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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 (t.hlETP). The data supports the 

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

to a charge transfer transition. The two bands occurringbetween 
. * 540-600 nm are assigned to vibronic components of a~~-~ transition. 

The band in the near UV appears to contain a mnnber of components. It 

* is suggested that this band has both ~ ~ ~ and charge transfer character. 

Dramatic differences are fmmd in the RR spectra of fvhlETP upon 

excitation within different absorption bands. The RR spectra of 

MhETP- X (X= F-, Cl-, Br-, I or butanol) excited in the charge transfer 

band .show large differences in the low frequency region (100-500 cm- 1), 

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 three absorption bands of CrTPP occurring between 

* 420-600 nm result from rr -+ rr transitions. The resonance Raman spectra of 

F-, N3 and OH- complexes of methemoglobin are studied by excitation in 

the charge transfer bands, which occur between 590-650 nm. A selective 
6··· 

enhancement of vibrations of the axial ligand against the iron is 

observed. 

The addition of inositol hexaphosphate results in no changes in 

the resonance Raman spectra. The lack of a 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 dye laser, tunable from 265 

to 363 nm in the UV and from 435-730 nm in the visible spectral region. 
.... 
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!Iittoduction 

· Resonance Raman spectroscopy is a technique for the study of the 

vibrational spect~ 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 ~lectively from a multi-component system makes resonance 

Raman spectroscopy use~l for the study of biological chromophores. 

One particular chromophore, heme, an iron porphyrin is found in such 

biologically important molecules as hemoglobin and the cytochromes. 

This thesis describes the study of the resonance Raman spectrum 

of manganese (III) etioporphyrin I (MnETP), chromium (III) tetraphenyl­

porphin (CrTPP) and Methemoglobin (MetHb). The dependence of the 

resonantly enhanced 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 which was constructed 

to obtain many of the measurements discussed in Chapters IV and V. 

Chapter I also includes many of the experimental details involved in 

the measurements described in subsequent chapters. Chapter II 

discusses Raman and resonance Raman theory. 

Chapter III presents a review of the absorption and magnetic circular 

dichroism (MCD) spectra of porphyrins. The electronic structure of 

porphyrins is discussed and absorption and ~[D spectroscopy is used to 
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assign the electronic transitions of manganese (III) etioporphyrin I 

(MnETP). 

Chapter IV is a study of the dependence of the resonance 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 tv. The resonance Raman spectra of various complexes 

of Methemoglobin are examined by excitation in charge transfer bands. 

The enhanced Raman peaks contain infonnation about the structure and 

molecular dynamics of MetHb. 



0 n k U·. '"J 6 u-·· v ';.<' "'II 

-3-. 

CHAPTER I 

EXPERIMENTAL 

This thesis includes absorption, MCD and Raman spectral studies of 

various metalloporphyrins and derivatives of hemoglobin. The experi­

mental techniques used for the preparation and measurements of the 

various samples have been collected in this chapter. Also included is 

a description of the Raman spectro1neter constructed for the studies in 

Chapters IV.and V. 
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Materials and ~1ethods 

Samples of manganese etioporphyrin I acetate QMnETP) 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 chromatogTaphy perfonned on the MnETP usmg a ~:1 pyridine­

water solution on a cellulose plate demonstrated the presence of only 

one component. 

·The halogen salts of ~mETP were prepared from a methanol solution 

of MnETP containing the sodiwn salt of the halide. Water was added 

dropwise with stirring. The resulting precipitate was washed repeatedly 

with water and centrifuged. 1ne halide salts were dried under vacuUJTI, 

and their absorption spectra were subsequently monitored (Table I). 

An elemental analysis of MnETP-Cl 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 H20 as the sixth ligand. 

The absorption spectra of all of the halides of ~mETP except 

for the fluoride agreed with those in the literature (Boucher, 1972). 

111e 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 

(Boucher, 1972) '"as also 80% higher. It should be noted that there 

is a large variation in the value of R as the axi(ll ligand is changed 

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

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

.. 

y 
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TABLE I 

Absorption maxima (nm) of ~lnETPX in CHC13 

compared with values reported in the literature 

(Boucher, 1972) 

-F Cl Br 

this this this this 
study Lit. study Lit. study Lit. study 

582 585 592 592 

550 552 560 559 562 562 568 

450 452 474 474 479 478 492 

428 427 432 431 

350 356 357 356 361' 361 368 

1.30 .72 0.69 .69 .46 .42 .27 

R = Abs. peak V 
Abs. peak VI 

I 

Lit. 

568 

493 

368 

.24 
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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 

fluoride complex of MnETP in rnc13 is similar to the lability of the 

phenoxide complex of Cr3+ octaethylporphyrin (CrOEP) in rnc13 solution 

(Goutennan et al., 1975). Presumably, Cl- produced by a gradual 

photodissociation of the solvent replaces phenoxide as the axial ligand 

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

phenomenon occurs with 1'-1nETP in GIC13. In addition, the MnETP-F salt 

that we have prepared gives the characteristic spectnnn of MnETP complexes 

in coordinating solvents such as methanol and pyridine, indicating that 

no alteration of the MhETP moiety occurred during the preparation of 

the F- salt. 

·The Na35cl(99.35%) and Na37Cl(90.36%) were obtained from 

Oak Ridge National Laboratories. 

The samples of Cr3
+ tetraphenylporphin chloride (CrTPP-Cl) were 

kindly supplied by Ptofessor .Martin Goutennan. An absorption spectrum 

in BuOII indicated the presence of impurities with a. peak appearing at 

420 run, possibly indicating the presence of the free base. 

The CrTPP-cl was chroma.tographed on a neutral aluminum oxide 

column, grade 1. In contrast to a. recent report in the literature 

(Goutennan et al. , 1975) the CrTPPCl would not elute from the a.lwninum 

oxide colwTm with o-r2c1 2. The eluting solvent used was 10% n-buta.nol, 

90% CH2c12 V/V. The Cr3+TPP eluted as a. narrow band. However, following 

this band was a. very diffuse b<md. Absorption spectra of the CrTPP-Cl 

in HuOll and fresh CI!C13 agreed with previously reported absorption 

spectra (Coutenmm ct al., 197 S). 

-~ 

~/ 
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Ht.nnan hemoglobin A0, purified by the method· of Williams and Tsay 

(Williams and Tsay, 1973) was generously provided by Professor Todd M. 

Schuster (University of Connecticut, Storrs). Met-hemoglobin was 

I?repared by Dr. Larry Vickery (Department pf Chemistry, University of 

California, Berkeley) by oxidation of oxyhemoglobin with excess potassium 

ferricyanide, followed by extensive dialysis against 0.1 M HEPES, 

1m~ EDTA, pH 7.0; liganded complexes were formed by the addition of 

salts directly to the capillary tube to be used for Raman excitation. 

Absorption spectra were measured for 200-fold dilutions of the stock 

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

for each of the Raman- illuminated samples to insure that sample degrada­

tion had not occurred. The absorption spectra were measured ·for thin 

films of the material spread on a microscope slide ~d held in place 

by a cover slip. 

All of the solvents used for the Raman measurements were freshly 

distilled. The room temperature absorption spectra were measured on a 

Cary 14 recording spectrophotometer. The low temperature absorption 

spectra were measured on a Cary 118 recording 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 previously _(Sutherland et al., 1974). 

The Raman spectra recorded with excitation at 568.2 and 530.9 nm and 

the Raman spectrum of 1'-filETP acetate in butanol with excitation at 457.9 nm 

were measured through the courtesy of Dr. J. Scherer at Western Regional 

. Laboratories, USDA, Albany, Ca. (B<dley and Horvat, 1970). Excitation at 

568. 2 and 530. 9 were ohta incd froni a Spectra Physics t.·lodel 165-01 Kr + laser. 
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Excitation at 457.9 nm was obtained from a Coherent Radiation Mbdel 

+ 52 Ar laser. The spectra of the halide complexes of HnETP 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

chronntor. The incident laser beam was chopped, and the scattered 

light \vas amplified with synchronous detection. 

Raman Spectrometer 

.9E_tical Path 

The remaining Raman spectra were obtained on an instrument that 

was constructed as outlined in Fig. 1. 

The exciting source is a Q,~-4 Xenon flashlamp excited, pulsed 

dye laser produced by Chromatix Corp. of Mountain View, California. 

TI1e laser produces 1 ~sec (halfwidth at half maximun1 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 

wave.length 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 

pulse to pulse unless the repetition rate is limited to 10 Hz. 

Coumarin 2 which covers the wavelength region from 445 run to 482 run 

shows a rapidrphotochemical decomposition of the dye. To obtain 

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



'._ 

.0. or 

Deflecting 
Mirror __ ..,.., 

Quartz 
Focusing 
Lens 

Spherical 
Mirror 

u s 9 6 

-9-

Polarization Rotator, 

A-perture 

Ellipsoidal 
Mirror 

Polarization 
Analyzer 

LASER 

SPEX 

1400 
DOUBLE 
MONO­
CHROMATOR 

I 

XBL 768- 6099 

Fig. I-1. Optical schematic of Raman spectrometer. 
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Fig. I-2. Dye ranges and power curves (from C:MX:-4 

Tuning Range 
Curve Dye (nm) 

1 

2 

3 

4 

5 

6 

·7 

8 

9 

10 

11 

12 

Coumarin 120 

Coumarin ·2 

.::C.c.~1·:na.rin 102 

Coumarin 30 

Coumarin 6 

Sodium Fluores-
cein 

Rhodamine 575 
(1:1 water/ 
Methanol) 

Rhodamine 6G 
(1:1 water/ 
Methanol) 

Rhodamine 6G 
(4% Ammonyx LO) 

Kitten Red s 
Cresyl Violet 

Oxazine 170 

435-455 

445-482 

I.J76-518 

493-540 

521-558 

542-.577 

566-610 

577-625 

585-633 

622-665 

655-700 

675-730 

D 

" ... 
·-+--+--!---+----+-+--+~ -!---t-115 g 

;; 

~-~~-+-~k--~~~~~-+-~~12 ~~ 

NOTE: 

... 
~ .. 
'=Cl 

--t---r-<'--+--t--1 9 ! ~ 
<=o •• z 

\--.;.---o-i-----+--t--1 6 ~ ::: 
c.., .., 

~-JV l:.v Jl~ ~2J 

Yt'AVE.lf.NGTH tn•norniftlllt1) 

Dashed curves a~e fc~ 
not average pc~e~. 

~ 
a: 
'"' :> 
< 

laser manual) . :. 

Peak Gain v Have length (nm) -< 

442 

I.J60 

I.J90 

512 

540 

558 

590 

598 

610 

642 

673 

705 

2n~ energy per pulse only, 
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be limited to 10 Hz. The compositions of the dye solutions used to excite 

the Rainan spectra reported in this thesis are detailed in Table I I. 

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.;. }.fountain View, California) is used to rotate 

the visible light (Fig. 1). The polarization rotator is removed for 

measurements in the ultraviolet wavelength region. 

The laser beam is 3 nun in cross section as it emerges from the 

laser output mirror. In addition to the primary laser beam two 

secondary non-coincident beams of much lower intensity are emitted . 

from the output mirror. An aperture consisting of a blackened aluminum 

plate with a 3nnn 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 operation 

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 aUgning the optical path of the Raman instrument 

for one excitation wavelength the aperture is introduced to define a 



/ 

Dye 

Coumarin 2 

Fluoral 7 GAb 

Rhodamine 6 G 

Rhodamine 6 G 

Kiton Red S 

Rhodamine 640 

Oxazine 170 
perchlorate 

TABLE II 

Dye solutions used for Raman spectra re~rted 
in this thesis 

tuning range (run) 

445-482 

540-590 

566-610 

5~5-633 

622-665 

630-685 

675-730 

dye concentration (mg/~) 

4~.5 

130.0 

62.5 

62.5 

62.5 

67.5 

32.5 

solvents and 
additives 

600 m~ water 
400 mR. methanol 
12 .5. m~ !Jf-.!Aa 

970 m~ water 

dye supplier 

Exciton Chemical Co. 
Dayton, Ohio 

30 m.t Almnonyxc 
0.2 m~ cone. HC~ 
0.5 mR. card 

GAF Corporation 
~~lrose Park, Ill. 

500 mR. water Eastman Kodak 
500 mR. methanol Rochester, New York 

960 mR. water 
40 mR. Almnonyxc 

Eastman Kodak 
Rochester, New York· 

960 m~ water Exiton Chemical 
40 mR. Ammonyxc Dayton, Ohio 

500 m~ water 
500 mR. methanol 
0.2 rnt cone. HC~ 

Exi ton Chemical 
Dayton, Ohio 

300 mt water Eastman Kodak 
700 mR. methanol Rochester, New York 
0.5 mt cone. HC~ 

~" - Dimethyl acetamide 
bFluorol 7 GA must be recrystallized from ethanol (Lambropoulos, 1975) 
cAmmonyx purchased from Onyx Chemical Corporation, Jersey City, New Jersey 
dCOT ~ cyclooctatetraene 

... .. 
<. 

·~: 
,. 

I ..... 
N 
I 

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

To maintain the alignment of the laser beam with respect to the 

sample and to the scattered light .collection optics the laser is 

repositioned for each new exciting wavelength so that the beam 

again traverses the aperture. 

Following the aperture the beam is split into two beams by 

a quartz plate beam splitter. To maximize the power incident on the 

sample, the quartz beam splitter is antireflection coated with MgF2. 

Since antireflection coatings in the visible enhance reflection in the 

UV two separate antireflection coated beam splitters are utilized, 

one for visible operation and the other for the.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

multiplier. The reference beam is diffused by a ground quartz plate 

on the front of the photomultiplier housing. The diffused light is 

then attenuated by a number of neutral density filters prior to 

the photocathode of the EMI 9558 QB photomultiplier. For operation in 

the UV a UV pass filter (Kodak 18A or Corning 7-54) is introduced to 

remov~ the fundamental visible light which is co linear \vi th the UV beam. 

The light transmitted thr<?ugh the beam splitter, the Sl;imple beam, 

is deflected into the sampling compartment by a deflecting mirror and 

through a removable diaphragm which helps to define the optical path. 

The beam is focused onto the sample by a movable 5 em quartz lens. 

The light scr~ttered from the sample is imageJ by an off axis ellipsoidal 

mirror (Perkin-Elmer 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 ~ource, the imaging element or elements must show no 

dispersion of the refractive index with respect to frequency. In the 

visible spectral 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. 

An ellipsoidal mirror (Fig. 3) has the property that any ray 

originating from one of the two foci is reflected through the other 

focus~ l~len a spherical mirror is used to image an object anywhere 

but at the radius of curvature 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 slits of the monochromator. 

The scattered light focused by the ellipsoidal mirror is reflected 

by a plru1e 1nirror onto the entrance slit of a Spex 1400 double mono-

chroma tor. 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-irnaged 

through the sample and is collected by the ellipso]dal mirror. 
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XBL 768- 6096 

Fig. I-3. Ray tracing of light reflection by an ellipsoidal mirror 
of a point light source at F1. 
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Grating monochrornators 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 polarizatio11 bias of the monochromator, a polarization scranililer 

consisting of a quartz wedge (Lambda Optica, Berkeley Heights, New Jersey, 

Nwnber S-114) is introduced into the imaged beam prior to the entrance 

slit of the monochromator. An air spaced UV transmitting polarizing 

prism is usea Ior 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/nnn. The photoiTR.lltiplier 

used is an EMI 9558 QB which has a flat end window. 

Electronics 

A block diagram of the electronic detection system is shmvn 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-

Irnlltiplier and the high voltage power supply. 

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 drmvn. from the photomultipliers 

at each laser pulse. The purpo·se 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 photolmlltiplier. To 

discriminate against dark noise from the photomultiplier and to 

amplify the signal from the photomultipliers a dUt'1l ch<mnel 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 electtonics shop of the Physics Department (University 

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

built 'by the electronics shop of the Chernis.try Department (University 

of California, Berkeley). The gate circuit was fUrther modified by 

Bojan Turko 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 pulse 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 photomultiplier is 

grounded. Just prior to the light pulse, the gate connects the photo-

Jnultiplier 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 current noise. 

Two fluctuations occur in the output light intensity of the laser. 

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 laser intensity with time, results 

from blo factors: dye decay and temperature expansion of the optical 

components of the laser cavity. Both t~e variation in pulse-to-pulse 

]ntensity and the var]ation ]n average output power must be compensated 

.. 
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for. The output of the electrometer is proportional 'to the average 

incident light intensity on the photomultipliers. The electrometers 

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, but between pulses a small exponential decay of the 

charge ori the capacitor occurs due to tl1e two~second time constant. 

A stationary level is reached \<Then 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 

o£: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 

are averaged. However, the 300 pulses averaged are not weighted 

equally. The most recent pulse has more influence on the output level 

than the one preceding it, which has more influence than the one 

preceding it and so forth. Thus, after reaching a stationary level o£ 

v1 from photomultiplier pulses of charge q
1

, if subsequent pulses were 

of charge q2 = 0.5 q, the output level would not be the average of 

299 pulses of q1 and one pulse of 0. 5 q1 . The voltage out would 

cxpoiientially decrease to V 2 with a time constant of 2 seconds. 

-The stationary level reached is linearly proportional to the 

average photon intensity. The integration averages out the short tenn 

pulse-to-pulse fluctuations in laser intensity, but the circuit still 

responds to changes in the average photon flux reaching the photo­

multiplier. 
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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 ·nbmber of incident photons reaching the sampling 

photomultiplier,but the output is normalized to the intensity 

of the laser pulse. Varying the high voltage to the reference photo­

multiplier thus changes the apparent signal level of the Raman spectrum. 

Each of the electrometers responds to an average current. Thus, the 

electrometers can be calibrated for photoelectron sensitivity' with:a 1. 

high impedence constant current source and by gating the electrometers 

with a pulse generator. 

T} 1 -1 1e output vo tage per (photoelectron • sec ) can then be calculated 

from:· VG 0 = IwRe 

where 0 is the output voltage per (photoelectron • sec- 1), Vis the 

output voltage measured, G is the gain of the photomultiplier and I is 

the input current. w is the gate width. R i.s the repetition rate and 

e is the number of electrons per coulomb. 
-6 Thus for an input current of 10 amps, a gatewidth of 5 ~sec and 

repetition rate of 30 Hz, the output was measured to be 3.55 V. For 

a photomultiplier with a gain of io6 the output v.oltage is apptoxi-

-1 mately 3 mV per (photoelectron·· sec ). For a photomultiplier 

with a quanturn 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 photocnthode 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 measured 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 

bet\<Jeen the output voltage and the input current appears constant to 

within 2%. The proportionality between the output voltage and repetition 

rate for a given input current was also measured and was found to be 

constant to within 5% for repetition rates from 5 to 100 Hz. 

Raman spectra were collected on a chart recorder. Peak 

height measurements were used to detennine Raman intensities. 

Monochromator Calibration 

The monochromator was calibrated with respect to wavelength with 

low pressure Hg, Ar, Kr and Xe discharge lamps. The reflectivity of 

the mirrors, monochromator efficiency and photomultiplier efficiency is 

a furiction of the wavelength of the incident light. Thus, for an 

accurate determination of relative intensities of Raman lines, the 

observed spectrum must be nomlized 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 

illtuninated (Fig. 5) t'"o mirrors p1accd at 4SO to a p1ate coated with MgO. The 

mirrors were positioned such that they fonned a small slit opening 

through which light scattered from the MgO pJate could pass for collection 

by the ellipsoidal mirror and for imaging into the monochromator. 
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90° scattering from the ~~0 plate is essential in order that the 

frequency d_istribution of the scat_tered light 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 efficienc~ EA at wavelength A, is defined as: 

ix 
EA = IA EA. 

max 

where iA is the output current of the photomultiplier at ·A. IA is 

tre intensity of the standard intensity incandescent lamp at A and E is the 
A 

maximum value of EA at A The low efficiency below 500 nm re~~ts 
max 

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. 

All of the spectra used in the excitation profiles obtained 

with excitation wavelengths above 400 Iun were normalized to the 

efficiency curve of the spectrometer. 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 angle as possible. To measure the spectral 

response of the spectrometer with the monochromator used in a. higher 

order,all of the visible light from the standard intensity incandescent 

lamp must he excluded. This is a fonnidablc undertaking. 
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The Raman spectra obtained with excitation in the UV were not 

corrected for the variation in spectrometer efficiency with wavelength. 

To evaluate the intensity error that might result in a typical Raman · 

spectrum covering 1500 cm-l requires an estimate of the variation with 

wavelength of the reflectivity of·the mirrors, the efficiency of the 

gratings and the quahtum efficiency of the photomultiplier. The va~ia-

tion in the reflectivity of a typical first surface UV enhanced A1 

mirror is less than i% for any wavelength interval spanned by a 1500 cm-l 

Raman spectral scan in the UV. 

The efficiency of a grating is wavelength dependent and is highest 

in first order at the blaze wavelength. A grating blazed at .Ab in 

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 respect to wavelength is smallest near 

the blaze wavelength. 

All of the 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 

-1 7500 A in first order over a 1500 em . ·. UV Raman spectrum measured 1n 

second and third order is less than 10% (Landau and Mitteldorf, 1972). 

The photomultiplier quant~1 efficiency is wavelength dependent. 

However, the quantum efficiency of a typical EMI 9558 QB photomultiplier 

is relatively flat with respect to wavelength below 4500 A. 

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

quantum efficiency is e)..:pccted to be less than 5%. Thus, the maximum 
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error expected from intensity measurements in a 1500 cm-l Raman 

spectrt~ 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 measured with th~ samples enclosed inmelting 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 

beam 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 

nwnber 1-Q-1). 

Raman spectroscopy in the ultraviolet is especially pla&rued by 

fluorescence, both from the sample and the sample container. For 

example, every solvent used for samples excited with ultraviolet 

light required careful distillation. The fluorescence from typical 

connnercially available solvents was so intense that a blue emission 

could be visually observed along the path of the laser beam through 

the solvent. Distilled H20 was redistilled in glass prior to use. An 

impurity which is at very low concentration can give rise to a background 

which obscures the Raman spectra of the sample. Por example, a 0.001% 
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impurity which has a quantum yield of fluorescence of 10-l will give a 

fluorescence background comparable to the Raman peaks if the Raman 

cross section of the sample is 10-7• 

Because the monochromator is used in second and third order, 

fluoresc.ence in the visible spectral regiop. is also passed by the 

monochromator and contributes to the background observed in the 

Raman spectra. A UV pass filter (Kodak 18A or Corning7-54) was 

inserted prior to the entrance slit of the monochromator for the Raman 

spectra measured \vith 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 pure spectrosil quartz. (Thermal American Fuzed Quartz, 

MJntville, NJ) is sui table as a sample container. Natural fuzed 

Quartz shows a very intense 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 

below 450 cm-l Other materials such as sapphire may be more suitable 

as sample containers for Raman spectroscopy excited in the UV. 
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CHAPTER II 

RAMAN TiffiORY 

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 Raman effect was observed almost simultaneously by Landsberg 

and Mandelstam in the U.S.S.R. in their studies of light scattering 

from quartz. (Krishnan, 1971; Sushchinskii, 1972). However the 

possibility of inelastic light scattering was envisioned earlier 1n 

1923 by Smekal (Krishnan, 1971). 

For vibrational Raman scattering the difference between the 

energy of the incident and scattered photon corresponds to the 

energy of a vibrational transition of the molecule. The energy and 

polarization differences between the Raman scattered and incident 

photons depel1d on the internal forces of the molecule. Thus, studies 

of the Raman spectra of molecules give infonnation on the vibrational 

modes, electronic structure and chemical environment of the molecule. 

TilC physical interpretation of Raman spectra requires an understanding 

of the interactions of the incident photon with the electronic and 

vibrational states of the molecule. 
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_Physical Description 

A simple physical picture of the Raman effect is visualized 

in Fig. 1. An electromagnetic wave of frequency v
0 

is incident on a 

molecule. The osciilating electromagnetic field drives the molecule 

at the incident frequency v with an amplitude that is a function of 
0 . . 

the molecular polarizability. Since the polarizability is a function 

of the nuclear coordi~ates, nuclear vibrations modulate the polariza-

bility with a frequency vv, the frequency of vibration of the nuclei. 

The oscillati11g electron cloud of the molecule is manifested as an 

oscillating dipole moment which radiates light with frequency v0 , 

(Rayleigh scattered light), v + v (Anti-Stokes Raman scattered light) 
0 v 

and v
0

- vv (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). 

A A 

~ = a E
0 

cos 2n v
0 

t (1) 

where~' the induced dipole moment, is proportional to the polariza-. 

bility of the molecule, a, and to the amplitude of the electric 
A 

field, F
0

, which oscillates with frequency v
0

. The polarizability 

var~es with the configuration of the nuclei such that for a vibrational 

Jnode of frequency v the polarizability may be expanded as a Taylor v . 
series based on the equilibrium intenmclear configuration, 

aao 
a = a 

0 
+ ( aq) bQ + ~ • 

0 

where Q is the nonnal coordinate of the vibration. 

(2) 

• 
" 
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For a diatomic molecule 

6Qo = A cos 2n vv t 
aa

0 where A is the amplitude of vibration. Defining A ( aQ) as a1 
0 

and substituting in Eq. (1). 

A A 

P = a0 E0 cos 2n v0 t + a1 E
0 

cos 2n v
0 

t cos 2n vv t (3) 

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

Dusrunan, 1938; Chantry, 1967). 

(4) 

Substituting Eq. (3) into Eq. (4) and using a trigonometric identity· 

yields: 

4 2 2 2n (v o +vv) t + (v +v ) a1 E · cos 
0 v 0 (5) 

4 2 2 2n (v -v ) t (v -v ) a1 E cos 
0 v ' 0 0 v 

+ cross terms] . 

A number of features are clear from Eq. (5). The intensity, I, 

is proportional to the fourth power of the radiated.frequency. 

the.higher the frequency of the incident light the greater the 

Thus, 

intensity of scattering. For example, the scattering efficiency for 

300 run light is 16 times as high as for 600 run light. 

. .. 
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The first term in Eq. (5) represents elastic (i.e., Rayleigh) 

scattering, because the frequency radiated is v • The second and 
0 . 

third terms are responsible for Anti-Stokes and Stokes Raman scattering, 

because the frequency radiated is v
0 

+ vv and v
0 

- vv, respectively. 

The cross terms can be neglected since the power they propagate 

integrates to zero (Chantry, 1967). 

Although the classical description of Raman scattering is useful 

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

a0 and a1 and, n~re important, the interaction of the electronic and 

vibrational states of the molecule are not detailed. An understanding 

of the interaction of the incident light with the molecule requires 

an explicit description of the polarizability tensor, a. A quantum 

mechanical approach is necessary to describe 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 ori a one dimensional oriented molecule. 

For a real molecule fixed in space the polarizability is three 

dimensional and Eq. (5) should. read (Albrecht, 1961): 

27 5 4 2 
I .. = ~ I (v -v .. ) E I (a ) ··I 
1J 3t.c'+ o o 1J P ,a pa lJ (6) 
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I
0 

is the intensity of the incident 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 electronic state 

and j is the final vibrational sublevel of the ground electronic state. 

The process described by Eq. (6) is shown in Fig. 2. The molecule 

starts in the i'th vibrational sublevel of one particular vibrational 

mode in the ground electronic state. The outgoing photon carries off 

an energy of hv
0 

- (E. -E.). The final state of the system is the 
J 1 

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

state. The polarizability is expressed as apa'where panda are 

coordinates in the reference frame of the molecule. 

l~1enever the polarizability of the molecule is anisotropic the 

polarizability must be expressed as a second order tensor (Konigstein, 

1972; Wilson et al. , 1955) in which the elements are labelled by p and a. 

The polarizability tensor determines the orientation of the dipole 

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

and is expressed as 

G == 

a.xx axy axz 

ayx ayy ayz 

azx azy azz 

(7) 

where the subscripts x, y, z labeling the polarizability matrix clements 

are defined in the laboratory coordinate system. The induced dipole 

moment is a vector and is: 
"' ,.. 

0 == G E (8) 
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where E, the electric field can be described by a column vector 

E = 

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

coordinate system the dipole moment induced by the electromagnetic 

field is: 
"' "' A "' 
ll = ll ix +~ i + ll i = 

X y z z 

"' "' A A A A 

(G E + G ~ + 
A E ) + 

XX X xy axz z 

"' "' "' "' "' A 

(Gyx Ex + Gyy Ey + Gyz Ez) + 

(G E + & E + & E ) zx x zy y zz z 

"' "' "' 
where ix, iy and iz are unit vectors in the laboratory coordinate 

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

induced dipole moment along they direction is: 

However, for a collection of molecules in solution which can 

(9) 

asswne all possible orientations of the principal axes of the molecules 

to the laboratory coordinate frame, orientational averaging is necessary. 

The result is eA~ressible in tenns of three quantities associated with 

the polarizability tensor, whi~h are called the isotropic, a2
, syrronetric, 

ys2
, and antisymmetric, y 

2 invariants of the polarizability tensor as 

(Konigstein, 1972; Wilson et al., 1955) and are defined as: 
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- 2 1 2 a = -9 (a + a + a ) 
· XX yy ZZ (lla) 

y 
2 = ~ [(a -a )2 

+ (a -a )2 
+ 

S G XX YY yy ZZ 

(azz-axx)2] + i [(axy+ayx)2 + (llb) 

(a · +a ) 2 + (a +a ) 2 
.zx xz yz zy 

2 3 2 2 2 
Yas = 4 [(axy-ayx) + (axz-azx) + (ayz-azy) ] (llc) 

These tensor invariants are independent ·of the orientation of the 

molecules to the laboratory coordinate frame. The effect of orientation 

averaging is to relate the polarizabilities along the principal axes 

of the molecule to the polarizability observed for an unorienteJ 

collection of molecules in the laboratory frame. 

Depolarization Ratio 

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

collection geometry is defined as p = I , where I1 and r11 are the 
II 

observed scattered intensities for a polarization analyzer oriented 

perpendicular and parallel to the incident polarization direction 

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

light incident along the z axis, polarized along the x axis and with 

the scattered light measured along the y axis: 

Il (a ) 2 
- zx p=----

111 (axx) 2 

However, for a collection of molecules which are free to rotate and 

which can asswne any orientation with respect to the l~boratory 

reference frame, the depolarization ratio must be written in tenns of 

the invariants of the polarizability tensor (Eqs. lla, b and c) 

'f, 
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(Konigstein, 1972; Wilson et al., 1955). The depolarization ratio for 

linearly polarized light is: 

(12) 

By exanrining the point group of the molecule and the symmetry 

properties of the vibrational modes (Wilson et al., 1955; Cotton, 1963), 

the depolarization ratios can be predicted for vibrations of different 

symmetries. 

The polarizability tensor patterns for different point groups 

have· been calculated and listed by McClain (McClain, 1971). Table I 

lists the tensor elements for vibrations of A1 , A2, B1 and B2 symmetry 

in the c4v, D4, D2d and D4h point groups. Each of the entries in the 

matrices for the vibrations of symmetries A1 , A2, B1 ~d B2 corresponds 

to an element of the polarizability tensor. The tensorelements are 

calculated from group theoretical arguments which can predict which 

tensor elements vanish. 

For a molecule of n4h or c4v symmetry such as a metalloporphyrin, 

the depolarization ratios can be calcuiated from the matrices in 

Table I. For a vibration of A1 synunetry, Eqs. lla, b and c, and 

Table I yield: 

-2 1 2 a = 9 c2s1 +S2) 

2 2 
'Y s = (Sl-S2) 

2 
'Yas = 0 
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Table I. Scattering tensor patterns for the point groups 

c4v, n4, Dzd and n4h ~1cClain, 1971) 

.. 

s1 o 0 0 s3 o 

A = 1 0 s1 o A = 2 
-s o 

3 0 

0 0 sz 0 0 0 

s4 0 0 0 ss 0 

B = 1 0 -s o 4 
B = 

2 ss 0 0 

0 0 0 0 0 0 
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\'Jhether an element of the polarizabili ty tensor is identically equal 

to zero can be calculated by group theoretical arguments ~4:Clain, 1971). 

However an element of the tensor which is not formally equal to zero may 

be found to be very small Mlen the properties of the molecule are 

considered. It will be shown subsequentlY. that each of the elements 

of the polarizability tensor depends on the electronic transitions of 

the molecule. For a porphyrhi, :i.n whic·h the most intense electronic 

transitions are x, y polarized, sl >> s2 (the z components of the 

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

-2 4 2 
a = 9 sl 

Ys 2 = s/ 
2 - 0 Yas -

Using Eq. (12), the depolarization ratio for a vibration of A1 

symmetry in a porphyrin is predicted to be 0.125. (Raman bands with 

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

-2 a = 0 

Ys2 = 3 s42 
2 . 

y =0 as 

Thus p1 = 0. 75 for vibrations of B1 synnnetry and the Raman scattered 

light is called depolarized. Vibrations .of B2 symmetry have: 

-2 0 a = 
2 

3 s5 
2 

Ys = 

2 0 Yas = 

p = 0. 75 
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Vibrations of A2 synnnetry have: 

-2 0 a = 

Ys 
2 = 0 

2 3 s2 
Y.as = 3 

p = 00 

' 
indicating tb.a.t .. the scattered light .5s .• ;polad ze3 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 resoilance Raman scattering from heme proteins 

(Spiro and Strekas, 1972). Thus a measurement of the depolarization 

ratio '~11 differentiate modes of symmetry A1, A2 and the set B1 , B2 

fron1 each other. Unfortunately vibrations of both B1 and B2 symmetry 

show depolarized Raman scattering and cannot be differentiated by a 

depolarization measurement. 

QUantum Mechanical Description 

The interaction bet,veen the photon and the electronic and 

vibrational states of the molecule is contained in the elements of the 

polarizability tensor. Using time-dependent perturbation theory of the 

interaction of radiation and matter, the polarizability can be shown 

to be (Konigstein, 1972; Davydov, 1963; Placzek, 1934): 

\ [ <nll\le><eiR0 Im> 
(a pcr )11m = L E - E - E + 

e ~e In 'o 

<m~R0 ~ e;<c ~-R~ In> l 
e · ~n o ] 

(13) 

-· 
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where the summation is over all of the vibronic states le> of the 

molecule, R0 and RP are the dipole·~oment operators along a and p. 

E , E and E are the energies of the states le>, lm> and In> and 
e m n . 

E
0 

is the energy of the incident photon. The states of the molecule 

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

~g = egc~,Q) ~tCQ) = lg> li> 

~e = 0e(~,Q) ~~(Q) ·= le> lv> 

where 0g(~,Q) is the electronic wave function for the state jg> and is 

a function of the electronic coordinates, ~, and nuclear coordinates Q. 

~t(Q) = ji> is the i'th vibrational state wave function of the ground 

electronic state and is a function of the nuclear coordinates. je> is 

an excited electronic state and lv> is v'th vibrational state wave function 

of the excited electronic state le>. 

Eq. (13) may be rewritten: 

l <ju (g I RP I e~u v><VJ~ Cel R0 I g)n i> 
(apa)gi,gj = rv [ Eev Egi Eo 

<ill (gl R0 1 e)Uv><vll (e I RP I g) II j> j 
E - E . + E ev gJ o 

+ 

, 

where each of the matrix elements (giR
0

je) represent the electronic 

(15) 

transition moment at a particular nuclear configuration Q,and Jj> is a 

vibrational state function of the ground electronic state. Eq. (15) is 

an expression for the Raman tensor for the vibrational transition 
·•. 

i -t- j. For incitlcnt light of energy E
0 

the energy of the Raman scattered 

light is E0 - (Egj - Egi). 
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Hmvever, the Born-Oppenheimer stationary electronic states of 

the system are perturbed by vibrations of the nuclei. The perturbation 

operator.is (Albrecht, 1961): 
0 

h = (a;JC ) 6. Q 
a aQ . a 

a 
(16) 

where X is the electronic Hamiltonian, and ~Q is the displacement of 
a 

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, le> and ground state, lg> : 

leo) + L 
csolh I eo) 6. Q 

!so) !e) = s~e 
a a (16a) 

Eo - Eo a e s 

!g) lg
0

) + L I 
(tolhalgo) 6. Qa 

Ito) ' (16b) = 
a tfg Eo - Eo 

g t 

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

The effect of the vibrational perturbation operator is to create a 

new basis set of lvavefunctions which are linear combinations of the 

original Born-Oppenheimer states. The surrnnation over electronic states 

is labeled by sin Eq. (16a) and labeled by tin Eq. (16b).· The 

summations over s m1d t each span the entire basis set except for 

the diagonal components (Is) f I e)...,. m1d It) 1 I g)). 

.-
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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 \vave functions are 

real yields to first order in Qa (Tang and Albrecht, 1970): 

A = r r 
e#gv 

x <ill Q II v><vll j >j(E
0 

- E0
) a e s 

<ill v><vll Qall j > 
X 

E~ - E~ 

<ill v><vll j > 

(17) 
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{

(g0IR le
0
)(e

0
_ IR lt

0
)(t

0
jh jg0) (g0 jR je0)(e0 jR lt0)(t0 lh jg0)} 

+ a p a + p a a 
E -E.-E E -E.+E ev g1 o ev g) o 

x <ill Qall v><vfl j >] 
Eo - Eo . , 

g t 

where I~> indicates the initial vibrational state, lj> the final 

vibrational state and lv> labels the vibrational sublevels of the 

intennediate electronic state. 

Equation (17) expresses one of the theoretical fonnulations for 

Raman intensity. It describes the intensity of Raman scattering when 

the energy of the incident photon is far from an electro11ic transition 

of the molecule (i.e., far from resonance). 
' 

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

(17) . 

Tenn A is responsible for Rayleigh scattering because of the Franck-Condon 

overlap factors L <i I v~ I j > = o. . . Thus, there are no all<?wed 
. ·. v lJ 

vibrational transitions. However, a further expansion of the A tenn 

may lead to Raman intensity (vide infra). Tenns B and C give rise to 

Raman scattering via the vibrational terms 

l <ilv> <viQU> =<iiQajj> = 
v 

Thus,the selection rule is j = i ± 1. 

o .. 1 l,J:!: 

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 grow1d state and any excited state is greater 

than the difference in energy between adjacent excit~d states. As a 

result, the ratio .of Rarn.:m intensities of the' C tenn to the B tenn is 

\ 
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IIC :::: ~E~ ~ E;)z· << 1 . 
B E0 

- E0 
t . g 

Thus the C term is in general less important in Raman scattering than . 

the B term (Albrecht, 1961) (see, however, Johnson and Peticolas, 1976a). 

If £
0 

is far from an electronic transition, Eev - Egi ~ Eev 

E0 
- E0 and by combining and rearranging terms , the B term in Eq. e g 

- E . ~ 
g) 

(17) 

simplifies to (Tang and Albrecht, 1970) 

B"' = - l l l f(goiR leo) (eolhalso) (soiRolgo) 
e s:fe a L P 

+ (goiR leo)(eolh lso)(soiR lgo)] o a p 

[ (E~ - E
0

) (E~ - E
0
g) + E~] <i IQa I j >J 

X g - • 
[(Eo _ Eo)2 _ E2] [(Eo _ Eo)2 _ E2] 

e g o · s g o 

The summation occurs twice over all of the excited states. However 

the diagonal component is excluded, e :f s. 

The diagonal components of the B term, le> = Is>, result from 

an expansion of the energy denominator of the A term in Eq. (17) in 

a power series and the expansion of electronic integrals in terms of 

i\Qa (Tang an:IAlbrecht, 1970). The final result for non-resonant Raman 

scattering is: 

(18) 

A = r-- r 
erg v E - E . + E ev g) o 

<illv><vll}> (19) 
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B ...... = 

.. <iiiQ llj> 
_ EZ] a 

0 . 

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

scattering. T.be second tenn resembles the B tenn of Eq. (18), but 

now contains the diagonal part where Is> = I e>. 

Selection Rules 

(19) 

Fo.r a vibration to show intensity in Raman spectroscopy the matrix 

elements <giR le>, <elh Is> and <siR lg> must 'not vanish. For a a a p . · 

totally symmetric ground state with rA· , for <giR le> not . a 
lg 

r X r R X r = r R X r must contain TA . (Cotton, 1963). 
g a e a e lg 

non-degenerate excited state r = rR • Therefore r must 
e a e 

as does r , r , 
X y rz under the point group of the molecule. 

to vanish 

For a 

transform 

Similarly 

the representation of Is> must be r , r , r . 
X y Z 

Therefore for <elhals> 

not to vanish rex rs x rh nrust contain rA
1 

. Therefore rh must 
a g a 

transfonn as the product of coordinates x, y, z under the molecular 

point group (i.e., fx 2 ' fy 2 , fz 2 ' rxy, fxz' fyz). The representation 

of the norn1al 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. 

- ,. 
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Raman intensity is also proportional to the transition moment of 

the electronic states. Thus the greater the oscillator strength 

of an electronic transition, the more it contributes to Raman intensity. 

There is also a selection of the nearest electronic transitions for 

mixing by the vibrational perturbation ha, via the energy denominators 

[(E;- E ) 2 - E 2] in Eq. (19). 
g ' 0 

A physic:Jl picture of Eq. (19) is shown iq Fig. 4. lncident 

light of frequency v
0 

drives the electron cloud of the molecule. The 

electronic transitions <g I R..,.l e>, <g I R Is> of energies E and E are 
v p e s 

represented as tightly coiled springs (harmonic oscillators). \\~1en 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 v
0

. However, a nuclear vibration 

illustrated by a loosely coiled spring couples the two electronic 

oscillators causing a modulation in the frequency of oscillation and 

Raman scattered light of hv
0 

± Ev is radiated. The coupling 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 Rrunan Theory 

As the energy of the incident photons approach an electronic 

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

predicts an increase of Raman and Rayleigh scattering. However, 

Eq. (19) predicts that the intensity '~ill increase without limit '~hen 

the resonance condition exists.' This is neither physically reasonable 
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nor e:>-."J>erimentally observed (Behringer, 1967). This failure of Raman 

theory in the resonance case results from the inabi~ity of perturbation 

theory to deal with such large perturbations (Konigstein, 1972). 

This dilemma is resolved phenomenologically by the addition of 

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

result is (Albrecht and Hutley, 1971): 

. A"""" 

(apa)gi,gj =A"""" + B"""""" 

= L (gojRPjeo)(eojRalgo) 

v E0 
- E0 

- E0 
+ ir e g o 

B~'' = -

<ilv><vjj> 

(20) 

The pl1ysical interpretation of the damping constant, if in the denominator 

is at present not well understood. However, it has been proposed to be 

associated with the lifetime of the resonant excited state (Konigstein, 

1972; Adar et al., 1976). One of the simplifications in Eq. (20) over 

(19) is in the neglect of the second tenn of the A tenn, \vhere the 

energy of the incident photon is added in the den'ominator. The second 
. 0 0 0 

tenn must be nu.tch smaller than the first term when E - E = E
0

• . e g 

The second simplification occurs by the removal of the summation over 

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

part i.cular excited state jc>. 
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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 electronic transitions of the heme, only the 

porphyrin macrocycle modes are enJ1anced. The electronic transitions 

of the protei11 are sufficiently removed both in energy and spatially 

that they do not appear in the spectrum (Spiro, 1975). The vibrations 

of peripheral aliphatic substituents arow1d the porphyrin ring 

* are spatially isolated from the resonant rr -+ rr 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 successfully mixes the electronic 

trru1sitions of the vinyl group and the porphyrin macrocycle, analogously 

to the vibration in Fig. 4. 

Another mechanism for Hamru1 intensity is via the first term in 

Eq. (20). In general L <ilv> <vlj> = o... However, if a displacement 
v lJ 

occurs in the internuclear distances for the excited state versus the 

ground state, the vibrational \vave 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 orthononna1 to the vibrational wave functions of the grow1d state 

aml/. <ilv> <vjj> I oij" Thus the first tenn of Eq. (20) may also be 
v 
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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 resonance excitation 

can be. very large. For example, S carotene. shows a resonance enhancement 

of"' 106 (Behringer, 1?67). Thus, the Raman spectrum of B carotene has 

been observed t.:o conc.entrations as J.ow' ;~:s 10- 7~1. Resonance enhancement 

for other molecules is smaller, in general. However, resonance 

Raman . spectra of porphyrins are typically observed in 10- 5M solutions 

(Spiro, 1975). The intensities of the porphyrin vibrations are 

comparable to the intensities of the solvent, though the porphyrins 

are - 10-6 of the concentration of the solvent. 

Resonance Rrunan 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). The 

formulation used in this thesis contains the basic elements found in 

all of the other fonnulations of Raman theory. However, other formula­

tions include additional tenns in the polarizability e:>.:pression which 

result from ll1Clusion of the nuclear kinetic energy operator 

(non-adiabatic coupling) (Mingardi ancl Siebrancl, 1975). Although 

the resulting expressions for Raman intensity may be quantitatively 

more correct, they make the equations much more complicated and make 

a physical interpretation of the Raman expressions more difficult. 
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Since it is not clear at this point which formulation gives the most 

useful expression for Raman intensity, the simplest ru1d most concise 

fonnulation was chosen. 
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GIAPTER III 

ELECTRONIC STRUCTIJRE 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. Figure 1 shows the structure of the 

free-base form of porphin in which two of the pyrrole nitrogens are 

protonated. The protons are on opposite sides of the ring, giving the 

ring n2h symmetry (Gouterman, 1961; ~urinovich, et al., 1963; Platt, 1956). 

The axes of the ring are labeled with the x axis through the pyrrole 

nitrogens containing the free-base protons. 

A variety of peripheral substituents are fotmd in naturally occuring · 

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 porphyrin skeleton (Falk, 1964) 

and Table I lists the structures for the porphyrins which will be discussed 

in this thesis. I11 addition to peripheral substituents, a variety of 

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

bind additional ligands arranged perpendicular to the porphyrin plane 

(axial ligands). 

TI1e 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 the macrocyclic ring system and are called 

"semi- isolated" double boncls (Gurinovich, 1963; Simpson, 1949). Thus, 

there are 18 11 electrons in the conjugated macrocycle, which satisfies 
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XB L 769-9645 

Fig. II I -1. Structure of porphin showing the nwnbering scheme 
for the atoms and rings. 
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Table I. Structure of Porphyrins. 

(Substituent position labels are defined in Fig. 1.) 

Substituent Position a. B y 0 1 2 3 4 5 6 7 8 

Etioporphyrin I H H H H M E M E M E M E· 

Tetraphcnyl Porphin <P <P <P <P 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; <P, phenyl; 

V, vinyl; M, methyl; P, -CH2CH2COOH; E, ethyl. 

. -
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the 4n + 2 rule for aromaticity. 

Absorption Spectra 

The absorption spectra of free-base porphyrins show four weak bands 

in the visible 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 qualitatively similar. 

A simplification occurs in the absorption spectrum of the dianion, 

dication and for many metal complexes of free-base porphyrins (Goutennan, 

1961, 1959; Gurinovich, et al., 1963, 1968; Caughey, et al., 1965). Upon 

metallation or production of the dianion or dication, the symmetry of the 

porphyrin ring changes from n211 to n4h symmetry and the absorption spectn.nn 

shows two weak bands called a and f3 in the visible and a narrower Soret 

band in the UV. The 4 absorption bands in the visible spectral region 

of ,the free base, some of which appear to result from the inequivalency 

of the x andy 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 Tr 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 Tr electrons of the porphyrin macrocycle which are confined 

to the ring. Figure 2 shmvs the energy level diagram and the orbital occupancy 

for the electronjc orbitals of an eleq:ron-in-a-ring system containing 18 

electrons. The energy levels arc labeled by their anguJar momentum, 1. 
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the 4n + 2 rule for aromaticity. 

Absorption Spectra 

The absorption spectra of free-base porphyrins show four weak bands 

in the visible and a very intense absorption band in the near lN 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 qualitatively similar. 

A simplification occurs in the absorption spectnnn of the dianion, 

dication and for many metal complexes of free-base porphyrins (Gouterrnan, 

1961, 1959; Gurinovich, et al., 1963, 1968; Caughey, et al., 1965). Upon 

metallation or production of the dianion or dication, the symmetry of the 

porphyrin ring changes from n2h to n4h symmetry and the absorption spectn.nn 

shows two weak bands called a and 8 in the visible and a narrower Soret 

band in the UV. TI1e 4 absorption bands in the visible spectral region 

of .the free base, some of which appear to result from the inequivalency 

of the x andy 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 Tr 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 Tr electrons of the_porphyrin rnacrocycle which arc confined 

to the ring. Figure 2 shmvs the energy level diagram and the orbital occupancy 

for the electronic orbitals of an cleq:ron-in-a-ring system containing 18 

electrons. The energy levels arc labeled by their angular momentum, 1. 

.• . 

'• 
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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 = ± 5. 

As Fig. 2b indicates, these transitions correspond to cl1anges in 

angular momentlUTl 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 = ±g is placed lower in energy 

than the transition with 1 = ± 1. The model predicts a two banded 

absorpti011 spectrlUTl for porphyrins with a very intense allowed electronic 

transition at higher energy than a forbidden electronic transition. 

Four Orbital 'Model 

The visible and near lN spectra of porphyrins can be interpreted 

more quantitatively using the 4-orbital model proposed by Goutcnnan 

(Gouterman, 1961, 1973). This model proposes that the electronic 

transitions that give rise to the characteristic spectra of metal 

porphyrins [a, B (Q bands) and Soret (B band)] result from excitation 

from the two highest filled orbitals of a1u and a2u symmetry under the 

D4h point group to the lowest empty orbitals of eg symmetry (Fig. 3). 

The two highest occupied orbitals are nearly degenerate in energy. 

Thus, the two doubly degenerate excited states t_hat 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 energy, the Sorct band,ancl a less intense band at lower energy, 

\ 
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the a band (Goutennan, 1961, 1973). In addition, the 0-1 vibronic 

overtone (S band) is also active and appears as an additional peak 

on the high energy side of the 0-0 transition (a band). 

The visible and UV spectra of most metalloporphyrins and of the 

dianion and dication of the . free- base porphyrins are remarkably 

similar (Goutennan, 1959; Weiss, et al., 1965; Gurinovich, et al., 1968), 

indicating little metal po1~hyrin interqction. 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 Buckel calculation Gouterman and his coworkers 

(Zerner and Gouterman, 1966) have shown that the energies of·the 

porphyrin rr 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 (rep) circularly 

polarized light (f'..A = A1 -A. ) induced by a magnetic field cp ·'rep . 

(M.::Caffery, 1971; Schatz and M:::Caffcry, 1969; Sutherland, 1976; 

Dratz, 1966). The effect of the magnetic field i!? tq split degenerate 

electronic states -into their non-degenerate Zeeman levels \vhich differ 

in energy by liE = 2 (3 H M , \\/here f'..E is the energy splitt1ng. z . 
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B is the Bohr magneton, H is the intensity of the magnetic field and 

Mz is the z component of the angular momentum of the.excited state, 

where the z direction is along the magnetic field. Another effect of 

the magnetic field is to induce mixing between the initial stationary 

states of the molecule. The preparation of new states from degeneracy-

splitting and the mixing of states induced by the nmgnetic field 

results in ne\-J e.l~:<:tronic transitions which preferentially absorb 

right or left circularly polarized light. Three types of line shapes 

may be observed in ~1CD spectroscopy. These are designated A, B and C 

tenns. The terminology A, B and C derives from the quantum mechanical 

formulation of MCD which results in three different possible interactions 

between themolecule and the magnetic field (Stephens, et al., 1966). 

The A term results from degeneracies in the gro~d or excited 

state. For a molecule in a magnetic field the degeneracy is split into 

its Zeeman components. Circularly polarized light has an associated 

angular momentum (Ivt:Caffery, 1971), with rep and lcp having angular 

momenta of Mz = -1 and Mz = +1, respectively. Figure 4a shows an 

energy level diagram for a molecule with a non-degenerate ground state 

ancl a doubly dq;enerate excited state. When the magnetic field along 

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

non-degenerate Zeeman levels with Mz = ± 1. Since angular momentum 

must be conserved, transitions to M = +1 and Mz ' z -1 are allowed 

only for lcp and rep, respectively. 
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Figure 4b sho'tvs the absorption spectrum of a molecule in the 

absence of a magnetic field. When the field is turned on; the absorption 

spectra for rep and lcp are shifted oppositely in energy, but symmetri­

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 absorption band. 

The C term (Fig.' 5) 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 z z 

by lcp and rep, respectively. However, the population of the M
2 

= +1 

and M
2 

= -1 states is governed by a Boltzmann distribution. Thus, 

A f' A1 and the C term has a shape similar to the absorption rep cp 

spectrum. The intensity of the C term 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 tenn 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 t-.lCD spectra of free- base porphyrins shmv MCD B terms 

(Sutherland, ]976; Gale, ct al., 1972) for the visible absorption 

banus,indicating that the electronic transitions responsible for the 

absorption bands do not involve degenera.te electronic states. The 
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splitting of the Soret band is not visible in the absorption spectnnn 

and the Soret band has a derivative. shape in the MCD spectnun. Upon 

metallation the porph)~in electronic trru1sitions become degenerate 

and the a and B bands show intense A terms. Comparison of the MCD 

and absorption spectra by moment analysis (Schatz ru1d McCaffery, 1969; 

Stephens, 1970) or curve fitting (Dratz, 1966) yields values of the 

excited state angular momentum. The value of Mz calculated for the 

a band of Zn deuteroporphyrin is 6.5, while Mz for the Soret band is 0.82. 

These values of M are close to the values of 9 and 1 predicted by 
. . . z 

the electron-in-a-ring model. The B band, which has been assigned to 

the 0-1 vibronic overtone of the a barid often shows structure in the 

MCD spectrum, especially at low temperatures (Sutherland, 1976; 

Gale, et al., 1972; Linder, et al., 1974) ru1d vibronic components which 

arc not resolved in the absorption spectrum may be resolved in the 

MCD spectrum. 

Hyperyorphyrins 

A class of metalloporphyrins occur, called "hyperporphyrins" 

by Gouterman (Gouterman, 1973), show a more complicated absorption 

spectrum. T\vo examples of hyperporphyrins are Fe3
+ porphyrins and 

l'-1n3+ porphyrins. It appears for Fe3+ and much more dramatically for 
3+ . . Mn that the energ1es of the d orbitals and the porphyrin n orbitals 

are sufficiently close for large interactions to occur between the 

* eg (n) orbitals of the porphyrin and the eg (dxz, dyz) orbitals of the 

rnet;1l, perturbing the classic metalloporphyrin spcctnm1 (Boucher, 1970, 

1972). 
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Manganese (III) porphyrins exhibit a wealth of absorption bands 

in the near IR, visible and near UV region. The simple 4-orbital 

model breaks dmvn for l\1n (III) porphyrins. Boucher proposed that the 

additional bands that appear in tl1e absorption spectrum of l\1n (III) 

porphYl·ins result from charge transfer transitions in which an electron 

is promoted from a filled porphyrin 1T orbital to an unfilled orbital 

of the metal (Boucher, 1970; Zerner and Gouterrnan, 1966). 

The absorption spectra of Fe3+ porphyrins seem to lie some1vhere 

inte11nediate between the spectra of the l\1n3+ porphyrins and the other 

metal porphyrins (Boucher, 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. Ferricytochrome c shows an absorption band at 

695 nrn, for example. It is possible that this bru1d is a charge 

transfer transition from the porphyrin to the metal (Smith and 

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

1 1 h . d h 1 . F 3+ h . h . l )etween t 1e porp yr1n an t e meta 1n e porp yr1ns t an 1n t 1e 

typical metal porphyrin complex. 

Absorption and MCD Spectra of Mn (III) Etioporphyrin I 

Figure 6 shows the structure of manganese (III) etioporpliyrin I 

(.MnETP), indicating that the porphyrin macrocycle is substituted with 

ethyl and methyl groups about the ring. The metal is coordinately 

unsaturated and may bind additional ligands. Jn coordinating solvents 

such as alcohols the fifth and sixth ligand positions on the manganese 

arc 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 MnEfP are well differentiated in poorly coordinating 

solvents such as benzene, cs2, CHC13, etc. 

TI1e manganese ion is c14, high-spin in Mn (III) porphyrins. There 

are no reports of any low spin complexes of .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 dx2 _ y2 orbital highest 

ln energy and unoccupied. 

The UV and visible absorption spectra of the F-, Cl-, Br and 

I complexes of t-.-lnETP are shown in Fig. 8 and are tabulated in Table II. 

The molar absorptivities of MnETP in n-butanol were detennined by 

dissolving a carefully weighed amount of MnETP in n-butanol, measuring 

the absorption spectrum and calculating the molarabsorptivities using 

Beers' Law. The other m~lar absorptivities in Table II were detennined 

with reference to the molar absorptivities of MnETP inn-butanol. 

The molar absorptivities for j,·filEfP-X (X = F-, Cl-, Br-, I-) in CHC13 

were determined by preparing concentrated stock solutions of each of the 

complexes in CHC13. Ten )Jl aliquots of the stock solutions were added to· 

a cuvette containing 2.3 ml CHC13 and to a cuvette containing 2.3 ml of 

n-butcmol. The concentrations of the stock solutions and the molar 

absorptivities for each of the halide complexes \\'ere determined from the 

prcvjously calculated molar absorptivitics of ~1nl:.TP n-butanol. 
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Fig. IJI-7. Molecular orbital model for the grolll1d state of Mn (III) 
porphyrins. 
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The absorption bands in Fig. 8 are labeled using a nwnbering scheme 

introduced by Boucher (Boucher, 1972). Bands I and II appear at about 

780 and 680 nm, respectively, 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 between 350 - 370 nm. Bou­

cher proposed that the additional bru1ds that appear in the absorption spectrwn 

of Mn (II I) 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, 1972; 

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 V was assigned to a charge transfer transition from an alu' 

a2u occupied n orbital to the dxz' dyz orbitals of the metal, and band Va was 

assigned to a charge transfer transition from an inner occupied porphyrin n 

orbital to the dz2 orbital of the metal. Band VI was assigned to an admixture 

of the Soret bru1d and a charge transfer transition from an inner n orbital 

to the d , d z orbitals of the metal. xz y . . 

~e 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 decrease tmtil banJ III is no longer resolved in the 

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

Mn ETP-I in cs2 resolves band III as an additional component w1derlying the 

lmv energy shoulder of band IV. As Table II indicates, the decrease in 

the mo1::~r absorptivity of 1)3Jld IV is onlr about 10% through the halide 

series, whil c the hand maxjm:1 shift by 600 em -l to the red. 
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Fig. III-8. Absorption spectra of MniiTP-X (X=F-, Cl-, Br- and I-) 
in freshly distilled CHC1 3. Concentrations: 

MnEI'P~r~-=1.86 X 10-SM; MnETP-Cl-=1.06 X 10-~; 
MnEfP-Br-=10-\_1; MnETP-1-=1. 75 X 10-\.1. 
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Band VI shows a 60% increase in its molar absorptivity between the 

F- and I-, but the halfwidth decreases proportionately. Thus, the in-

tegrated area remains identical to within 1% for each of the halide com-

plexes in rnc13 and for l'vtnETP-X in n-butanol. The absorption maxinrum of 

band VI shifts 1471 cm-l between the I- and F- complexes. 

Band V shows a much stronger dependence on the axial ligand. The 

molar absorptivity of band V decreases by 66% in the I compared to the 

F- complex. The integrated absorption in energy units decreases by 60% 

in this case. The position of the band maximum shifts to the red 
-1 . -by 1940 em 1n the I compared to the F . 

The energy 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 ligand affects 

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

n orbitals. Thus, .the energy of the excited state formed by a charge 

transfer transition should be more affected by a change in axial ligation 

than the energy of an excited state fanned by a n -+ n* transition. 

To characterize the electronic transitions of MnETP further, 

MCD spectra of MnETP were obtained in a solution which.fonns a clear 

glass at liquid nitrogen temperatures. The solution (abbreviated MCP) 

contained 20% n-butanol; 60% methyl cyclohexane and 20% 2-methyl pentane. 

Figure 9 shows the room and low temperature absorption and .f\tCD spectra 

of l\fi1ETP in l\1CP. Bands III and IV show A tenns 1n both the room 

and 10\v temperature l\ICD spectra, h'i th crossovers at the absorption 

ba:nd maxima. Both the absorption met.xima 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 f?ctor of 2. 4 expected if the ~CD spectrum 

is purely from C terms. Additionally, both bands III and IV narrow in 

the absorption spectrum. The narrowing is more obvious in the l\Ol 

spectrtun where the peak to trough splitting decreases by 46% for band III 

with a concomitant increase in the magnitude of the A term (Table III). 

·The M::D spectrtlll' uf bands III and IV resembles the HCD sp~tra of the 

a and B bands of other metalloporphyrins (Sutherland, 1976; Dratz, 1966; 

Gale, et al., 1972). In addition, the A term of band IV shows 

structure at 122°K which is consistent with its assignment to the 

B band of metalloporphyrins (Linder, et al., 197 4; Gale, et al., 1972). 

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

and adsorption spectra than do hands III, IV and VI. Band V narrows from 

a ~vL (full width at half height) of 1050 em-l at room temperature to 
/2 

/w1 = 582 cm-l at 122°K. Additionally, the peak to trough splitting 
~ 

of the MCD spectrum,measured from the higher intensity positive peak 
. . -1 -1 

to the trough,decreases from 860 em at room temperature to 180 em 

at l22°K. TI1e magnitude of an A term is proportional to the reciprocal 

of the square of the peak to trough separation (Stephens, et al., 1966). 

11ms the 17 fold increase in magnitude of the MCD spectnun may be 

accoW1tcd for by the greater than four- fold narrm..ring of the peak to 
, 

trough separation. There is no evidence for a C tenn contribution to 

band V. 
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Table III. Energies (cm-1) of the extrema and crossovers in the ~CD 
spectra of NnETP in M:P at room temperature at 122°K (Fig. 9). 

Energies (cm-1) 

Band Room Temperature · l22°K 

HIN 16,890 17,280 

III CROSSOVER 17,100 17,460 

MAX 17,450 17,580 

b. a 560 300 
. 

MIN 17,870 18,220 

CROSSOVER 18 '110 18,440 
IV 

MAX 18,580 18,780 

b. a 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 tJ 

MIN 24,000 

CROSSOVER 24,220 

MAX 24,640 

CROSSOVER 25,220 
Va and VI 

MIN 25,530 

CROSSOVER 25,760 

MA.X 26,000 26,300 

CROSSOVER 26,780 26,730 

MIN 27,700 27,200 
=,--~=-7"=1=" --- --= -- :.,.-_-:: =::-...=:===~~-~-;::::=- -- ··- . .:--=:.:..": L 

6 is peak to trough separation (cm-J) 
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The ~rn spectrum of band V at 122°K shows a splitting which 

corresponds. to an asynunetry present in the absorption spectrum. 

TI1e crossover of band V in the u::n spectrum occurs within 30 em -l of 

the position of.the absorption maxinrum, both at room temperature and 

at 122°K. As the temperature is lmv-ered the MCD spectrum narrows 

synnnetrically about the crossover point, which shifts - SO em -l to 

higher energy .paralle.l ing the shift of "'50 em 1 in the absorption 

.spectrum. Although it is possible that the features in the MCD 

spectrum are due .. to overlapping B and/or C tenns, the lack of three 

corresponding features in the absorption spectrum and the symmetric 

narrmv-ing of the MCD spectrum suggests that at least the lower 

energy peak and the trough have an A term contribution, in agreement 

with Boucher's assignment (Boucher, 1972). A less likely alternative would 

inv,oke overlapping B and C tenns resulting from multiple electronic or vibronic 

transitions which have equal narrowing and energy shifts as the 

temperature is lowered. TI1e absorption spectrum of 
. -1 

band V shows a shoulder at about 22,170 ern at 122°K, indicating the 

presence of another electronic or vibronic transition. No corresponding 

peak or trough appears at this energy in the MCD s_pectn.un. Hmvever, a 
-1 peak appears in the MCD spectrum at 22,320 em . No corresponding 

feature is resolved in the absorption spectnm1 at this energy. The 

asymmetry of the A term which has a crossover at 21,960 cm-l suggests 

the existence of an overlapping negative component which decreases the 

magnitude of the posiU.\·e lobe. 
-] . 

Possjbly the peak at 22,320 em · 1s 

the positive lobe of an overlapping A tenn. Thus, the ~lCD spectrum 
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of band V may result from the overlap of two A terms of different peak 

to trough widths, lvhich are resolved on the high energy side but which 

overlap at lower energy to give an asymmetric shape to the A tenn which 

has a crossover at the peak of the absorption band. The separation 

between the A tenns would be about 300 an-1• 

The second A tenn may arise from either another electronic transi-

tion or a vibronic overtone of band V. An abso~ption spectrum of 

MnETP:..r in cs
2 

at 213°K (Fig. 10) shows an unresolved shoulder at 

21,000 cm-l on the high energy side of band V, while the maximum of 

band Vis at 19,800 cm-1. Corresponding features appear in the MCD 

spectrum with an A tenn centered at 19,800 and another peak at 
-1 21,500 em . 

Band V shows no splitting of the A term in cs2 at 193°K. The 

feature at 21,500 cm-l may correspond to the peak observed at 22,320 cm-l 

in the MCD spectrum of MnETP in MCP (Fig. 9). The two peaks in the 
-1 room temperature MCD spectnnn of f'.InETP in MCP are separated by 530 em 

while the separation is about 1300 cm-1 for Mrll!P- I- in cs2. Resonance 

Raman spectra obtained by Shelnutt, et al. from .MnETP-I (Shelnutt, 

et al., 1976) show an 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 excitation profile maxima, they invoked a non-adiabatic 

coupling mechanism. However, the presence of another electronic 

transition would also explain their results. 



00u0,~60 6 J 4 

I -.... 2.0 . 
~ 
(.) -
:I: 0.0 

' <( 

<J 

0.8 

0.6 

<( 

0.4 

0.2 

-83-

WAVELENGTH (NM) 

500 550 

1.9 1.8 

WAVE NUMBER (MICRONS-') 
XBL 7G9·9646 

Fig. lV-10 :t'-1CD and absorpbon spectra of MnETP-r in cs2. T=l93 °K. 
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The absorption and ~~D spectra are much more complex for bands 

Va and VI. Bru1d VI resolves into 3 components in the lmv temperature 

1 -1 absorption spectrum: a peakat 26,040 em- ; the main peak at 27,470 em 

and a high energy shoulder at 28,000 cm-1. 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 l22°K MCD spectrum) that 

simulates an A term with a crossover at about 26,750 cm-l appears 

between two resolved components of band VI in the absorption spectrum. 

The complexity of the MCD spectrum suggests that band 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 

The narrowing of band V at low temperature probably results from the 

increased ordering of the solvent cage around the MnETP. The major inter­

action of the solvent with MnETP is through the axial ligation of butunol. 

An increased ordering of the solvent should effect the d orbitals of 

the metal more than the 1T orbitals of the porphyrin. Thus, a charge 

transfer transition which involves the d orbitals of the metal would 

. * be expected to narrow more thru1 a n -:r n transition. 

The unique narrowing of hand V at lmv temperature and the 

depenclence of its intensity on the axial ligand implicates .bancl V as 

a charge transfer band, in agreement with Boucher's conclusions. 

The ~10) spcctre1 of bands III and IV are consistent with the assignment 

~ .. 
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of these bands to the a. and S bands of metalloporphyrins. Band V 

shows at least one A tenn, indicating that a degenerate groW1d or 

excited state is involved in the electronic transition. 

The grourid state of Mnbl'P is 5B1g in D 4h synnnetry. The only 

allowed charge transfer transitions for MnETP in this point group arc 

from the porphyrin n orbitals to the metal, because the groW1d state is 

gerade while the excited state must be ungeradc for the transition to 

* be allowed. Transitions of the d electrons of the metal to the e (n) 
g 

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 n orbitals, 

which are of alU, a2u and bzu synunetry (Gouterman, 1973), to the 

dxz' dyz orbitals of eg symmetry. Thus, one possible assignment of 

band V is a transition from an a
1 

. or a~ orbital to the d , d u tu xz yz 

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

result from the other transition from either the a1u or a2u porphyrin orbital. 

Boucher (Boucher, 1973) has proposed a mechanism to accoW1t for 

the dependence of the oscillator strength of band Von the axial ligand. 

As the halide anion jncreases in size,the metal is pulled fuTther out 

<?f the plane of the porphyrin due to non-bonded Tepulsions between the 

electTon cloud of the anion and the porphyTin n OTbitals. The overlap 

of the d oTbitals of the metal and the porphyrin n orbitals decreases, 

resulting in a decrease :in the trm1sition moment. That the decrease in 

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

metal and is not an effect of the ligating atom was shown by a comparison 



-86-

of the absorption spectra of MnETP with imidazole and 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 (Boucher, 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 lie!! out of the plane of the porphyr.tn the more .unfavorable is 

d and n orbital overlap and the less allowed the transition will be. 

Recently Shelnutt, et al., (1976) proposed that band V, 

Va and V1 result from mixing via configuration interaction of the 
' ., I 

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 dependence of the oscillator strengths of bands 

Va and VI suggests that there is no mixing of the excited 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 result-s 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 

.n orbitals \vith a resulting change in the mixing coefficients. Conser-

vation of oscillator strength ·w1der the Thomas-Kulm sum rule predicts 

that the oscillator strengths of bands Va ancl/or VI shou]cl increase 

proportjon:Jtely to the decrease in V (Merzbacher, 1970). 
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The electronic transitions which give rise to bands Va and VI 

ffic'lY arise from configuration interaction between an excited state 

reached by a charge transfer transition and an excited state involved 

in the Soret band. The resulting absorption and i'-CD spectra would be 

very complex and would be difficult to interpret in the absence of 

good molecular orbital calculations. 
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CHAPTER IV 

RESONANCE RAMAN SPECTROSCOPY OF 

MANGANESE (III) ETIOPORPHYRIN I 

AND CHROMIUM (III) TETRAPHENYLPORPHIN 

·rn·troduction 

Resonance Raman spectroscopy is a technique for the 

selective observation of the vibrational spectra of dilute 

molecular species. Other molecules in the medium which are 

not resonantly enhanced exhibit much weaker Raman scattering 

on a per molecule basis. Resonance Raman spectroscopy may 

therefore be used as a selective technique for the study of 

one molecular species in a medium that contains a myriad of 

other components, provided that excitation occurs within an 

absorption band of the molecule of interest which does not 

overlap with the 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 technique and the environ­

mental 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 hemoglobin and the cytochromes,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 oxygen binding properties 

of the heme in hemoglobin appear to be modulated by the 

surrounding protein matrix (Smith and Williams, 1970). Thus, 

a study of the· resonance Raman spectra of these molecules 

might yi~ld information on the interactions between the 

metalloporphyrin and the protein. 

The potential 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 resonan'ce 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); metalloporphyrins {Solovyov, et al., 1973; Verma 

and Bernstein, 1974a, b, c, 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 a1., 1975; Asher and Sauer, 1976; 

Shelnutt, et a1., 1976; Kitagawa, et al., 1976, a and b; Spiro 

1972a, 1973; Spiro and Strekas, 1972, 1973; Yamamoto, et al., 

1973; Brunner and Sussner, 1973; Strekas, et al., 1973; 

Sussner, et a1., 1974; Spiro, 1975, Rimai, et al., 1975; 

Szabo and Barron, 1975; Kitagawa, et al., 1975c, 1976; Ozaki, 

ct al., 1976); the cytochromes (Strekas and Spiro, 1972b; 

Spiro and Strckas, 1972, 1973; Brunner, 1973; Salmecn, ct al., 

1973; Nafic, ct al., 1973; Friedman and Hochstrasser, 1973; 

Collins et al., 1973; Pezolet, et al., 1973; Nestor and 

Spiro, 1973; Adar and Erecinska, '1974; Adar, 1975; Kitagnwa, 
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~tal., 1975d, Ikeda-Saito, et al., 1975; Spiro, 1975; Collins, 
·-· 

et al., 1976; Yamamoto, et al., 1S76); horseradish peroxidase 

(Rakshit and Spiro, 1974; Felton, et al., 1976; Rakshit, 

et al., 1976); and cobalt substituted hemoglobin and 

myoglobin (Woodruff, et al., 1974, 1975). 

From these studies, it appears that excitation within 

* w+n electronic transitions involving the ~acrocyclic ring 

enhances 'Vibrnations within the macrocycle (Spiro and Strekas, 

1976; Brunner and Sussner, 1973; Strekas and Spiro, 1973; 

Mendelsohn, et al.~ 1975a; Plus and Lutz, 1974; Verma and 

Bernstein, 1974a). 

The vibrations of atoms that are not intimately con­

jugated to the aromatic structure of the 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 frequencies observed (Mendelsohn, et al., 197Sa 

and b; Verma and Bernstein 1975a; Sunder, et al., 1975; 

Adar, 1975; Spiro, 1975). The alterations of the resonance 

Raman spectra produced by changes in peripheral substituents 

appear to be induced mainly by changes in the symmetry of 

the porphyrin macrocycle (Sunder, et al., 1975). 

Changes in the centrai metal also result in differences 

in the RR spectra. Variations in the spin state, oxidation 

state (Spiro and Strekas, 1974; Brunner and Sussner, 1973, 

Strekas, et al., 1973; Brunner, 1973) or in the planarity of 

the metal with respect to the porphyrin plane shift the 
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energy and polarization of some of the resonance enhanced 

vibrations (Woodruff, et al., 1974; Verma and Bernstein, 

1974b; Fe·lton, 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 ring plane (Spiro and Strekas} 1974; 

Brunner and Sussner, 1973; Strekas, et al., 19~3; Brunner, 

1973; Felton, et al 1974; Spiro, 1975) or an expansion of 

the porphyrin core resulting in a decrease of 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 porphyrin TI orbitals which affects the 

stretching force constants of the ring (Kitagawa, et al., 

197Sb; Spiro and Burke, 1976). The effect of axial 

ligation on porphyrin macrocycle vibrations depends on 

the extent that the ligand induces a change in the dis­

placement of the metal from the ring plane (Felton, et al., 

1974). 

There have been few reports of axial ligand vibrations 

in heme proteins and metalloporphyrins (Brunner, 1974;. 

Kitagawa, et al., 1976b, Spiro and Burke, 1976), which are 

* of very weak intensity when excitation occurs in a w+TI 

transition (Kitagawa, et al., 1976b). 

The only feature directly sensitive to the environment 

of the prophyrin macrocycle is the dispersion with respect 
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to frequency of the depolarization ratio. Since the 

depolarization ratio is a function of porphyrin symmetry, 

it can be influenced by environmental factors such as 

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

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

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

et al., 1973). However, the.dispe~sion of the depolarization 

ratio cculd also be explained .by the overlap of two Raman 

bands of different depolarization ratios which have 

different excitation profiles (Spaulding, et al., 1975). 

The lack of enhancement of axial ligand vibrations in 

* n+n transitions is not surprising ~n view of the fact that 

there is little mixing between the porphyrin n orbitals and 

the metal d orbitals in the a,e and Soret bands of 

metalloporphyrins (Zerner and Gouterman, 1966). Since the 

axial ligand is bound to the metal, metal-axial ligand 

* vibrations are effectively isolated from the n+n transitions 

of the porphyrin macrocycle. However, axial ligand 

vibrations might be enhanced by excitation in electronic 

transitions, such as charge transfer or d+d transitions, 

which involve the metal orbitals. 

. ,· 
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MANGANESE (III) ETIOPORPHYRIN 

Bands III, IV and V 

The visible and near UV absorption sp.ectrurn of Mn (III) 

ETP acetate in n-butanol is sho'll.rn in Fig. 1. The bands ar.e 

labeled using the numbering scheme introduced by Boucher 

(Bouchet:, 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 nrn lies on the high 

energy side of band IV. The 457.9 nrn 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 sho'II.TI in 

Figs. 2a 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. 

impurity,' but there are no obvious features in the 

absorption spectrum that would give rise to fluorescence 

at this wavelength. 
' 

The 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 em The 

intensities of these three peaks show greater enhancement 



1ZI 
t.o· 

0.8 
w 
(.) 

2 

!l 

Mn(m} ETIOPORPHYRIN 

8.34 X ro-4 M,. in butanol 

Pathlength I em 

E E 
<! 0.6 c c 
co 
0:: 
0 

E m (\J . . 
c 0 <X> . 

~ 0.4 
m· f'(') (.0 
. 1{) l() 

Ya ll'- + + <( l{) '- '-
~ ~ ~ 

I . 
0.2 + 

~ \ lrl 'm 
0~------~------~----~------~------~ 

350 400 450 500 ·550 600 
A., nm 

XBL753-5119 
Fig. IV-1. Absorption spectrum of Mn(III) etioporphyrin I in butanoL Path length = 1 em, 

cone. = 8.34xlQ-4M. The bands are labeled in Boucher's nomenclature (Boucher, 1970,1972). 
The position and source of t~e laser lines used in the Raman spectra are indicated. 

,•, f I " ' 

I 
1..0 
0\ 

I 



0 0 !) U'' ...... 6 · .. - ""i' . u 6 4 I 

-97-

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

A. = 568.2 nm, pmver = 160 m\v. Slit width = 5 cm-l, 
ex -1 -3 

scan speed = SO em /min. Cone. ca 10 M. Because 

of an increasing background the offset was changed in 

mid scan. The wavemnnber 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 i'-1n(III)ETP in butanol. 

A = S30.9 nm, power= SO mw. Slit width= 6.4 cm-1, 
ex -1 -3 

scan speed = 25 em /min. Cone. ca 10 M. 

c) Resonance Raman spectrum of Mn(III)ETP in butanol. 
-1 A = 4S7.9 nm, power= 250 ffi\V. Slit width= 6.4 em , 

ex -1 ,· 3 
ed So I · C ca 10- • scan spe = on m1n. one. 

----------
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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; ~v - very ., 

weak; sh - shoulder. 

Exciting line: 457.9 ·s~o. 9 568.2 

!J.v em -1 
I Av -1 I -1 I em !J.v em 

196 vw 

242 w 

266 s 265 vw 

343 vs 342 w 352 w 

398 s 401 w 401 w 

490 vw 

600 V\'-1 603 vw 591 vw 

683 w 677 w 675 w 

693 w 

758 w 757 s 

803 (solvent) 807 (solvent) 805 (solvent) 

827 (solvent) 828 (solvent) 

849 (sol vent) 847 (solvent) 

950 w 

961 w 960 m 

988 m 

1002 m 1003 m 

1028 w 1028 w 



exciting line: 
457.9 

' -1 
hv em 

1137 

1157 

1220 

1310 

1374 

1502 

1566 

1586 

1633 

I 

m 

vw 

vw 

vw 

m 

m 

sh 

m 

\v 
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TABLE I (cont.) 

·s3o.9 

-1 
hv em 

. 1138 

1158 

1220 

I 

m 

m 

m 

1304 

1374 

1407 

1448 

(solvent) 

1566 

1584 

1633 

s 

m 

(solvent) 

s 

VS 

vs 

568.2 

-1 hv em 

1136 

1160 

1219 

I 

s 

s 

vs 

1271 w 

1313 

1376 

1406 . 

vs 
m 

m 

1458 . (solvent) 

1500 

1566 

1584 

1633 

w 

vs 

vs 

vs 
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with excitation in band III than with excitation in band IV. 
-1 Conversely, the peak at 1374 em is more iritense with 

excitation in band IV rather than in band III. The most 

intense features of both spectra appear between 1550 and 

1650 cm- 1 . There are few well resolved features below 500 
-1 em 

Comparison of the spectra obtained with excitation 

in bands III and IV with the spectrum obtained with excita-

tion in band V showsmore dramatic differences. The most 

intense features in Fig. 2c are-vibrations at frequencies 
-1 less than 500 em . This is the ·region in which manganese 

pyrrole nitrogen vibrations are expected to occur (Burger, 

et al., 1971; Ogashi, et al., 1971; 1972, 1973; Boucher 

and Kati, 1967; Warshel, 1976). Higher frequency vibrations 

are still visible, but their relative intensities are small. 

A number of peaks are conspicuous by their absence. The 

bands at 757 and 1002 cm-l seen in Figs. 2a and 2b do not 

appear with excitation i~ absorption band V; instead a new 
-1 peak appears at 1502 em . 

In order to determine whether the low frequency vibra­

tions (less than 500 cm- 1) in the Raman spectrum of MnETP 

are metal related, the Raman spectra of the F-, Cl-, Br-, 

and I salts were measured. These Raman spectra are 

shown in Fig. 3. Table II lists the frequencies and 
' 

relative intensities of the Raman bands of MnETP-X between 

100 and 500 -1 em All of the Raman bands in F~g. 3 are 

polarized. Carbon disulfide was used as the solvent 
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Fig. IV'-3. Raman spectra of Mn(III)ETP-X (X-F-, Cl-, Br-, and I-). 

cs2 is the solvent for. the F-, Cl.-, and Br- complexes. 
CHC13 is used for I- complex. A. = 457.9 run for F-, . . ex 
476.5 nm for the Cl- and 488.0 nm for the Br- and!-

complexes. Power= 10 mw. Slit width= 5 cm-1, 
scan speed = 12 cm-1/min. Cone. ca 10-3M. The gaps in 

the spectrum of ~ttETP-I indicate solvent interference. 
The 260 cm"'1 shoulder in the spectnnn of the bromide 
complex is more pronotmced·in other recorded spectra. 
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TABLE II 

Observed Ramarr bands of the halide salts of MnETP. In-

tensities are labeled as in Table r. p is depolarization 

ratio:. p, polarized; dp, depolarized; ap, anomalously 

polarized. 

F Cl Br I 

6v,cm -1 I I -1 !..e.. h.v,cm 
-1 I 

. -1 
I .e.. h.V;Cm .e.. h.v, em· .e.. 

118 s p 

143 s p 

165 s p 

193 179 s p 185 vw 186 w 

225 m p 233 s p 

245 s p 245 w p 

260 s p 259 m p 260 sh p CHC1 3 inter-
ference 

285 s p 

296 w p 287 vw 

331 sh p 329 s p 327 VS p 327 vs p 

343 s p 342 s p 341 s p 340 m p 

374 vw 373 w· 372 w CHC1 3 inter- . . 
ference 

399 m p 398 m p 395 m p 398 m p 

495 s p 

754 m ap 

805 w p 

923 w ap 

1002 w p 1002 w p 1002 m p 1003 w p 
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TABLE II (cont.) 

F C1 Br I •. 
-1 I 

-1 
.!..e.. !J.v,cm -1 I -1 I 11v,cm p !J. v, em £. !J.v,cm £. 

1057 w 

1138 s p 1136 s p 1136 s p 1138 s p 

1256 w 1254 w p 1256 w p 1256 w p 

1308 m ap 1309 w ap 

1376 s p 1374 s p 1375 s p 1376 s p 

1505 m 1502 m p 1502 w p 1506 w p 

1568 sh 1564 w ap 1569 sh 

1585 w 1583 m ap 1585 s dp 1586 w dp 

1637 w 
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f6r the F-, Cl-, and Br Salts. Because of insufficient 

solubility in cs 2, chloroform was used for the I- salt: The 

~xciting ~aser light was changed in order to stay in maximum 

resonance with peak V. 

The Ramin spectra of the halide salts are clearly a 

function of the axial ligand~ Unique peaks appear for each 

of the halide salts. A number of important differences 

and similarities appear among these spectra. The similari­

ties will be discussed first. In the Raman spectra of all of 

these complexes peaks appear at about 398, 374, 342, 327 

and 260 cm- 1 , and these frequencies are virtually independ­

ent of the mass of the axial ligand. The 260 cm-l peak 

decreases by 1 cm-l from the F to the Cl complex and 
-1 . -

appears a$ a shoulder near 260 em for the Br complex. 

The Raman spectrum of the solvent, CHC1 3 masks this region 

in the I complex. The spectrum of MnETP in butanol 

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

The relative intensity of the 329 cm-l peak is found 

to be sensitive to the axial ligand. A distinct increase 

in intensity occurs as the axial ligand is changed from F 

through I-. -1 The 329 em peak is not evident for MnETP 

in butanol. Because the peaks at 329 and 342 cm-l both 

show a small frequency dependence on the ligand, there 

must be some metal contribution to these vibrational modes. 

The change in axial ligand has a small effect through t~e 

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-l appears in all of the spectra. The exact 

position is difficult to obtain since a very weak Raman line 

of CS 2 also appears in this region. The position of this 

peak does not appear to shift appreciably with a change in 
. -1 

the ligand, since this peak appears at 398 em for MnETP 
-1 - . in butanol and at 398 em for the I complex in CHC1 3 . 

A number of peaks do not correlate between spectra. 

The peak at 495 cm-l in the F complex does not have any 

1 -1 counterpart in the other spectra. The 285 em- , 225 em 

and 165 cm-l peaks in the Cl complex also show no counter-

parts in the other spectra. 

and 143 cm-l peaks of the Br 

This is also true of the 245 

and the 186 and 118 cm-l 

peaks of the I complex. The peaks at 495 in the F , 285 

in the Cl-, 245 .in the Br- 'and 233 in the I appear to 

correspond with Mn-X vibrations observed in the far IR 

spictra of Mn(III) protoporphyrin IX dimethyl ester halides 

·(Boucher, 1968). All of these peaks are shi{ted between 

43 and 23 cm-l to higher frequency from the Mn-halide 

stretches in Mn(III) protoporphyrin IX dimethyl ester which 

appear at 462, 262, 211 and 190 cm-l for F-, Cl-, and I 

respectively, 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 iso!opic substitution of 35c1 

and 37 c1 in the MnETP-Cl complex (Fig. 4 and Table III). 
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TABLE III I 

. -1 
Observed vibrational frequencies (em ) and shifts of the 

Raman bands of MnETP 35c1 and 37c1 in cs 2 . A = 476.5 nm· ex ' 

35 MnETP- Cl MnETP- 37 c1 b (b \)) 

165.7 165.4 
! . 

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 
-1 experimental precision ± 1 em , except for the peaks at 285 

~nd 225 cm~1 (Table III). The peaks at 285 and 225 cm-l show 
-1 a shift of 4 and 2.6 em , respectively, to lower frequency 

whe-n the axial ligand is changed from 35c1 to 37 Cl. Using a 

harmonic oscillator model, the energy shift for the 285 cm-l 

peak is 0.8 cm-l less than the shi{t of 4.8 cm-l expected if 

this wer~ a pure Mn-Cl vibration. The peak at 225 cm-l shows 

a smaller shift~ and the vibrational mode responsible for it 

must also involve motion of the metal against the porphyiin 

macrocycle. 
-1 . The peaks at 165 and 143 ern 1n the Cl and Br complexes 

ahd the two peaks at 186 and 118 cm-l in the l complex appear 

also to be axial-ligand dependent. The 165 cm-l peak, the 

dominant featuie in the Raman spectrum of the Cl complex 

shows no frequency change with isotopic substitution. A 

correlation of the 225 -1 peak in Cl with the 143 -1 em em 

peak in Br and the 118 -1 peak in I reasonable. em seems 

The peaks exhibit a decxease in frequency with mass, and may 

reflect a vibration of the metal and halide against the por­

phy~in. Although the corresponding peak is not apparent in 

the F complex, it may lie within the broad feature at 260 

cm-l This is supported by a polarization study in which the 

RR peaks recorded with the analyzer oriented either parallel 

or perpendicular to the electric vector of the incident 

radiation showed different maxima separated by about 3 cm-l 
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T~ble IV summarizes the assignments_for the low frequency 

region of the Raman spectra of the halide complexes of MnETP. 

The higher freq~ency region 500-1700 am-l of these 

metal complexes shows no pronounced changes with substitution 

of the axial ligand, in agreement with the observations made 

by Kitagawa, et al., for the F-, Cl-, Br and I complexes 

of Fe(III) octaethylporphyrin (Kitagawa, et al., 1975b) and 

by Spire ana Burke for the F-, cr and ~-oxo complexes 

of Fe(III) mesoporphyrin IX (Spiro and Bu~ke, 1976). 

Table V lists a compilation of low frequency vibrations 

observed in the far IR spectra of metalloporphyrins. 

There appears to be a correspondence between some of 

the far IR spectral peaks obse~ved for other metalloporphyrins 
-1 . 

with the 260, 330, 340 and 400 em Raman peaks measured 

for MnETP-X. The symmetry of the axial halide complexes 

of MnETP-X is c4v. Thus A1 vibrations are allowed in 

both 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 
-1 modes which are metal-dependent occur between 203-275 em , 

337-351 cm-l and 3S5-420 ~m- 1 . Additionally, these modes 

1 • h. f h Z 64 . b . . d f Z 6 8 N. 58 stow 1sotope s 1 ts wen n 1s su st1tute or n ·; 1 

is substituted for Ni 64 ; and Fe 54 is substituted for Fe 56 . 

These vibrations mus~ therefore, have a significant 

metal contribution to the vibrational mode. The IR bands that arc 

observed for Fc(III)octaethylporphyrin-X-(X=F-, Cl-,Br-,I-,NCS 
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TABLE IV 

Assignment of the low energy Raman bands of the MnETP halides 

F Cl Br I Assignments 

495 

285 

'245 manganese halide stretch 

233 

374 373 372 porphyrin + manganese 

343 342 341 340 porphyrin + manganese 

331 329 327 327 out of plane ~orphyrin 

+ manganese vibration 

260 259 260 sh porphyrin + manganese 

225 porphyrin + Mn + Cl 

260 162 143 118 porphyrin + Mn + Halide 
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TABLE V 

Far infrared absorption bands of various metalloporphyrins 

Fe Co Ni cu Zn Pd Ag Cd 
porphyrin 

Mg moietr isoto2e exc~ Av assignment reference 

i67 235 202 OEP zn64 ..68 1.8 Burger et a! (1972) 

270 OEP Fe54~56 Ogashi et a1 (1973) 

264 287 234 203 275 214 OF.P M-N Ogashi et a1 (1971) 

290 246 202 porphyrin zn64~68 3.7 v(M-N)+6(CCN) Ogashi · et . a! (1972) 

349 353 348 . 349 352 350 352 342 protoporphyrin porphyrin de- Boucher & Katz 
dirnethy1ester formation (1967) 

348 352 346 346 346 . 348 346 337 hematoporphyrin porphyrin de- Boucher 6 Katz 
formation (196 7) 

366 346 348 porphin HCCN)+v(C-C, 
CN) + v(M-N) Ogashi et a1 (1972) 

356 

351 356 338 337 OEP N. s8~64 
1 • 

Zn64~68 2.3,-0.2 Biirser et a! (1972) 

351 355 336 334 348 336 OEP v(M-N)+Ligand Ogashi et a! (1971) 

355 381 OEP Fe54~56 Ogashi et a! (1973) 

420 392 385 porphin 2064~68 0.3 6(CCN) Ogashi et al (1972) 

OEP octaethylporphyrin 

6u isotope shift (cm- 1) 

- stretching 

6 - in plane bending 

XBL 769-9649 
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-1 and N3 ) at ca 350, 340, 260, and 220 em show a ~mall 

energy dependence on the axial halide (Ogashi, et al., 1973) 

similar to the small energy dependence on the axial ligand 

observed for MnETP-X in Fig. 3. 

However, care is warranted in comparing vibrational 

peaks observed in IR and Raman Spectroscopy. Recently 

Kitagawa, et al., me~sured both the IR and Raman spectra of 

a variety of metal porphyrins. (Kitagawa, et al., 1976h). 

The IR spectrum of Ni octaethylporphyrin shO\v-s a strong 

band at 355 cm- 1 . On deuteration of the methine carbons 

this peak appears to shift to 334 cm- 1 , implying a large 

contribution of methine bridge stretching to the vibrational 

mode. In contrast, the resonance Raman spectrum of Ni 

octaethylporphyrin shows a weak doublet appearing at 364 

and 344 cm-l which shifts only a few wavenumbers on 

dei1tcra t ion, implying that the bands observed -j n the IR 

and Raman spectra . are fortuitously close in energy but 

result from different vibrational modes. 

Warshel, in a recent norfual mode calculation on 

metalloporphyrins, found a large contribution of metal-
. -1 

pyrrolc nitrogen stretching for an Alg mode at 360 em 

(Warshel, 1976). It is interesting that the doublet 
-1 observed by Kitagawa at 364 and 344 em in Ni octaethyl 

porphyrin shifts on substitution of Cu, 

addihon, a h'Cak Raman peak <It 263 -1 em 

ethylporphyrin appears to shift to 254 
-] 

complex and shifts to 27S em in Ptl. 

Co and 

for Cu 

-1 in em 

It thus 

Pd. In 

octa-

the Co 

appears, 
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that on ex~iting into band V_,of MnETP,·a specific enhance­

ment occurs for vibrational modes about the metal, .such as 

modes involving Mn-pyrr9lc nitrogen stretches and axial 

ligand stretches. 

The lack of enhancement of these vibrations in .n~n 

transitions and their selective enhancement in charge 

* 

transfer transitions can be accounte~ for by an examination 

of the. Raman tensor. , In Chapter T I the Raman tensor for 

the vibrational transition i~j for the normal mo~e a was 

detailed as (eq. 20): 

(a ) . . ;::; A"" + B""" 
po gl,gJ . 

= ' ' r· c o I I 0 l c o I I 0
) c o I I 0

) - L L g RP e e ha s . s R
0 

g 
s a 

(lJ 



-116- \ 

where apa is the path component of the polarizability tensor 

and p and a are coordinates within the molecule-fixed coordinate 

sys teni. I g
0

> represents the ground electronic state. 1 e 0 > represents 

the cxci ted electronic state in resonance. I s 0 > is a different excited 

electronic state. li> and lj> arc vibr~tional states 

of the ground electronic state. lv> is a vibrational state 

of the excited electronic state le>. R and R are the di-
P a 

pole moment operators. h is the change in the electronic 
a 

llamiltonian with the vibration of the ground state normal 

mode a. Qa is the displacement of the ath normal mode. 

E and E are the energies of the excited states le> and e s 

js> and E
0 

is the energy of the incident laser light. 

re is a damping factor. 

The B term contributes.to Raman intensity through 

the vibrationally induced mixing of different electronic 

states produced by perturbation 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 resona~ce enhrincement of vibrations 

of peripheral substituents in the Raman spectrum of 

porphyrins. Thus,vibrations at the periphery of the ring 

which do not perturb the electronic states of the porphyrin 

sufficiently for mixing to occur between different elcc-

tronic states sho\\' little resonance enhancement. 
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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 enhanc~d vibrations 

* with excitation in a n-+lf transition. It is necessary to 

resolve the ~patial properties of <e! aH /aQ Is>. 
a 

The only part of the electronic Hamiltonian that depends 

on nuclear position is the coulomb potential between electrons 

and nuclei' (Albrecht, 1961) 

i.e. (aH/aQa) = -e I I a(z /r. )/aQ 
j n n Jn a 

(2) 

where the summation is over all of the electrons j and nuclei 

n, e is the electronic charge, z is the charge on nucleus . . n 

n and r. is the distance between electron j and nucleus n. 
Jn 

aH/aQa is, thus, a one electron operator. for any one-electron 

operator, G {Albrecht, 1961; Tang and Albrecht, 1964, 1972) 

where G = aii/aQa 

G = -~ L G(r.) = jG(r) dr 
j J 

(3) 

and <eiGis> = <eljG(r)p(r)drls> = j<elp(r)ls>G(r)dr (4) 

where <elp(r) Is>, the t.ransition density, (Murrell and Pople, 

1956; Longuet-Higgins, 1956), represents the spatial over,_ 

lap of le> and Is>. As Albrecht has pointed out, for 

mixing by a vibrational perturbation to occur, the mixed 

electronic states must lie within the same region of the 

molecule. 



-118-

We will consider excitation within three types of pos­

sible porphyrin transitions n+n*, d+d and n+d, a charge· 

transfer transition. 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 D4h symmetry. 

The ground state for Mn(III) porphyrins is illustrated in 

Fig. 7 of Chapter III. 

The lowest energy n+n* excited states may be written: 

m.,-1 2 1 "'*1 dl dl dl dl do2 2. ~ 
le> = NeA IT cp cppor ~por xy xz )'Z ~ x -y ; por1. nl 

.L . (6) 

m- 2 2 1 2 *1 1 1 1 1 o ( 
Is>= NsA n cppor.cl>por cppor cppordxydxzdyzd~ dxz-y2 J 

i ~ m-1 m 

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

(7) 

The electron is promoted from one of the degenerate d orbitals to 

the dx::> -l· orbital. AJ.though tl1ere are no d+d transitions allowecl unaer 

D4h symmetry, a cl+d transition from one of the degenerate 

d orbitals to the d 2 , orbital is allowed under c4 symm~try. 
X -y" · . V 

The change from D4h to c4v s~nmetry in a metalloporphyrin can 

occur by axjal ligation. An excited state reached by an 

;Jl]O\\'Ccl charge transfer cxcitaUon of an electTon from the 

porphyrin to the mctctl m<ty be written 
Ill-·] 

I c> = N A II "'2 ,~,1 "'*o 11 ll 12 dl ]o c ~por. '~'por '~'pore x/ xzc yz z'· ex:~ -y7· 
j 1 Ill 

(8) 
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'~'por and q'metal represent the wavefunction of the porphyrin 

and metal, respectively, le> is the excited state in 

resonance_. N is the normali~ation factor. A is the anti-

symmetrizer. <Ppor. are the occupied molecular orbitals 
1. 

in the ground state configuratitin of the porphyrin. ¢;or 

is the-lowest unoccupied porphyrin molecular orbital. The 

p~dduct of orbitals is in order 6f increasing energy 

(Boucher, 1972). d ,d ,d ,d 2 ,d 2 z represent the xy xz yz z. x -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 modes are enhanced by excitation 

within a particular type of electronic transition. The 

types of transition density matrix elements that must be 

examined are between states reached by u+n* transitions, 

charge transfer transitions and d+d transitions. 

If the two states le> and Is> that couple are both 

reached by a n4n* transition: 

<elp(r) Is> = -e/ ~plor 
m-1 

(9) 

since the integral equals unity for electrons not involved 

in the transition. This is a spatial integral over the two 

highest energy occupied molecular orbitals of the ground 

state. Spatially, these orbitals occur \dthin the porphyrin 

nwcrocyclc <md occupy simil<n regions; as a result, the 

vibr<~Uonal modes, a, t]HJt arc picLccl out by the electron 

density matrjx. clement <cl (dl/Z'Qal s> arc those within the 
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· macrocycle. 

For coupling of a charge transfer band in which an 

electron goes to a d or d orbital, for example, with an yz xz 

excited state reached by a n+~* transition from the same 

occupied molecular orbital, the required vibrational 

perturbation matrix element is <cjaH/aQale> and the transition 

density is: 

<Cjp(r)je> = -ejdl o(r-r.)<P*l dr. 
yz J por J (10) 

This integral represents the spatial overlap of a d orbital 

of the metal and a n orbital of the porphyrin. The region 

of maximum overlap will occur around the metal and pyrrole 

nitrogens. The vibrational modes picked out by the 

transition density operator in this cas~ will be those around 

the central metal, such as vibrations involving the manganese-

pyrrole nitrogen bonds. Vibrations involving the axial 

ligand on the manganese may also be picked out, because the 

metal-ligand vibration should .perturb the d orbitals, 

affecting the excited state reached by the charge transfer 

transition. 

For 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, 

then 

(11) 

where !c 1> and !c 2> represent two different charge .transfer 

states and d1 and d 2 arc the two different d orbitals that 

.. 
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arc occupied by the promoted electron. This term ~ill be 

small since the two different d orbitals occupy different 

regions of space, unless axial ligand vibrations and the 

constraints imposed by the pyrrole nitrogcns mix the d 

orbitals. This may be the term that allows the vibrations 

of axial ligands to be enhanced. For coupling between two 

charge transfer states lc1 > and lc3> that terminate in the 

same d orbital but are initiated from different porphyrin 

n orbitals 

(12) 

and vibrations active in the macrocycle will show intensity. 

States differing by the occupancy of more than one electron 

cahnot couple under the vibrational perturbation so that 

charge transfer transitions differing i.n occupancy of both 

porphyrin and d orbitals cannot couple. 

Coupling may not occur between a state ld>, reached 

by a d+d transition and a state le>, reached by a n+n* 

transition because a difference in occupancy of two elec­

trons exists between the two states. State ld> may couple 

with <t charge transfer state lc> if the. electron is 

promoted to tlJc same d or·bital in both transitjons. The 

vibrations picked out by this transition density matrix 

c~lemcnt involve the ccntr<tl metal. 
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Looking at the form of the polarizability tensor for 

excitation within (1) a charge transfer band ancl (2) a n-+n* 

tr~nsition we find: 

1. There arc terms in the polarizability tensor 

containing <clp(r)ld>, <clp(r)ls> and <c1 jp(r)!c 2>. The 

<clp(r)ls> and <cjp(r)jd> terms enhance vibrations active 

about the metal while the <c 1 jp(r)!c 2> terms enhance 

vibrations both within the macrocycle and around the metal, 

including vibrations involving the axial ligand. 

2. There are terms containing both <elp(r)js> and 

<elrCrJic>. <clp(r) Is> enhances vibrations active in the 

macrocyclc, while <elp(r) jc> enhances vibrations about the 

metal. 

In this argument He have neglected configuration 

interactj.on of the Q and B states but, as Goutcrman 

(Gouterma11, 1959, 1961, 1973) has pointed out, this is a 

major phenomenon in porpl1yrins; as a result the B and Q 

states arc mixed and the excited st<ltes should be \'!rittcn 

more precisely: 

where Jv1,N,P and T aTe the coup] ing coefficients and IQ0 > 

and I B0 > and the zero or.dcr I Q> and IIi> states. The 

transition density matrix clements are then: 

(13) 

'J' h c o v c r 1 a p o f t h c I Q > and I B > s tat c s l·Ji t h t h c m s e 1 v e s w o ul c1 
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equal unity. As a result the terms in the polarizability 

tensor containing <Q!r(r)!B> would dominate and, for 

excitation in a Q band, we would expect to see vibrations 

in the porphyrin macrocycle as the major enhanced vibrations . 

Differentiation of metal and porphyrin vibrational 

modes can also occur via the diagonal part of the po1ari­

zability tensor, Albrecht's A term (Alhrecht and Hutley, 

1971). The A term enhances those vibrational modes which 

have large Pranck-Condon overlap factors within the resonant 

electronic transition. Excitation within a n+n* 
' 

transition will enhance vibrations which are associated .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. 

Using the Born-Oppenheimer approximation, the wave­

function for a molecule in a state le> may be separated 

into an electronic and vibrational wavefunction 

1/Je = ~(q,Q)x(Q) (15) 

where <!> is the electronic \~avefuncU on '"hich is dependent 

on tl1 c c 1 cc t roni c. coord j nates q, and the nuc 1 car coord in~ tc ~; 

Q; x represents the 'v:ibrational \wvefunction and is a func-

U on of only t h f: n u c 1 car coo r d j 11 u t c s . x(Q) may be expanded 
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as the product of orthonormal modes, a 

(16) 

,-,~here the superscript labels the quantum level of the vi­

brational mode a. It is convenient to separate x(Q) into 

2 parts, xCQ) = Xp(Q) Xm(Q). xp(Q) reptesents modes which 

arc mainly associated with the porphyrin macrocycle and 

xm(Q) represents modes associated with the metal. These two 

sets may be differentiated experimentally by their energy 

dependence with metal or axial ligand substitution, or 

theoretically by a correlation of the atoms which contribute 

to each of the normal modes. 

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

lgi> <1> <I> 
i i 

(17) :::: X xm por met p 

<P <I> 
j j 

lgj> :::: por met xp xm 

lev> <I>e <P 
ev v 

:::: 
xr> xm por met 

i\ + *- :'\+ *-u u leu> ::: tjJ <Pmet xp Xm por 

For r c son a n c e \·i i t h s tate I e > , a s tat c rca c he d by n + n * 
tr<{nsition, the Franck-Condon factors l1avc the form: 

(18) 

·. 
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Since the n+n* transition occurs mainly in the porphyrin 

macrocycle, the maximum change in the electronic configurat:I.ot; 

of the excited state vs. the ground 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 ground state. This means that 

j ev ev i . 
<x I x ><x I x > r l5 •• . p p p p 1J (19) 

and Rw1an intensity may derive from the A term with j = i+l. 

However, the change in potential about the metal is 

small, and 

(20) 

We would not expect to see metal modes so enhanced as 

porphyrin modes by the A term. 

Following a similar argument, it can be sh'own that both 

porphyrin and metal modes will be enhanced by the A term if 

bxcitation occurs in a charge transfer transition, since a 
' 

large change in potential occurs in the macrocycle and 

about the metal. 

The above arguments provide a means of distinguishing 

a charge transfer band from a n+n* transition. The vibra-

tior~s most enhanced by excitation in band V are vibrations 

involving the central metal, whi}.e the vibrations most 

enhanced by excitation in bands III and IV arc porphyrin 
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macrocycle vibrations. Thus, band V is assigned to a 

charge transfer transition, and bands III and IV are 

identified as the a and ~ bands of metalloporphyrins, 

respectively. 

A comparison of the resonance Raman spectra of MnETP 

in bands III and IV with the resonance Raman spectra of 

CuETP(I) also favors these assignments (Mendelsohn, et al., 

1975b). The resonance Raman spectra of CuETP(I) excited 

in the a and,S bands show many similarities to the Raman 

spectra of MnETP excited in bands III and IV. In all of 

these spectra the enhanced vibrations are those of the 

porphyrin macrocycle. The vibrations at 757, 988 and 

1313 cm-l in MnETP are maximally enhanced with excitation 

in band III. Analogorisly, vibrations at 754, 984 and 1314 
-1 . em 1n the spectra of CuETP(I) are maximally enhanced with 

excitation in the a band. The vibration at 1374 cm-l in 

MnETP shows maximum enhancement with excitation in band IV. 

The corresponding vibration in CuETP(I) at 1380 cm-l shows 

maximum enhancement with excitation in the s.band. 

Many of the low frequency vibrations enhanced by 

excitation in the charge transfe~ band are metal and axial 

ligand dependent. Some of these vibrations may be assigned 

to manganese-halide stretches. The intensity but not the 

frequency of the vibration at 329 cm-l is strongly dependent 

on the axial ligand (Fig. 3). Therefore, 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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-1 dependence is to assume that the 329 em 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 vibration which puts the metal back into the ring 

will show increasing enhancement. This could be due to 

increased coupling between the excited charge transfer 

state and the ~* state. 

The out-of-plane distance of the ~etal 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 anion 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 piperidine as ligands. Nonbonded 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 (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 plane of the porphyrin the more unfavorable is d and 

w 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 spectra of manganese (III) porphyrins 

were reported (Gaughan, et al., 1975; Shelnutt, et al., 1976). 

The first report by Gaughan, et al., also noted selective 

enhancement of low frequency Rawan modes upon excitation in 

band.V of Mn(II1) tetraphenylporphyrin. 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 Both their study and ours show 

little dependence of the intensity or frequency of this 

band on 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) etioporphyrin 

I and Mn(III) hematoporphyrin IX show enhancement of the Mn 

halide vibrations when excitation is in band V .. The lack 

of axial ligand vibrations in the Raman spectra of Mn(III) 

tetraphenylporphyrin may reflect a difference in the 

structure of Mn (III) tetraphenylporphyrin compared to 

Mn(III) etioporphyrin, or it may indicate that a reevaluation 

of the resonance Raman spectra of Mn(III) tetraphenylporphyrin 

is in order. 

The second study, by Shelnutt, et al., (Shelnutt et al., 

1976) also investigated Mn(III) etioporphyrin. They observed 

enhancement of low frequency modes upon excitation in band V. 

However, Shelnutt, et al., in their report emphasized the 

enhancement profiles observed in band V. To account for 

the nonsynunetric doubly peaked excitation profiles, they 
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invoked a non-adiabatic coupling mechanism. We believe 

that the excitation profiles reported may alternatively be 

accounted for by the presence of a second electronic 

transition underlying band V. A study of the absorption 

spectrum of band V of MnETP·I in cs2 (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 transition at about 480 nm. The 

intensity and the frequency separation of this electronic 

transition from the main peak is a function of the axial 

ligand 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, non-adiabatic coupling need not be invoked to 

account for the Raman excitation profiles. Furthermore, the 

fixed laser frequencies 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 complex 

absorption and MCD spectrum,indicating that numerous elec-

tronic transitions underlie band VI. A resonance Raman 
- 0 

spectrum of MnETP inn-butanol excited at 3577.1A is shown 

in Figu~e 5. The broad background in Fig. 5 between 200-
-1 ' 

500 em results from the Raman spectrum of the quartz 
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Fig. IV-5. Resonance Raman spectrum of MnETP in n-butanol. 

A = 3577.1 A, energy= 10-4 joule/pulse. ex 
Pulse repetition rate 10 Hz, scan speed = 4.5 A/min. 

Slitwidth = 1.0 A. Monochromator was used in second 

order. Cone- 10-~. 
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cuvette that contains the MnETP solution. 

The ·Raman peaks of the solvent, n-butanol, are not visible over 

the background. All of the features in Fig. 5 except for the broad 

-1 -1 background below 500 em and the 809 em peaks are due to MnETP. 

The 809 em -l peak is a composite band resulting from the overlap of 

the Raman spectrum of quartz and the resonance Raman spectr,um of 

MnETP. Each of the Raman peaks in Fig. 5 has a close correspondence 

to the resonance Raman spectra obtained by excitation in Bands III, 

IV and V (Fig. 2). The major difference is the increase in enhance-

-1 -1 
ment of the 1504 em peak and the disappearance of the 1566 em 

peak. In contrast to depolarization measurements with excitation in 

bands'III, IV and V, which indicated that the peak at 1586 cm-l was 

anomalously polarized, depolarization measurements in band VI show 

that the band is polarized. Excitation profiles 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 background, the 

broad Raman spectrum of quartz between 200-500 em -l 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 exci ta-

tion below 330 nm the Raman peaks of the sol vent 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-l Raman bands show their maximum intensity 
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and 1633 cm-l peaks at about 320 nm. The 262 and 348 cm-l 

peaks agpear to be in resonance with an electronic transi-

tion which lies above 362 nm. Unfortunately, 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 

selective enhancement of higher energy Raman bands (>1000 cm-1) 

suggests that the electronic transition at 320 nm results 

from a v+v* transition. An interesting point is the lack of 
-1 -1 enhancement of the 1504 em peak at 320 em Another, 

larger maximum occurs for the 1634, 1589 and 1504 cm-l 

vibrations at ca 354 nm, 3000 cm-l to lower energy than the 

ca 320 nm maximum. The 1377 cm-l vibration shows its 

maximum intensity a few hundred waven~~bers to lower energy 

(ca 359 nm) from the excitation profile maxima of the 

1634, 1589 and 1504 cm-l bands. The intensity of the 348 
-1 and 262 em bands continues to rise at 362 nm. 
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There is no absorption or 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 
-1 set of peaks at 1634, 1589 and 1504 em , the peak at 1377 

-1 -1 em and the two peaks at 348 and 262 em sugges~that the 

resonance Raman bands are in resonance with a 0-1 vibronic 

overtone of a 0-0 electronic transition lying to lower 

energy. An ~.xamination of the denominator of the resonance 

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

maximum will occur for Raman scattering at the 0-0 vibronic 

level of an electronic transition. The energy denominator, 

Ee0 
- Eg0 

- E0 + ir vanishes, except for the damping factor. 

At the 0-1 vibronic overtone, Ee0 (0-l) = Ee0 
+ hn, where 

n is the vibrational frequency. When E = E 0 
+ hn, the o e 

denominator again vanishes except for the damping factor, 

predicting a progression of excitation profile 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 c excited in the ~ band. As the theory predicts, 

the excitation profile maximum for a vibration of energy hn 

in ferrocytochrome c occurs at an energy, hn, greater than 

the energy of the absorption maximum of the a band. 

The 1634, 1589 and 1504 cm-l bands show excitation 

profile maxima at about 354 nm (28,250 cm- 1). 
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If the excitation profile maxima are a result of 

enhancement in a 0-1 vibronic transition, subtraction of 

1550 cm-l from the excitation profile maximum predicts the 
-1 0-0 transition to be at ca 26,700 em • Both the room and 

low temperature MCD spectra show a derivative shaped feature 

with a cross-over at 26,700. O.n decreasing the temperature, 

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 
-1 cross-over at -26,700 em may result from the (0-0) 

component of an electronic transition. 

Verma and Bernstein noted in an excitation profile 

study of prot~hemin (Verma and Bernstein, 1974b) that a spin~ 

state sensitive,polarized vibration at -1500 cm-l appeared 

to be selectively enhanced by the Soret band. By analogy, 
-1 the selective enhanceme~t of the 1500 em , polarized 

vibration in band VI suggests a Soret band contribution. 

However, the enhancement of the low frequency 262,348 and 

399 cm- 1 , vibrations which appear to have significant 

contribution from metal - pyrrole nitrogen stretching 

vibrations and which may be diagnostic of charge transfer 

character, suggestsa change transfer contribution to band 

VI. Unfortunately, there have been few reports of the 

resonance Raman spectra of porphyrins excitated in the Soret 

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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-1· spectrum occurred at energies above 1000 em Naf:ie, et al., 

(Nafie, et al., 1973) e~cited on the high energy side of 

th~ Sor~t band of ferrocytochrome c. They observed only very 

weak features below 600 cm-l On the other hand, excitation 

at 4416 R, close to the Soret band of cytochrome c oxidase 

(Salmeen,· et al., 1973) or of hemoglobin and myoglobin (Rimai, 

et al., 1975) resulted in enhancement of low frequency modes. 

For example, vibrations at 215 and 340 cm-l 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 
-1 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 absorption spectrum 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, III and IV, which have been assigned 

to the a and 8 bands,are observed between 500-610 nm 

(Gouterman, et al., 1975). The very intense absorption 

band at 447 nm for CrTPP-Cl in CHC1 3 (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~ 2xl0 4) bands 

(labeled VI) between 280-40IT nm, while several 

weak bands' (I and II) (e~ 10 3) are found in the near IR 

between 650-800 nm (Gouterman, et al., 1975). Additionally, 

a shoulder appears on the short wavelength side of band IV. 

Gouterman 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 a 1 , . u 

a 2u porphyrin w orbitals to the d d metal orbitals xz' yz 
for the series of metalloporphyrins containing Cr(III), 

Mn(III) and Fe(III), occur in the order Cr(III)> Mn(III)> 

Fe(III). Thu~ 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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et al., (Gouterman, et al., 1975). 
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(Gouterman, et al., 1975). 

To test the assignments of bands III, IV and ~resonance 

Raman spectra were measured on a solution of Cr(III) TPP-Cf 

in cs 2 . Fig. 8 shows the absorption spectrum of Cr(III) 

TPP-Cl in cs2 and indicates the positions of the excitation 

wavelengths used in the resonance Raman spectra shown in 

Figs. 9, 10 and 11. 

The resonance Raman spectrum of Cr(III)TPP-Cl-obtained 
0 

by excitation at 458l.OA in band V (Fig. 9) shows as its 

most prominent feature a peak at 400 cm-1 . Other features 

appear at higher frequencies (>800 cm-1). However, except 

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

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

intense peak at ca 800 cm-l are due to cs 2 . Spectra obtained 
0 0 0 

with excitation at 4518.2A, 4552.9A and 4619A show spectra 

similar to Fig. 9. The major difference lies in the vari­

ation of enhancement of the Cr(III)TPP peaks over the 656 
- -1 and 800 em peaks of the solvent' cs2 0 

Table VI lists the Raman peaks observed for CrTPP-Cl in 

cs2 . The resonance Raman peaks observed by excitation in 

band V of CrTPP correlate well with Raman spectra reported 

for free base tetraphenylporphin (ME:mdelsohn, et al., 1975a) 

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

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

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

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

form of tetraphenylporphin (Mendelsohn, et al., 1975a). For 

- . 
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Fig. IV-8. Absorption spectnnn of Cr(III)tetraphenylporphin in CS 7 • 

Pathlength = 1 em. The bands are labeled after Gouterman 
(Gouterman, et al., 1975). The position of the laser 
lines used in the Raman spectra are indicated. 
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Fig. IV-9. Resonance Raman spectnnn of Cr(III)tetraphenylporphin 

in cs2. Aex = 4581.0. Energy = 7 X 10-4 joule/pulse. 

Pulse repetition rate = 10 Hz. Scan speed ~ 9 A/min, 

Slitwidth = 0.85 A, cone- 10-~. Position of solvent 

bands is indicated in the figure. 
•. 
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Resonance Raman spectrum of Cr(III)tetraphenylporphin 
in cs2. >.. 

ex 
-3 = 6041.6 A. Energy = 3 x 10 joule/pulse. 

Pulse repetition rate = 30 Hz. Scan speed = 14 A/min. 

Slitwidth = 1. 5 A. Cone - 10-3M. Position of solvent 

band is indicated in figure. 
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TABLE VI. 

Observed vibrational frequencies and relative intensities 

of the Raman Bands of Cr(I~I)TPP-Cl in cs 2 . Relative 

intensities are normalized with respect to the 656 cm-l 

line of cs 2 and are corrected for spectrometer efficiency. 

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

dp, depolarized; ap, anomalously polarized. 

Exciting . o 
line: 4581. OA 

0 
5776.1A 

0 
6041.6A 

-1 Av,cm -1 Av, em .Jl. !::..v,cm 
-1 

336 0.04 

400 0.61 p 400 

1015 0.33 p 

1240 0.13 p 1240 ap 

1341 

1370 0.10 p 

1494 0.08 ap 1515 ap 

1-557 0.14 p 

1583a 

0 
aonly observed with excitation at 4475.6A 

bfrom Shelnutt, et al., 1976 

400 0.35 

r 

.. 
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0 

CuTPP and NiTP~ Raman spectra excited at 6328A show peaks 

appearing 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-1 . Because of the small dependence on 

metal substitution of the energies of the Raman peaks which 
-1 occur above 1000 em , these vibrations are assigned to 

porphyrin macrocycle modes. The Raman spectrum in Fig. 9 

above 400 cm'1 agrees qualitatively with the Raman spectrum 
0 

of CrTPP-Cl-in CH 2c1 2 , excited at 4579.0A 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 
0 0 

and 4475.6A for CrTPP-Cl in CSz and at 4619A for CrTPP-Cl 

in CH 2Cli. None of these spectra showed any medium intensity 

features below 400 -1 Excitation at the maximum of em 
0 

absorption band V, which occurs at 4530A, produced two weak, 

ill resolved peaks at ca 307 and 340 em -1 . 
A comparison of the resonance Raman spectrum of MnTPP-. 

Br (Gaughan, et al, 1975) and MnETP-Br-, excited in band V 

shows low frequency peaks occuring at 395, 327, 245 cm-l 

for MnETP-Br and at 392, 330 and 240 cm-l for MnTPP-Br-. 

The major difference between the resonance Raman spectra of 

MnTPP and MnETP is the large enhancement observed for the 

392 cm- 1 peak in MnTPP. Although all of the low frequency 

(<500 cm- 1) modes of MnTPP are more intense than the high 
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-1 -1 frequency modes (>500 em ), the 392 em peak of MnTPP is 

almost an order of magnitude more intense than any other 

peak in the spectru~. The remarkable enhancement of th~ 

ca 400 cm-l modes in both CrTPP and MnTPP, in contrast to 

the lack of enhancement of a corresponding mode in MnETP, 

suggests that the origin of the enhancement of this mode is 

peculiar to metallotetraphenylporphins. 
' -1 

Enhancement of the 400 em peak also occurs upon 
0 

excitation in band III at 6041.6A (Fig. 1~. 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 1n 

band- III could be measured. The 400 em -l feature that 

appeared with excitation in band V appears again with 

excitation in band III. The Raman peak due to cs 2 at 656 

cni-l is sh.own for comparison. 
0 

Excitation at 5776.1A in band IV results in a somewhat dif-

ferent spectrum. (Fig. 11) The 400 cm- 1 peakdoes not appear with 

much intensity, while peaks at 1240, 1341 and 1515 dominate 

the spectrum. B.oth the 1515 and the 1240 cm-1 peaks are 
0 

anomalously polarized with excitation at 5776.1A. Thus, 
-1 it appears that the 400 em 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-l polarized Raman band appeared to be enhanced both 

,. 
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in the a and by the Soret band. Verma and Bernstein (Verma 
-1 and Bernstein, 1974c) noted that the 342 em polarized 

peak was the dominant feature in the resonance Raman spectrum 

of CuETP excited in the a band. If the 400 cm-l peak of 

CrTPP rep~esents the same vibrational mode as the 342 cm-l 
-1 peak in CuETP, then the resonance enhancement of the 400 em 

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 frequency, porphyrin m·acrocycle modes by excitation 

in band IV is consistant with the assignment of band IV to 

the e band. 

The lack of enhancement of low frequency modes other 
-1 . 

than the 400 em peak, the 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 TI+TI* transitions; this supports Gouterman's assignments 

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

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

RESONANCE RAMAN SPECTROSCOPY OF HEHJGIDBIN 

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 of 4 non-covalently linked subunits, each of 

which contains Gne molecule of iron protoporphyrin IX (heme) (AntonL,i 

and Brunori, 1971). The subunits can be differentiated into 2 types 

called the a and S subunits. The tetrameric hemoglobin molecule consists 

of 2 a and 2 B subunits. Although the a and B chains are somewhat 

different in their amino acid sequences, they have similar tertiary 

structures (Perutz, et al., 1968). Both the a 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 

interaction? with side chains of the protein protruding into the heme 

cavity (Perutz, 1970). 

Reversible binding of o2 can occur only when the heme iron is in 

the ferrous (+2) oxidation state (Smith and \Villiams, 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 prevent oxidation to the ferric 

state (Stryer, 1975; Antonini and Brunori, 1971). 

The subunits of Hb do not bind 0~ 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 the unoxygenated subunits (Perutz, 

1970). For example, the probability of binding a molecule of oxygen for 

the two hemoglobins, A and B, where A contains three bound Oz 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 d1ssociate. As Perutz pointed out (Perutz, 1970), the partial 

pressure of Oz in the tissues is not much lower than in the alveoli. 
•·· 

The decrease in oxygen affinity that results 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 experimentally testable model for the molecular 

mechanism of cooperativity has been proposed by Perutz (Perutz, 1970, 

197Z; Perutz, et al., 1974 a,b,c, 1976) using the allosteric theory of 

Monad, et al. (Monad, et al., 1965). The model proposes that the increase 

in oxygen affinity for Hb as it becomes oxygenated results from a 

transition between Z quarternary forms. In the relaxed (R) quarternary 
. 

form, the oxygen affinity of each heme is relatively high, similar to 

that of the isolated a or B subunits. The tense (T) form of Hb shows a 

decreased oxygen affinity. ' Deoxyhemoglobin is in the T fonn; the iron is ·· 
0 

high-spin and lies 0.60 A out 6f the heme plane (Fermi, 1975). Upon 

oxygenation, the FeZ+ atom becomes low-spin. TI1e ionic radius decreases 

and the FeZ+ atom moves into the heme plane (Perutz and Teneyck, 1971). 

The distance between the "proximal histidine" and the heme plane should 
Z+ . 

decrease in response to the movement of the Fe atom into the heme plane. 

The pulling of the histidine 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 

the porphyrin plane is the trigger mechanism responsible for the tertiary 

and quarternary structural c~ru1ges 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 a. and B subtmits (Perutz, et al., l974a). Inositol 

hexaphosphate (IHP) stabilizes the T form of Hb (Perutz, et al., l974b). 

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 svin­

state equilibrium of the iron to the high-spin form. Perutz (Perutz, et al., 

1974c) interprets these data as indicating that the protein exerts a tension 

in the T form, pulling the "proximal histidine" and 'tl1.e 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, 1972; Perutz, et al., 1976) proposes that the 

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

oxygenation of one subunit, 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 more characteristic of the R conformation. The result is an 

increase in the oxygen affinities of the unoxygenated subunits. 

The absorption spectra of iron porphyrins are more complex than the 

absorption spectra of "normal" metalloporphyrins. Oxyhemoglobin 

shows the characteristic a., B, and Soret bands in the visible and near 



-158-

UV spectral regions, but an additional weak absorption band occurs at 

ca 900 run (Antonini and Bnmori, 1971). Ferric hemoglobin, "Which is 

often called methemoglobin (MetHb), shows a more complicated spectrum. 

MetffuF- shows a very diffuse visible and near IR absorption spectrum 

with peaks or shoulders appearing at 486, 543, 579, 603, 738, 840 and 

1110 run (Perutz, et al., 1974c). MetHb_N3shows peaks at 500, 540, 
' -

580, 630 and 1000 run, while MetHb OH complex shows peaks at 486, 540, 

576, 600, 816, and 980 nm. The additional peaks in the absorption 

spectra of iron porphyrins compared to "normal" porphyrins appear to be 

due to charge transfer and/or d + d transitions (Smith and Williams, 

1970). The absorption spectrum of MetHb is very sensitive to axial 

ligation, to pH and to protein confonnational changes (Smith and Williams, 

1970; Perutz, et al., 1974c). Although most of the visible absorption 

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 run (Eaton and Hochstrasser, 1968). Smith and Williams suggested that 

charge transfer transitions contribute to the absorption bands of MetHb 

derivatives -between 470-640 run via configuration interaction with the 

a and B bands (Smith and Williams, 1970). None of the ·absorption bands 

that result can be considered to come from pure TI + TI* or charge transfer 

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, which indicate that 

excitation in the charge transfer band of MnETP en.i.ances vibrational 

. . 
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Fig. V-1. Resonance Raman spectrum of MetHb N; (0.76 mM heme) 

containing 0.25 M Na2so4 as an internal standard. "-ex= 

5590.8 ~- Energy=l0~ 3 joule/pulse. Pulse repetition rate= 

30 Hz. Scan speed= 23 ~min. Slitwidth= 3 ~- Position 

of Raman lines due to SO~ and lmcomplexed 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 eru1ance vibrational modes about the 

iron atom. These modes should be sensitive to the out-of-pla~e distance 

of the iron from the heme plane and may monitor the geometric changes 

occurring at the heme due to a transition of the protein between the 

R and T conformations. The or(, N3 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 N3 derivatives are known to undergo changes 

in both their absorption spectra and spin state equilibria upon . 

addition of II-il'. Addition of II-il' to :MetHb F- 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 II-il' 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 . 

.MetHb N3 
Figures 1 and 2 show the resonance Raman spectra of the azide 

0 

complex of Metllb excited at 5590.8 and 6383.2 A, respectively. As 

the absorption spectnnn of MetHb N3 in Fig. 3 shows, excitation at 
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0 

5590.8 A occurs between tWo absorption bands which have been assigned to 

the a and S bands of metalloporphyrins (Eaton and Hochstrasser, 1968). 
0 0 

Excitation at 6383.2 A occurs within a weak absorption band at ca 6400 A, 

which has been assigned to a charge transfer transition (Eaton and 

Hochstrasser, 1968). A comparison of Figs. 1 and 2 with the Raman 

spectrum of an aqueoQs solution of Na2so4 indicates that U1e feature in 

-1 = the Raman spectra at 983 an is due to so4, which was added to the Hb 

solution as an internal standard for the excitation profile measurements 

shown in Fig. 3. A comparison between the Raman spectrum of an aqueous 

solution of NaN3 , and a solution of Meti-Ib N3 with lower concentrations 

of N3 indicates that the feature ~t 1344 cm-l is due to uncomplexed 
-1 azide. The 1344 an peak does not appear with lower concentrations 

of NaN; (0.04 M). Yet the absorption spectrum of the MetHb solution is 

still characteristic of the MetHb N; complex. 

The dominant features in the resonance Raman spectrum excited 

between the a and B bands (Fig. 1) appear at energies greater than 

600 cm-1 , occurring at 1640, 1586, 1308, 1132, and 755 cm-1. 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 Raman 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 "-' 1590 em -l in the low- spin form of heme-proteins and 

Fe3
+ mesoporphyrin IX dimethyl ester shift to"" 1633 and 1575 cm-l 

in the high-spin fonn (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 em-1. In contrast, peaks appear at 

1632 and 1572 for Fe +3 mesoporphyrin IX dimethyl ester-F-. The incrP.ased 

shift of the Raman peaks in MetHb F- and MetMb 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_an increased out­

of-plane distance of the Fe+3 from the porphyrin plane (Spiro and Burke, 

1976). - -1 Peaks appear in the Raman spectn.nn of MetHb N3 at 1640 and 1586 ern 

indicating that Met}fu N3 is predominantly low-spin, in agreement with 

paramagnetic susceptibility measurements (Antonini and Brunori, 1971). 

An oxidation-state dependent vibration occurs at ~ 1374 em-l for ferric 

hemes and at~ 1360 cm-l 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. l-and 2. However, Raman 

spectra of l\1etHb N3 obtained with lower concentrations of N3 (0. 04 M) 
.:1 

clearly show a peak at 1375 em , indicating that the iron is in the +3 

oxidation state. 

The Raman spectn.nn_ shown in Fig. 1 is similar to previously reported 

spectra of the azide complexes of MetHb (Strekas and Spiro, 1972) and 

Met myoglobin (1v1b) (Kitagawa, et al., 1976). All of the features in 
o, 

the Raman spectn.nn of MetHb N3 excited at 5590.8 A are du~ ·to porphyrin 

rnacrocyclic vibrational modes (Spiro, 1975). 
0 

The resonance Raman spectrum of _MetHb N3 excited at 6383.2 A in the 
-1 charge transfer band (Fig. 2) shows a new Raman peak appearing at 413 em . 

A depolarization ratio measurement of t.he 413 em -l peak indicates that 
. . . . . . . . . - . . . 

the peak is polarized~ whil~;an examiliation: ~:f the ~xcitation pr~files in 
··:f.·'; . .· ·. 

Fig. 3 shows that the 413 on- .. peak 1s the only,p~ak in. resonar1ce with the 
.. ·. <:·· :-·-:_. 
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0 

charge transfer band at 6400 A. All. of the other Raman peaks v.hich 
0 

appear with 6383.2 A excitation are more intense upon excitation at 

shorter wavelength and appear to be in resonance with the a and 8 

bands. 

The 413 em-l peak enhanced by excitation in the charge transfer 

band of ~tHb N; is close in energy to a vibration observed in the IR 

spectn.un of Fe3
+ octaethylporphin-N3 at 421 em-l, which was assigned 

to the Fe-azide stretching vibration (Ogashi, et al., 1973). The 

unique enhancement of the 413 em -l peak by the charge transfer band 

of r·1etHb N3, the close correspondence between the energies of the 
-1 -413 em peak and the Fe-N3 stretch observed in Fe(III) octaethylporphin-

N3, the fact that the peak is polarized, and the selective appearance 

·of the 413 em -l peak in the resonance Raman spectn.nn of J-.IetHb N3 in 

contrast to its absence in MetHb OH- and MetHb F (vide infra) all 
-1 

suggest that the 413 em peak results from a vibration of the azide 

nitrogen against the heme iron. 

- . 14 14 lS.-MetHb N3 was prepared w1th the Na N N -N (97% enriched from 

Koch Isotopes, Inc., Cambridge, Massachusetts).' A comparison between 

the resonance Raman spectra of .MetHb-(14N 14N 14N) and.MetHb-(1SN 14N 14N) 

was not conclusive for an isotope shift. Binding of the singly, 

tenninally labeled azide results in a S0-50 mixture of the azide complex 

. IS 14 14 14 14 lS of MetHb (1.e., Fe - N = N = N and Fe - N = N = N). Using 

a harmonic oscillator model and assumir.g that the 413 em-l peak is due 

to a pure Fe-N: stretch which is not mixed with any other vibrational 
.) 

d b . . f lSN f 14N h . . . d d mo es, su st1tut1on o or : at t e uon 1s expecte to ecrease 
-1 1 the energy of the 413an peak to 402 on- However, only SO% 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 ~letHb results from 

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

remaining at 413 on -l. Asstnning equal amounts of MetHb - 15N = 14N = 
14N and MetHb - 14N = 

14N = 
15N, and that the bands are Gaussian, a 

-1 . shift of 5. 5 on 1.s 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-l in a broad Raman 

peak is not detectable with the present Raman spectrometer, due to the 

spectral signal-to-noise ratio and the 3 cm-l laser line width. To 

demonstrate an isotope shift for the Fe-N; vibration it is necessary 

to use an azide with both tennini labeled. 

In contrast to the Raman spectra obtained from ~hETP excited in 

the charge transfer band (Chapter IV), no porphyrin vibrational modes 

are enhanced by excitation in the charge transfer band of ~~tHb N;. 

The porphyrin rnacrocyclic modes appear to derive their intensity from 

the a and S bands. 

. visibly enhanced. 

Even the pyrrole-nitrogen-Fe vibrations are not 
. 3+ 

The lack of enhancement of pyrrole-nitrogen-Fe 

vibrations suggests that the electronic transition which is responsible 
0 

for the absorption band at 6400 A in ~~tHb 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 ~~tHb N; (Kabat, 1967) and ferr:i.myoglobin-N; 

(MetMb N:) (Eaton and Hochstrasser, 1968), which indicates that a 
.) 

z-polarized electronic transition is responsible for the absorption 
0 

band at 6400 A. r.rn spectra of MetHb N3 show a negative extremum due 
0 

to the 6400 A absorption band (Vickery, et al., 1976). In contrast, the 
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M::D spectra of band V of MnETP show an A term (Chapter III). Since the 

grotmd state of MnETP is non-degenerate, t..~e M::D results i."'l.dicate that 

the excited state of [.JnETP is degenerate and therefore x,y polarized, 

while the electronic transition of ~·Ietlvlb N; is non-degenerate. 

Me~lb N; shows an absorption spectrum almost identical to that of 

:MetHb N;. The major difference is a shift of all of the absorption 
0 

bands about 40 A to longer wavelength (Antonini and Brtmori, 1971). 

The similarity between the absorption spectra of MetHb N; and HetMb N; 
.is due to the similar envirorunents of the heme in l\1etHb and Hetl\fu. Mb 

is an oxygen storage and transport heme-protein found in muscle. In 

contrast to Hb, which is a tetramer, l\fu is monomeric. The molecular 

weight and amino acid sequence is similar to that of the individ1ml 

a and S subtmits of Hb. The heme in l\lb is bound in a hydrophobic cavity 

of the protein by a "proximal histidine". Eaton and Hochstrasser 
0 

assigned the "-' 6400 A .absorption band of MetMb N3 to either an 

a2 (~) + d 2 or an azide + iron (d) charge transfer band. It is less 
u . z 

likely that the band results from a d + d transition, because its molar 

absorptivit; (E "-' 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 distin~uish the a2u(~) + d 2 from tl1e azide + 

z 
iron (d) charge transfer trlli~sitions. Enhancement of in-plane porphyrin 

and pyrrole-nitrogen - Fe3+ vibrations would not necessarily be expected 

for a z-polarized electronic transition. However, enhancement of out-of­

plane vibrations involving the Fe3+-pyrrole linkages would be expected. 

Unfortunately, the ma):,rni tude of this enhancement is difficult to predict. 

Nb new features which might be due to out-of-plane vibrationS of the 
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heme are observed in the Raman spectnnn of MetHb N;. The vibration of 

the Fe-N3 linkage is expected tb be the major vibration enhru1ced in an 

alu or a2 + d 2 transition since the azide is bound by the d 2 orbital 
u z z 

of the iron. 

A charge transfer transition from the azide to the d orbitals of 

the iron would be expected to enhance the Raman peak due to the 

vibration of the Fe-N3 linkage. However, internal vibrations of the 

N3 might also be expected to be resonance-enhanced, since an analogous 

enhancement of pyridine vibrations occurs upon excitation into a Fe2
+ + 

0 2+ 
pyridine charge transfer band at 4765 A in pyridine complexes of Fe 

mesoporphyrin IX (Spiro and Burke, 1976). Raman spectra of .MetHb N3 

with lower concentrations of N; (0.04 MO show spectra similar to Fig. 

2. The only difference is the disappearance of the 1344 cm-l peak, 

due to free N3 present. There is no obvious enhancement of internal 
0 

azide vibrations upon excitation in the charge transfer band at 6400 A. 

However, from X-ray crystallographic studies of HetMb 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 synnnetric and anti-synnnetric 

vibrations of the N3 are at a 111° angle to the z-polarized electronic 

transition. Thus, these azide vibrations may not couple well with the 

z-polarized charge transfer transition. It is difficult to predict the 

enhrulcement 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 
z 

of the iron. The transition, which 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 ~etHb the pK for the displacement of the axial 

coordinated water by a( is 8. OS (Antonini and Brunori, 1971). Thus, 

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

OH-. In contrast ·to MetHb N3 which is predominantly low-spin, HetHb OH 

exists in a spin-state equilibrium with comparable concentrations of the 

high and low-spin forms (Antonini and Brunori, 1971). 

Fig. 5 shows the resonance Raman spectrum of Met.% Ofl at pH = 11. 06. 

The daminant features in the spectrum occur at 497, 755, 1555, 1587 and 

1634 em-1. A number of differences appear between the resonance Raman 

spectrum of MetHb OH- and .tv~tHb N3. The 413 em -l peak is absent in the 
- -1 
latter, but -there is a new peak at 497 em . An examination of the 

absorption spectrum and the excitation profiles in Fig. 6 indicates that 

the 497 em-l peak is in resonance with the shoulder at 6000 A in the 

absorption spectrum. The other Raman bands at 353, 755, 1555, 1587 and 

1634 em-l increase in intensity as tl1e excitation wavelength decreases, 
0 

indicating that they are resonantly enhanced by the 5700 and/or 5400 A. 

absorption bands. 

The unique enllancement of the 497 cm- 1 band by the shoulder at 6000 A 
is similar to the selective enhancement shown by the 413 cm-l Raman peak 

- 0 

in the charge transfer band of }.~tHb N3 ·at 6400 A. To determine whether 
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-1 the 497 an peak results from the Fe-0 stretc.1., MetHb was freeze-

dried and redissolved in H2
16o and H2

18o (95% enriched in 180, Bio­

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

resulting solutions was titrated at ooc with a small amount of a 30% 

solution of Na16oH in H/6o. Fig. 7 shows the resonance Raman spectra 

of MetHb 18oH- and MetHb 16oH- excited at 6004.7 A. The 497 an-l 

peak lvhich appears in the spectrum of MetHb 16oH- shifts 20 an -l to 

lower energy following substitution of 18a1-. The increased background 

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 hannonic oscillator model, the energy shift for the 497 an-l 

peak is 2 an-l less than the 22 an-l shift expected if this vibration 

were due to a pure Fe-0 stretch. The enhancement of ~1.e Fe-0 stretch 
0 

at 6000 A and the lack of observable excitation profile maxima for the 

other porphyrin macrocyclic modes in this region suggests that the 
0 

shoulder of the absorption band at ca 6000 A is a pure charge transfer 

* transition which is not mixed with the TI + n transition. In addition, 

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

to the assignment of the 413 cm-l peak in MetHb N3 to the :e-azide 

stretch. The similarity between the excitation profiles of MetHb N3 

and ~~tHb OH suggests that the electronic transitions are similar 

charge transfer transitions, and predicts that the shoulder at ca 6000 A 
in JvtetHb OH- is z-polarized. 

Another difference between the resonance Raman spectra of f.!etHb N; 

and f.IetHb OH- oq:urs between 1550-1640 an-l The spectrum of MetHb N3 

excited at 5590.8 A shows intense peaks at 1640 and 1586 cm-1 , indicating 

ll 
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that the iron is low-spin. The spectnnn of MetHb OH- shows peaks 

appearing at 1634, 1587 ru1d 1555 em-1. In addition, a shoulder 

appears at ca 1605 em -l The peak at 15.8 7 em -l is indicative of 

the low-spin state of iron; while the shoulder at 1605 and the peak 
-1 at 1555 em suggest not only the high-spin state of iron, but of a 

high-spin state similar. to that of MetHb F- and l\1etMb F- (Spiro and 

Bu!ke, 1976). The simultaneous appearance of peaks which are markers 

of the high and low-spin forms of hemoglobin suggests the existence 

of two forms of MetHb OI·C in solution. 

Spectra similar to Fig. 5 between 1200-1700 cm-l have been obtained 

by Ozaki et al. (Ozaki, et al., 1976) in their study of the pH dependence 

of the resonance Raman spectnun of MetNb. As the pH is increased from 

7 to 11. 6, the acid form of Met:tvfu is converted to l\Ietl\fu 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 ratio of intensities 

of the 1581 em-l to the 1561 em-l band increases, indicating an increase 

in the concentration of the low-spin form. The presence of bands 

characteristic of the high and low-spin forms of iron at pH = 11.6 was .. 
interpreted by Ozaki, 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 f•IetHb, suggested that a thermal equilibrium exists between the high 

and low-spin forms of t>tetHb OJ(. They estimated that between so~o and 

55% of MetHb 01-( exists in the low-spin form at room temperature. By a 

comparison between the absorption spectra of various high and low-spin 

derivatives of l\~tHb and other heme proteins, Georg~ et al., proposed 
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that the absorption spectnnn of MetHb OH- was due to the overlap of 

the absorption spectra of the individual high and low-spin forms, and 

that the high-spin form absorbed at longer wavelength than the low-
0 

spin fonn, contributing most of the intensity to the shoulder at 6000 A 

in the absorption spectrum (Fig. 6). 

The excitation profile measurements in Fig. 6 indicate that with 
0 • -1 

excitation at 6196.0 A, the ratio of intensities of the 1555 to 1587 em 

peak, R (R = !(1555)/!(1587)) is 'V 2.1. As the excitation wavelength 
0 

decreases R becomes smaller, equaling 'V 1.5 at 6000.9 A and 'V 0.8 at 
0 

5849.9 A (Fig. 6). Thus, the Raman data are consistent with the 

existence of t\vo fonns of MetHb OI-( in solution. Further, the increase 

of R at longer wavelength indicates that the high-spin form absorbs 

at longer wavelength than the low~spin, in agreement with George, et al. 

(George, et al., 1961). Yamamoto, et al., proposed that R reflects the 

relative concentrations of the low and high-spiri forms of the heme iron 

(Yamamoto, et al., 1973). However, while 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 wavelength. Thus, a quantitative. calculation 

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 shm.,rn inthe excitation profiles in Fig. 6, only 
0 

the 497 cm-l peak shows an intensity ma.ximum between 5849.9 and 6196.0 A. 

Although the intensity of the 1555 cn-l peak is greater than the intensity 

of the 1587 
-1 0 

em peak for excitation wavelengths above 5900 A, both the 

.I 

, . 
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-1 
1555 ru1d 1587 em peaks appear to be in resonance with an electronic 

0 

transition below 5850 A. 

The data support George et al. in their conclusions that two forms 

of MetHb OH- exist in solution, with the high-spin form absorbing at 

longer wavelength. The selective enhancement of the 497 cm-l feature 

and the lack of an intensity profile maximum for the 757, 1555, 1587 and 

1638 em-l peaks at 6000.A suggest that the electronic transition at 
0 

6000 A is a charge transfer transition. The selective enhancement of 
0 0 

only the Fe-axial ligand vibrations by both the 6000 A and 6400 A 

absorption bands of P.IetHb OH- and MetHb N3 suggests a similarity 

between these electronic transitions. 

MetHb F 

In contrast to MetHb N; which is predominantly low-spin and 

MetHb OH- which is in a thermal spin-state equilibrium, MetHb F- is 

high-spin (Antonini and Brunori, 1971). Fig. 8 shows the resonru1ce 
- 0 

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 -1 em • 

The higher frequency region of the Raman spectrum shown in Fig. 8 

(> 700 cm-1) is qualitatively similar to previously reported spectra of 

~tHb F (Strekas, et al., 1973). In contrast .to the .Raman spectra of 
- ' - -1 

MetHb N3 and Me'tllb OH , which show peaks at 413 and 497 em , an intense 
' -1 

doublet appears at 443 and 471 em . An examination of the excitation 

profiles and the absorption spectrum of ~IetHb F- shown in Fig. 9 reveals 
, -

a very complex behavior for mru1y of the Raman peaks of MetHb F . The 

two peaks at 443 and 471 cm-1, which are polarized, appear to be in 
0 

resonance with the absorption peak at~ 6000 A. However, it should be 
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-1 noted that the 443 on peak shows an intensity maximwn at a somewhat 
-1 

higher wavelength than the 471 ern peak; and at excitation wavelengths 
0 -1 . -1 lower than 6080 A, the 4 71 on peak is more intense than the 443 on 

peak. The appearance of the 443 and 471 on-l doublet is not unique 

to Metiib F- and is not due to the quarternary structure of the Hb. 

Resonance Raman spectra of .MetMb F- and ~1etHb. F- are almost identical, 

with the doublets appearing at essentially the same frequency (± 3 C:rn- 1). 

In view of the enhancement of Fe-axial ligand vibrations by the 

charge transfer bands of MetHb N3 and MetHb OI-(, and the fact that 

intense vibrations between 400-500 ern -l have not been observed for any . · 

rnetalloporphyrins other than MnETP F-, Meti-Ib N3 and MetHb OH-, it is 

tempting to assign the 443 and/or 471 cm-l peaks 'to the Fe-F- stretch. 

However, Ogashi et al. in their IR studies of rnetalloporphyrins, · 

assigned an Fe-F- stretch m ferric octaethylporphin F- to a band 
. -1 . 

at 602 ern (Ogash1, et al., 1973). The evidence for this assignment 

was the selective appearance of this peak in the F complex and an 

isotope shift on substitution of 56Fe for 54Fe. Kincaid and Nakamoto 
. . -1 

observed the appearance of a 600 ern peak in the resonance Raman 

spectn.un of the F- complex of ferric octaethylporphin. The 600 cm-l 

peak shifted to 596 crn-l following isotopic substitution of 56Fe for 

54Fe (Kincaid and Nakamoto, 1976). Recently, Spiro and Burke (Spiro 

and Burke, 1976) observed the selective appearance of a 580 cm-l peak 

in the resonance Raman spectrwn of the fluoride complex of ferric 

rnesoporphyrin IX dimethyl ester. 

However, the environment of the iron in MetHb F is much different 

from that in fluoride complexes of non-protein bound rnetalloporphyrins. 

• 
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In Metllli F- the high-spin iron is constrained by the proximal histidine 

to lie out of the heme plane on the side opposite the fluoride (Deatherage, 

1976). The steric non-bonding interactions ~etween the charge cloud of 

the F and the porphyrin orbitals would be expected to cause ti1e Fe-F-

bond length to increase compared to that of a non-protein bound ferric 

porphyrin fluoride complex, resulting in a decrease of both the bond 

strength and the vibrational frequency. 

The existence of two polarized, closely lying peaks which have 

similar excitation profiles suggests a correlation between them. 

Although any assignment of these peaks fs· 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). 

Deatherage observed the presence of an additional feature within the 

heme cavity which l1e proposed to be an H20 molecule stabilized in the 

heme cavity by hydrogen bonding to the fluoride ion: The magnitude 

of the feature 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 cm-l doublet are 

possible. One of the peaks might result from the vibration of the 

imidazole of the proximal histidine against the iron. Tne doublet 

could result from a vibrational mode of the metalloporphyrin. However, 

no reports of intense porphyrin Rmnan bands between 400-500 cm-l have 
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appeared in the literature. Additional experiments on model systems are 

necessary to assign the 443 and 471 cm-l doublet conclusively. 

Measurements of the resonance ~n spectrum of the fluoride complex 

of N-acetylated heme octapeptide from cytochrome c 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 cornplexed to the peptide by the imidazole group 

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 

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 cavities, the resonance Raman 

spectrum of the octapeptide should show only one peak due to the axial 

fluoride ligand. 
-1 In addition to the 443 and 471 em peaks a weak, polarized Raman 

peak at 347 cm-l appears to be in resonance with the 6000 A absorption 
0 

band. The vibrations which show their maximum intensity at 6250 A occur 

at 1610 (dp) and 1550 (dp) cm-l (Fig. 9). Since thes~ peaks are 

depolarized they are either of B1g or B2g symmetry in the D4h point 

group. However, the 760 cm-1 (dp) and 1217 cm-1 peaks each show a very 

broad excitation profile, suggesting that the excitation profiles (Fig. 
0 

9) may result from the overlap of two maxima at 6000 and 6250 A. Weaker, 
-1 anomalously polarized peaks at 1345 and 1431 em appear with excitation 

0 

at ca 6000 and 6250 A. However, these peaks are not observed with 
0 

excitation between 6080.8 and 6150.0 A. -1 The 1217 em peaks show a 

depolarization ratio, p, of 0.62. For the D4h point group theory predicts 

• 
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(Chapter II) that vibrations of A1 symmetry have p = 0.125, those of 
g . 

A2g syrmnetryhave p =co, and those o~ Blg or B2g have p = 0.75. Thus, 

a depolarization ratio intennediate between 0.125 and 0.75 suggests an 

overlap of an A1 vibration with a vibration of B1 , B2g or A2g. TI1us, 
g ' g 

it appears that only depolarized or inversely polarized peaks show an 
0 

intensity maximum at 6250 A. 

Measurements of the excitationprofiles of MetHb F using the 5145, 

5017, 4965, 4880, 4724 and 4579 A lines of an Ar+ ion laser show maxima 

appearing at~ 5080 A for the 760 em-l peak, ~ 4930 for the 1175 
0 . -1 

peak and~ 4960 A for the 1340 em peak (Strekas, et al. 1973). 

-1 em 

Assuming 

that the excitation profile maxima resulted from resonance with the S 

band, Strekas et al. subtracted the energies of the Raman bands from 

the energies of the excitation. profile maxima and predicted tl1at the a 
0 

band occurs at ca 5260 A. In their studies of the resonance Raman peaks 

of bxy Hb excited 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 a band. Peaks at 1640 (dp), 1342 (ip), 

1225 (dp) and 755 (dp) showed relativ~1ynarrow excitation_profiles. 

Verma et al. showed that the l640 (dp}; .1313 (ap) and 1131 (ap) peaks · 

of Cu(II) mesoporphyrin IX dimethylester, and the 1657 (dp), 1305 (dp), 
·:: ... . 

1130 (ap?) and 342 (p) peaks of Ni~mesoporphyrin IX dimethyl ester were 

maximally enhanced at the a band maximum. (Verma et al. 1974). 

The excitation profiles of the resonance Raman peaks of I-1etHb F 

(Fig. 9) show a more complicated pattern, prestDTiably because of the 

complexity of the visible absorption spectTtDTI, which consists of at 

least four overlapping bands (Eaton and Hochstrasscr, 1968). In 
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their measurements.of the single crystal polarized absorption spectrum 

of.MetMb F-, Eaton and Hochstrasser observed that in contrast to MetMb N3, 
which shows a z-polarized transition at ca 6400 A, the entire visiblA 

absorption spectrum of MetNb F- was x,y polarized. However, they noted 

that an inequivalency of x andy polarized electronic t:ransitions 
.. 0 

occurred at ca 6250 A, indicating a splitting of th.e degeneracy of the 

x and y directions. It has been proposed that the complexity of the 

visible absorption spectn.rrn of MetHb F- resui ts from the mixing of 
. * . 

charge transfer bands with porphyrin 1T + 1T transitions to the extent · 

that none of the absorption bands in the visible region can be considered. 

as pure transitions (Zerner et al. 1966; Eaton and Hochstrasser, 1968; 

Smith and Williams, 1970). 
. . . 

Caution is necessary in w~e interpretation of the excitation profile 

data of MetHb F- because of the possibl~ occurrence of interference · 

effects between overlapping electronic transitions which are not 

resolved in the absorption spectn.nn (Friedman and Hochstrasser, 1973; 

Stein et al. 1976). One possible interpretation of the excitation 
. 0 

profile measurements is that the absorption band at 6000 A contains two 
0 

electronic . transitions occurring at 6000 and 6250 A. The only independent 
- 0 

·evidence for the existence of an electronic transition at 6250 A is the 

inequivalency of the x and y directions of the single crystal absorption 

spectra. Since, an inequivalency of the x and y directions occurs at 
0 

6250 A, a description of the electronic transitions in the n2h point 

group is appropriate. In the n2h point group the symmetry of the 

vibrations which.would mix x and y electronic transitions is: 

r X r = rB X r B = r B Thus, vibrations of B
1 

syrrnnetry are 
x Y Zu · 3u· lg · · g 

'\ 
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0 

expected to be enhanced at 6250 A. However, Blg vibrations in the D2h 

point group correlate to B2g and A2g vibrations in the D4h point group 

(Kitagawa, et al. 1975); and depolarized and inversely polarized 
0 

vibrations are expected to be enhanced at 6250 A, in agreement with 

the excitation profile data. None of the polarized vibrations shows 
' 0 

an excitation profile maximum at 6250 A. Instead, the polarized 347, 

443, and 471 cm-l peaks show excitation profile maxima at rv 6000 A. 
-1 . 

The 471 em peak is the most intense feature in the Raman spectrum 
0 

with excitation at 6000 A. 

Eaton and Hochstrasser suggested that the inequivalency of the x 

and y directions results from the splitting of the d , d orbitals of xz . yz 
0 

the iron. However, the enhancement at 6250 A of porphyrin macrocyclic 

modes exclusively suggests that the origin of the degeneracy splitting 

occurs mainly in. the porphyrin macrocycle and is not a result of an 

axial ligand induced inequivalency of the dxz or dyz orbitals. If the 

inequivalency resulted from the metal orbitals, vibrations of Azg and 

B2g symmetry about the metal would be erihanced by terms such as 

< d I ~HQ ld > in the ·polarizability expression (Chapter IV). Thus, 
xz a yz . 

the inequivalency in the x and y directions may result from an inter-

action not through the iron but directly on the porphyrin plane by the 

heme envirorunent. 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 Hexaphosphate· 

Inositol hexaphosphate (HiP), which is lmown to alter the spin-state 

equilibrilDil of MetHb OH- and :rvtetHb N;, appears to convert MetHb F from 

the R to the T form (Perutz, et al. 1974b and c). · Perutz proposes that 

in the T form that iron lies further out of the porphyrin plane. Because 

of the steric interactions of the sixth ligand with the heme plane, the 

frequency of the vibration of the sixth ligand to the iron should be a 

sensitive functi'On of the out-of-plane distance of the metal. Since the 

F- axial ligand. is constrained to interact with the porphyrin n orbitals, 

the Fe-F- bond is like a stretched sping. Any movement of the iron would 

either shorten or lengthen the bond distance. 

In 5-coordinate, high-spin complexes of ferric porphyrins the iron 
0 

lies "' 0. 45 A out of the plane towards the 5th axial ligand (Hoard, 1975). 

However, in MetHb F- the iron lies out of the plane on the opposite side 

frornwhich the F- must bind. The out-of-plane distance of the iron from 
0 

the heme in MetHb F- is 0. 3 A (Deatherage., et al. 1976a; Perutz, et al. 
0 

1974b). Th~s, the iron is displaced a total 0. 75 A behind the porphyrin 

• 

plane in MetHb F- compared to ferric porphyrin fluoride. The "' 100 crn-l ~ 

difference between the Fe-F vibrations in ~1etHb F- and ferric porphyrin 

fluorides suggests that the frequency of this vibration should be a 

sensitive measure of any movement of the iron with respect to the 

porphyrin plane. Thus, IHP was added to solutions of Iv!etHb X- (X = F-, 

01-(, N3) and resonance Rmnan spectra were excited at_ wavelengths which 

maximally enhanced the fe-X vibrations. The addition of HIP to solutions 

of HetHb 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 

·-k ) 
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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 MetHb at pH greater than 7 

(Perutz, et al., 1974c). However, the lack of a shift in the energy of 

the vibrations wl1ich are assigned to Fe-N; and Fe-F- stretching suggests 

that no movement of the iron occurs on the addition of IHP. The addition 

of HIP to f.letHb 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 (Perutz, et al., 1974b). 

Perutz's model predicts a change in the out-of-plane distance of the iron 

f~om the porphyrin upon the R + T transition. 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 that no movement of the iron occurs 

on the addition of IHP, suggesting that either HIP does not induce the 

R +. T transition or that Perutz'smodei is incorrect. However, the 

b~sis for these conclusions rests on the assignment of the 443 and/or 

471 cm-l peaks to the Fe-F- stretch. 

The arguments in favor of this assignment are: 1. The 443 and 

-1 4 71 em · peaks are the dominant features in the resonance Raman spectrum 
0 

of lvletHb F- excited at the maximum of the charge transfer band at 6000 A. 

2. Intense, polarized Raman peaks between 410-500 cm- 1 have been observed 

only in the resonan~e Raman spectra of r.fnETP F-, }.letHb OI-(, MetHb N; 

and MetHb F-, a.r1d only with excitation in the charge transfer bands. 

-1 -
3. The 495 em peak in NnETP F is assigned to an Hn-F stretch (Chapter 

IV). The 497 cm-l peak i..J. illetHb Oil has been shown by isotopic substitution 

to be an Fe-0 vibration. The assignment of the 413 cm-l peak in MetHb N; 
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to a Fe-N3 stretch is supported by the IR assignment of an Fe-N3 
vibration at 421 cm-l (Ogashi, et al., 1973). 4. No feature corresponding 

.. -1 -
to the 600 em Fe-F stretch observed in the IR, and resonance Ra:nan 

s I¥~tra of fluoride complexes of ferric porphyrins is observed upon 

·excitation in the charge transfer band of MetHb F- (Ogashi, et al., 

1973; Kincaid and Nakamoto, 197.6; Spiro and Burke, 1976). 

Conclusions 

The excitation profiles for the 413 and 495 em-1 peaks of MetHb N3 

and MetHb OH- are similar, indicating a similar:l.ty between the electronic 
. -1 

transitions. The Fe-0 vibration in ~~tHb OH- occurs at 497 em , while 

the Fe-azide vibration occurs at 413 em-1. 

It is suggested that the. 443 and 471 em-l peaks enhanced by the 
o· -

6000 A charge transfer bond of MetHb F result from a heterogeneity in 

the heme cavity caused by the presence of an H20 molecule in some of 

the heme cavities. The H2o hydrogen bonds to the fluoride ligand, 

lowering the frequency of the Fe-F- vibration. The enhancement of 
0 

porphyrin macrocyclic vibrations in the 6000 A absorption band suggests 

* a substantial 'IT -+ 'IT contribution ... The lack of an effect of iHP on the 

resonance Raman spectrum of the a1-, N3 ~d F- complexes of MetHb suggests 

that there is no movement of the iron with resp~ct to the porphyrin 

plane. Either, IHP does not induce the R-+ T transition or L~e trigger 

mechanism proposed by Perutz is incorrect. 

A comparison of the extended x-ray absorption fine structure 

spectrum (EXAFS) of deoxyHb A \vith that of DeoxyHb Kempsey led Eisenberger 
0 

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, et al., 1976). Hb Kempsey has a mutation which eliminates 

a hydrogen bond across one of the a and S subunit interfaces in the deoxy 

quarternary structure, causing deoxytfu Kernpsey to existsolely· in the high 

affinity quarternary form. The EXAFS spectrum of deoxyHb Kempsey is 

almost identical to that of deoxyHb A indicating that no significant 

structural changes occur about the iron atom. Thus, both EXAFS studies 

of deoxyHb and resonance Raman .studies of the or(, F- and N; complexes 

of I~tHb suggest that no movement of the iron occurs between the R and 

T forms. 

What causes the differences between the ligand affinities of the R 

and T quarternary forms? Possibly a steric effect of the protein on 

the heme is involvedwhichdecreases 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 then inter-

actions between the porphyrin macrocycle and the surrounding protein 

matrix ~ell and Caughey, 1976), leading to changes in the electronic 

structure of the porphyrin, concomm.itant 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 of these effects. However, it is possible that the excitation 

profiles may contain some information on steric and n non-bonding 

interactions beb,reen the protein and the heme or both. Polarized single 

crystal absorption spectra and the excitation profile data (Fig. 9) both 
- 0 

indicate an inequivalency of the x and y directions of MetHb F at 6250 A. 
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If the inequi valency of the x and y directions results from non-bonding 

interactions between the heme and the protein, changes in the excitation 

profiles upon the addition of II-IP may monitor changes in the interactions 

between the R and T quarternary forms. 

, Resonance Raman spectroscopy has potential for probing the inter­

molecular interactions of complex systems. However, the selectivity 

of the technique also implies a limitation, because only vibrations 

which are coupled to the resonant electronic transition are enhanced. 

Thus, to obtain information on a particular region of a molecule, 

excitation must occur within an electronic transition coupled to the 

vibrations of the atoms in that region. Resonance Raman spectroscopy 

is a relatively new technique. As the availability of tunable lasers 

increases, the value of the technique will increase. This spectroscopic 

technique has potential to help solve many of the outstanding problems 

in biology. The potentia 1 ability to study molecules in situ makes the 

technique even more valuable. 

.. 
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