the resonance Raman spectrum
of Metlb F excited ét the maxirnm of the charge transfer band at 6000 R.
2. Intense, polarized Raman peaks between 410-500 ™! have been observed |
ohly in the resonance Raman spectra of MnETP- F , MetHb OH , MetHb Né
and Metib Ff, and only with excitation in the charge transfer bands.

3. The 495 cm.1 peak in MIETP F is assigned to an Mn-F stretch (Chapter

- IV). The 497 cm_l peak in Metlib Ol has been shown by isotopic substitﬁtion

to be an Fe-0 vibration. The assignment of the 413 c:m-1 peak in MetHb N;
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.,toda:Fe-NS strefch is.supportedjby;thevIR assignment:of an Fe-N3 '
»vibrafionbat 421 cm-l (Ogashi,'g§;a1;§‘1973).' 4. No feature corresponding
hfohthe Gdblcmgl Fe-Ff stretch observed invthe IR, and resonance Raman
spectra of fluoridevoomplexes of ferric porphyrins is obsérved upon

~exc1tat10n in the charge transfer band of MetHb F (Ogashl et al.

1973 Klncald and Nakamoto 1976 Splro and Burke 1976)

Conclus1ons
| The exc1tation proflles for the 413 and 495 cm 1 peaks of Methb N3
' and.hthb OH are 51m11ar, 1nd1cat1ng a 51mllar1ty between the electronic

-1

tran51t10ns ‘The Fe 0 v1brat10n in MetHb OH occurs at. 497 cm whlle

the Fe- 321de vibration occurs at 413 cm l.

It is suggested that the 443 and 471 cm’t

peaks enhanced by the .
6000 A charge transfer bond of MetHb F~ result from a heterogenelty in
the heme cav1ty caused by the-presence of an H,0 molecule in some of
the heme cavitiee The HZO hydrogen bonds to the fluoride llgand
. lowerlng the frequency of the Fe F v1brat10n The enhancement of -
porphyrln macrocycllc v1brat10ns in the 6000 A absorptlon band suggests
a substantlal m +_n _eontrlbutlon.-"The 1ack of an effect of IHP on the .
resonance Raman speetrun}of the OH", N% and F eompleXeé of MetHb suggests 3
that there is no'movement'of the iron with respeet to the porphyrin | |
plane. Either; IHP does‘not indoce the R » T transition or the trigger
mechanism proposed by Perutz‘is incorrect.

A comparison_of the-extended xfray'absorpfion‘fine structure
spectrﬁm (EXAFS) of deoxyHb A wifh that of DeoxyHb Kempsey led Eisenberger

et al. to conclude that there was no substantial movement (> 0.02 A) of
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the iron between the high (R) and low affinity (T) quarternary forms
(Eisenberger, 93.21;’ 1976), Hb Kempsey has a mutation which eliminates
a hydrogen bond across dne of the o and B subunit interfaces in the deoky
quarternary.structUre,-causing deoxyHb Kempsey to existsolely-in the high
affinify quarternary form. The EXAFS spectrﬁm of deoxyHb Kempsey is.

~ almost identical to that of deoxyHb A indicating that no significant
structural.changes occur about the iron atom. Thus, bdth EXAFS studies
of deoxytlb and resonance Raman studies of thé O , F and N; complexes

of MetHb suggest that no movement of the iron occurs between the R and

T forms.

‘What causes the differences between thé'iigand affinities of the R
_ and.T quarternary forms? Possibly a steric effect of the protein on
the hemé is involved\ihiéhdecreases the accessibility of the heme
binding site in the T form (Perutz, et al., 1976; Deatherage, et al.,
-1976b). Another possibility is that a change occurs in the m inter-
~ actions between fhe porphyrin macrocYcle and the surrounding protein
matrix (Manell and Caughey, 1976), léading to changes in the electronic
structure of the porphyfin, concommitanf changes in the iron d orbitals
and changes in the ligand affinities of the heme.

The energy of the Fe;axial ligand viBrations may not be a good
monitor vathese effectsf However, it ié.poésible that the excitation
profiles may.contaih some iﬁformation on steric and i non—bbnding
interactions between the protein and the heme or both. Polarized single
crystal absorption spectra and the excitation profile data (Fig. 9) both

indicate an inéquivalency of the x and y directions of MetHb F at 6250 A.
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If the inequivalency of the x and y directions results from non—bonding
interactions between the heme and the protein"changes"in'thevexcitation
~ profiles upon the add1t1on of IHP may monitor changes in the 1nteractlons A
between the R and T quarternary forms. | |

Resonance Raman spectroscopy has potent1a1 for problng ‘the 1nter-
molecular 1nteract10ns of complex systems However the select1v1ty
of the technique also 1mplles a llmltatlon because only vibrations
whlch_are‘coupled-to the resonant electron1C'tran51t10n are enhanced.
Thus, to obtain information.on a pérticulér fegion of'a molecule;-
excitation must occur Within,an electtonic transitlon c0upled.to the-
vibrations of the atoms in that region. Resonance Raman spectroscopy'
is a_relatively,new technique. As the availébilitylof tunable lasers
increéses, the value of the.technique willblncrease;' This spectroscopic
technique has potential to help solve many of the‘outstanding'problems
in blology The potentlal.ablllty to study molecules 1n s1tu maLes the

techn1que even more valuable.

l‘\.’ N
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