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Lawrence Radiation laboratory 
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ABSTRACT 

UCRL-178S3 

In order to 5 tudy the 1 n fl uence of porphyri n-type 1i gands on the 
, . 

chemistry of transition'metal ions, the behavior of manganese tn che-

lates with phthalocyan1ne. methyl pheophorbide-!.. etioporphyrin I -- :":,' 
"'/ '," 

members of three distinct classes of porphyrins .- has been 1nvestigat,e~.' 

Oxidation and reduction reactions of the methyl pheophorbide-a 
, -

and etioporphyrin complexes have been studied both in solutions and 

in the solid state. The compounds are light sensitive: the chelated 

manganese(III) is reduc~d to manganese(II) under irradiation by white 

light. (Methyl pheophorb1de-!)manganese(IV) has been produced. Its 

reductton has been studied to learn whether this reaction can serve 

as a model for the mysteriOUS but crucial role of manganese in photo'.. 

synthetic oxygen evolution. However. no formation of free oxygen was 

detected. 

Adducts w1th pyridine acetic acid, water. and other vapors were 

studied using a quartz helix microbalance which \'Ia5 designed so that 

atmosphere and temperature could be controlled. One pyridine per 

manganes~ is strongly bound and another weakly adsorbed by ll-oxobis 

(phthalocyan1noman\lilnese). ill agreement \-/ith the structure of this 

compound which was determined by Vogt and co-workers (Voqt, lalk1n 
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, , 

and Templeton, Science. ill. 569 (1966)., . Similarly, etioporphyrin I 

~¢etotatoman9anese(III). with a single v8cantllx1al coordination 
" ,: 

'Pos'ition~,fbrms 1:1 adducts with pyridine, acetic acid, or acetone. 

Phtha1ocy'an'inomanganese(II) adds two equivalents of pyridine, in a" 

reaction whose rate depends on the history of the sample. 

;".' ' 

The electron paramagnetic resonance of phtha10cyaninomanganese(II). 

the only eas fly prepared manganese( II) compound, among those stud1 ed. 

.\" \ 

'" has 'been investigated in glasses ~t 90oK. ,The manganese appears to 

~, , '. 

'~. " ... 

.' '~:.'. . 

' ... 
" 

'. ' 

be in its rare low-spin state (S = 1/2) and shows anisotropic hyper

fine and spectroscopic sp1 itting ten,sors: A = 151 x 10-4• B a 25 X 

1 -4 .. 1, 1 90 ' 2 16 ", 0 cm ; 9 .. a • ,9.1. III. • The l:'npaired electron is probably' 

in the dXY orbital of man9anese.' The energy ordering of levels h 

believed to be dxz ' dyz ~ d x.y ~ dz2 <dx2_y2. 

': 

'j, 

", ;,. , , 

'. i' 

A . ' 
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I~ INTRODUCTION 

Hemoglobin transports oxygen in the blood. ' Chlorophyll not 

only giMes green plants their color, but also traps light energy to 

make photosynthesis possible. These vital compounds are the most 

famous members of the large and wide-spread family of porphyrins, 

which are macrocyclic tetrapyrrole pigments. Other members playa 

var1ety of biological roles: Hemes, iron porphyrins related to that 

in hemoglobin, are the acti,ve agents of many of the electron-transfer 

enzymes, Ooporphyrin tints eggshells; turacin colors the wing 

feathers of the Turaco bird. 

The porphyrins are important for their inorganic chernistry,'as 

well as for ,their biological functions, because they form square 

planar.coordinat10ncomplexes with transition metals. These com

plexes are often extremely stable; the association constant of iron 
" 

in hemes is about 1030 , 'and vanadium porphyrins have been found 1n 

ancient oils. Those metal ions which tend to be six-coordinate may 

readily add or exchange axial ligands without disturbing the chelate, 

and again a dr,amatic example is the oxygen-carrying ability of fron 

in hemoglobin. 

Manganese too is essential in certain biological processes, al

though ~t is usually necessary in such small quantities that its 

precise role has been harder to define. Manganese deficiency hinders 

the production of oxygen by plants (see for instance Tanner !liL .• 
1960). The smallest unit that can perform photosynthesis. known as 

the quantasome. contains two man9anese atoms (Park and Biqgins. 1964). 



,. ,") . 
, , 

-2-

The manganese, appears in the intractable protein fraction, and has 

so far frustrated all attempts to discover its molecular environment. 

Several enzymes are specifically activated by Mn2+. We know 

very little about the surroundings of the manganese in the enzymes,' 

b~t it is almost ~ertainly chelated (Marte~l and Calvin, 1952, p. 401 

ff.). Red blood cells incorporate manganese when in the body (though 

oddly, not 1n a tQst tube), binding it very tightly in a compound 

wh1ch is isolated with crystallized hemin. Oorg and Cotzias (1958) 

suggest that the manganese is present as a porphyrin comple~, but do 

not speculate on 1ts function. 

Elvidge and Lever in 1959 reported that'a manqanese complex of 

phthalocyan1ne ... first cousin to the porphyrins--could produce oxygen. 

Since then several man-years have been devoted to the study of various 

manganese porphyrins 1n the Chemical Oiodynamic~ laboratory (Engelsma 

et a 1., 1962 j Ca 1 v 1 n', 1965). Wh 11 e no evi dence has been found for -- . 

oxygen formation, even 1n Elvidge and lever's system, we have learned 

much about the coordination chemistry, redox behavior. and electronic 

structure of these che1ates. In this dissertation I will discuss 

some progress in each of the areas menti on'ed. 

, STRUCTURE. AND NOMENCLATURE OF THE PORPHYRINS 

Porphin is a fully conjugated macrocycle which contains four py

rrole rings (Fig. I-1a). Any compound having this basic structure is 

called a porphyrin. i1any of these substances \'lere discovered in 

nature long before the1 r compos i ti on was kno\4/n. and were named for 

where they occur (ooporphyrin, found in eggs) or for some property, 

particularly color {chlorophyll, 11ght qreen; rhodoporohyi"in, rose 

.' .\../ 
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a) 
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b) 
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XBL 678-6132 

Fig. 1-1. Porphins. a) the parent molecule porphin. showing the 

numbering system conventionally tised for naming porph~rins. The 

dashed lines indicate possible hydrogen-bonding. b) etioporphyrin 1 

manganese(II). The "1" refers to the alternate ordering of methyl and 

ethyl groups around the ring. 
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'red; porphyrin. from the Greek "porphyra lf
• purple), The trivial 

names make it d·ifficu·1t to visualize the relationships among the 

porphyrins D but there is a. reason for .continuing to use them instead 

of systematic names. One of the simplest substituted porphyrins e " 

etioporphyrin I (Fig o .I-lb). is properly 2,4.6.S .. tetraethyl. 

1.3.5.7-tetramethylporph1n, and more complicated compounds have 

correspondingly intractable names. 

\ The substituted. fully unsatljrated molecules like those in 

.' i 

Fig. 1-1 are a class of porphyrins properly called porphins. but 

often known simply as porphyrins. The most important class of di· 

hydroporphyrins, which have a single saturated bond in the ring. is 

the chlorins. In Fig. 1-2 15 shown a well-known chlorin: with M .. Mg 

and R .. phytyl, the chain of a ·long organ1 c alcohol, this. is chloro

phyll-a. One of the compounds which we have studied, (methyl pheo-
. - , 

phorbide-a)manganese', 15 just the same molecule with R :I methyl and - -
M .. Mn. As usual, the trivial names conceal the relationship beb/een 

the compounds. 

Azaporphyr1ns are formed by replacement of one or more of the 

bridge carbons by n1trogens. Tetrabenztetrazaporphin, better knm'ln 

as phthalpcyani~e. is a synthetic dye with a spectacular blue color. 

A mangllnese(I1I) complex of phthalocyanine. in which t\1/0 of the' . 

planar rnoc1ties are joined by an oxygen atom, is illustrated in Fig. 1~3. 

Neutral porphyrins contain blo p'rotons attached to the central 

nitrogens. possibly with some hydroaen bond1ng l a~ indicated in 

F1 g. 1 .. 1 a. The terms "free-base lt and "metal-free" porphyrins are 

often used to distinguish the prirphyrins from the metalloporphyr1ns, 

in which the hydrogens are replaced by metal ions. 141th a fp.I'I 

/. 
OJ 
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.! H 

Fig. 1-2. Chlor.ophyll-~: 

N 
/ 

/ 

o 

XBL 678-6133 
M = Mg. R • phytyl (C

20
H
39

); 

(Methyl pheophorbide-~)manganese: M = Mn. R= methyl. 

Only one of the possible resonance structures is shown. 



,:\' < 

Muil·8465 

Fig.I-3 e Molecular structure of ~-oxObis(phthalocyaninomanganese). 

(Vogt. Za1kio and Templeton, 1966 u.1967). 
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exceptions. for instance the d1beryl11um and d111th1um compounds ,a 

single metal ion occupies the. central hole in the porphyrin and is 

bound equally by all four nitrogens. This important fact is sometimes 

masked by the common practice of i11ustratinq a single resonance form, 

as in Fig. 1 .. 2. There are several ways of naming metalloporphyrins, 

depending mainly on the author's orientations: hemin, iron protopor~ 

phyrin chloride, (protoporphyrin IX)chloro1ron(I~I) are all the same. 

The last style, although more unwieldy than the others, conforms to 

the conventions set by IUPAC for inorganic chemical nomenclature, and 

makes it clear that \lie are dealing with a metal coordination compound. 

We shall often abbreviate the names of porphyrins under dis

cussion. H2Etp refers to etioporphyrin I; MnIIEtP, to (etioporphyrin I)j 

manganese(II); MnIIIEtp(OAc), to (etioporphyrin I)acetatomanganese(III). 

Usually we shall include the oxidation state of the metal if it is 

knO\"n. Ax1al ligands. however, will not always be specified. 

Table 1-1 lists the abbreviations used here. 

Table 1-1 

Abbreviations for the names of porphyrins 

Abbreviation Trivial Name 

Etp Etioporphyrin I 

Pheo f4ethyl pheophorbi de-a -
Pc Phthalocyanine 

PTS Tetrasulfophthalocyanine 

Hm Hematoporphyrin IX 

p (neneral) Porphyrin 

*See Loach and Calvin, 1963. 

Figure 

I-lb 

1-2 

1·3 

* 
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Robertson (1936) determ1nedthe structure of phthalocyanine by 

X;'ray analysis, in a classic triumph for tire method of isomorphous 

replacement" 
. ,.. . 

So fonnidable was the task that until recently no com-

plete three-dimensional analysis was accomplished on any porphyrin o ' 

Since Robertson reported convincing evidence that phthalocyan1ne is 

flat. all porphyrins we~e assumed to be planar. Several studies have 

no\lI proved that. on the contrary. the porphyrin, skel.eton is remarkably 

flexible and will bend or pucker to fit a particular crystall1ne ,form. 

(Webb and Fleischer, 1965. Hamor. Caughey and Hoard, 1965)0 Even in 

'phthalocyanine. the benzene rings can bend away from the.molecuhr 

' .. plane (Vogt. Zalk1n and Templeton, 1966,1,1967) .:Nor":isthe)metal·'ah/ays, 

coplanar with the porphyrin. as the references above show. 

The literature in the porphyrin field is vast, scattered. and 

often conflict1ngo Fortunately it 1ncludes some rather thorough com

. pilat1ons. Falk's monograph. £orehyr1ns aner! f4etalloporphyrins (1964). 

is recommended for its coverage of the general chemistry of these sub-

.' ,', stances and of speci a 1 techni ques for handli n9 them in the 1 aboratory. 

Lever (1965a) has written a comprehensive review of the phthalocyanines. 

* For the structure in F1g e I-3 D each stage of refinement required three 
hours on an IBM 7044 computer (Vogt et al •• 1966). . --

. j, 

\ 
. 1 

! 
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• 
I I • PREPARATIONS, 

A. ETIOPORPHYRIN I ACE~ATONJ\NGANESE(III) 

Etioporphyrin I (0.47 9, 1.0 mmole) and manganese(II) acetate 

(0.63 g. 5.5 mmole) were heated for several hours at about 80° in 

50 ml glacial acetic acid containing B m1 acetic anhydride. Comple

tion of the reaction was confirmed by the electronic spectrum, which 

showed that all of the etioporphyrin was in the form of its ~anganese 

(III) complex. The solution \'las evaporated to dryness and taken up 

in chloroform. The residue. excess man~anese acetate, was filtered 

off, and the filtrate was concentrated to a, small volume. Concen

tration of all chlorofonn solutions was accompfished by using a ro-

tary evaporator at room temperature under vacuum. 

Chromatography ~f the concentrated chloroform solution on a 

, column of activated alumina (Woelm. activity grade I; or t1erck. 

chromatographic grade) showed at least 'three distinct bands. one of 

which was nearly insoluble in'ch1orofonn but soluble in pyridine. 
-

The main. chlorofonn-so1uble fraction was further purified by re-

moving the solvent and then subliming the solid at 350-400°C. in 

v'acuum. This procedure yields MnIlEtpoHOAc; impurities and by

products of the reduction do not sublime with the complex. which 

upon exposure to the atmosphere 1s oxidized to MnIl IEtp(OAc). Prob-

ablY the acetic' acid is liberated during the reduction; as r.1n II Etp 

condenses in a cool part of the vessel, it reabsorbs the acetic acid 

vapor. The infrared spectrum of the compound in air (see Chapter III) 

indicates the presence of acetate as \'1ell as some adsorbed acetic 

acid. 



',' .. 

..... 

.. 10 ... 

",:' "', Calculated for MnIIIEtp(OAc). C34H39N402Hn: C, 69.1; H, 6.7; 

" N-.,';~g.5; O. 5.4; Mn, 9.3%. Found: C, 68.1; HD 6.6; N, 9.7; 0 (by 

difference). 6.1; Mn, 9.5%0 (r·1anganese content was estimated as ash, 

assuming that the ash consisted of Mn30.., only.) Empirical formula:·, 

. :···.·1-' 

"" .1' 

C33H38N402'~n • 

B. (f4ETHYl PHEOPHOflB I DE-a )!:ULOROMANGANESU U.!l 

An early preparation of Mn1IIPheo Qave .8 mixture of the chelate 

and metal·free methyl pheophorbide-!. Since the product was used in 

several experiments, however, the method is described here. About 

25 mg of methyl pheophorbide.! was mixed with a tenfold excess of 

manganese acetate in chloroform. The electronic spectrum agreed with," 

that of methyl pheophorb1de .. ! (Zeiger and Witte 1961), and did not 

change even after long stand1ngand heating. The solvent was eva

porated, and the residue dissolved in dimethylformam1de to wh1ch was 

added some solid NaHC03' Again little reaction was observed until 

the mixture was heated on a steam bath. Water and benzene were now , , 

added, the plan being to extract the chelate and the un'reacted chlorin 

into the benzene layer. Surprisingly, only the methyl pheophorbide-!' 

appeared in the benzene, whereas the water layer exhibited an unfamiliar 

spectrum. To the eye both layers were the same dark qreen. From the' 

water-soluble fraction the 1norganic salts were removed by repeated 

evaporation and dissolution in ethanol. The final alcoholic solution 

was used with~ut further purification. The sample was probably allo

merized (although no accompanying spectral shifts were observed). and 

the methyl ester may have be~n replaced by ethyl. After a more nearly 

plJre batch of r'1n III Pheo was obtained (see below) 1t ''las obviolls that 

\. 

~' .. 
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" the electronic spectrum of this sample represented an approximately 

50:50 mixture of complexed and uncomplexed chlorin. 

A more satisfactory method for preparing MnI11Pheo was a modifi

cation of that described by Loach and Calvin (1964b). Methyl pheo

phorbi de .. a. 110 mg or 0.18 mmo 1 e (Fl uka AG Chemfsche Fabrf k Buchs/SG. -
S\'1ftzerland; "puriss.") \'1as dissolved in a 3:2 mixture of acetic acid 

and acetone •. MnAc2'4H20D 548mg or 2.24 nmoles (r~atheson Coleman and 

Bell. reagent.grade) was added D and the reaction was a11rn'led to 

proceed for four days. The solution \'1as then decanted from the un

dissolved manganese acetate, The solvent was removed by freeze

drying; the residue was extracted with chlorofonn, the resulting 

solution evaporated, and the solid leached with water. The aqueous 

solution was adjusted to pH about 7.35 with KOH and HC1; potassium 

'chloride (Baker and. Adams. reagent) was added to about l~. Instead 

of the hoped-for tra'ctab.le precipitate, a colloid was formed. which 

refused to redissolve o The product was extracted into chloroform, 

. from which it formed an 011 rather than crystals. 

In another attempt. the residue was leached with 95% ethanol 

instead of water. Leaching was done in small batches. and stopped 

when the electronic spectrum revealed that no more chelate was being 

extracted. but only the metal-free pheophorbide-!.The earlier 

fractions. containing Mn111Pheo. and free of most inorganic salts. 

were evaporated down. The residue was extracted with chloroform. 

this solvent removed. and the final residue dissolved in 20t aqueous 

ethanol, from which it precipitated as small, dark green crystals. 

The product gave a spectrum similar to that reported by Loach and 

Calvin. 
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c. (METHYL PHr::OPHORB.!QE"'!l!i~rt.GANESE(lI): . Attempted preparation. i 

Mang·anese acetate and methyl pheophorb1de .. !!. \-/ere placed in a 

cu·vette similar to those illustrated in Fig. IV-l. but with an EPR 

. t·ube as a side-arm, Acetic acid..,act:ton~ (3:2) It#as added and the 

vessel was glass ... sealed. After 38 days in the dark a stea.dy 'state 

had been reached o unfortunately the reaction did not 1]0 to completion. 

An electron paramagnetic resonance spectrum (see Chapter VI) revealed 

.. uncomplexed Mn2+; any resonance from the chelate was too weak to detect. 

TETRASULFOPUTHAlOCYANINOIRON -

...... , 

This compound was prepared by a modification of \~eber and Busch's 

.method (1965). Mr. Bill Hart constructed for us a demountable three

neck boiling flask of about 300 ml volume (Fig. 11-1). Around each 
.-

> , 

' .. 

... half of the flask. near the flanges. \'1as an adjustable hose connector 

to which three springs could be fastened. These springs held the 

flask together. A mi~imum amount of silicone grease was used •. \~ith 

this arrangement, leakage was negligible and the so11d. friable pro

duct could easily be removedG . To one neck of the flask was fitted a 

condenser. on another \'1as a thennometer; the central neck \018S used 

for adding reagents and the rest of the time was corked. 

Twenty ml of nitrobenzene was heated in this flask to about 170°C. 

Ammonium chloride (2 0 35 9. 45 mmole). monosodium 4-sulfophthalate 

.. (21 e6 g. 81 mmole)'. urea (29 g, 490 mmole) D ammonium molybdate (0.37 9. 

0.3 mmole) , and ferrous sulfate. FeS04
6 7H20 (6.7 9. 24 mmole) were 

ground together in a mortar. The mixture was added slowly to the hot 

nitrobenzene. wh.ile the temperature was kept beb/een about 160° and 

'f 

. l 
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Fig. 11-1. Reaction vessel for the preparation of tetrasulfophthalo~ 
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cyanine complexes. The clamps are made from adjustable hose connectors; 

metal-glass contact is prevented by placing asbestos tape under the clamps. 
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• The reacti'on mixture soon became. dark green and viscous. mak1 ng 

temperature control rath~rd1ff1cu1tct NH4Cl tended to clog the con-

. denser; the most satisfactory arrangement was to use a straight~on-

denser and occasionally scrape off the ammonium chloride with a long . ~ 

glass rod. After cooling. the green-black. cinder-like product was 

removed from the fl ask and gt·ound in a mortar o then washed with 

.methanol until the odor of nitrobenzene dfsappeared. The spectrum of 

the green meth~nol extract had a peak at 660 nm. with inflections at 

·630 and 600 nm and huge ultraviolet absorl'ltion. The residue was 

dissolved in 1 11 hydrochloric acid. again giving a green solution; 

sodium chloride was added to salt out the tetrasulfophthalocyaninoiron. 

The spectra of diluted al1qllots of this solution \'1ere taken for com

·parison with the known spe~trum of FeIIPTS as reported by Kobayashi 

et al G (1960): 676 and 633 rim in detergent solutions. The product --
showed a peak at 637 nm with a shoulder' at 676 nm; a broad shoulder 

. centered at around 520 nm. and a very intense absorption around 325 nm. 

'~hen this sample was further df luted t three· peaks of nearly equal in

tensity appeared at 678. 637. and 330 nmo 

A precipitate, formed upon heating the Hel solution, was filtered 

out, an aliquot of the supernatant diluted in water exhibited a spec

tn.m similar to that above. Th~ precipftate was dissolved in 0.1 !i 

sodium hydroxide to give a very deep blue solution, whose main spec

tral peak was at 635 nm., w-1th an inflection at about 580 nm and the 

usual ultraviolet pea.k at 328 nm. There ~'/as virtually no sign of any 

absorption at 670 nme although on further dilution. a shoulder 

appeared at that wavelength. 
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The basic solution was heated to 90Q and immediately filtered. 

A chocolate-colored preci.pitate remained on the filter, and was dis-' 

carded. Salt was added to the solution. After about two hours some 

precipitate had appeared. The solution was again heated to 70-90°' 
{ " 

for about 15 minutes tQ remove ammonia, for which the classic test 

(sme 11) was given. As well as the, odor of ammonia, there was another, 

'yeast .. like odor. Certainly yeast was not growing, in the solution, 

as was confirmed by m1crosc~p1c examination; the cause of the odor 

remains a mystery. Further heating did not remove the odor. 

After storage in the dark for three days, the solution was again 

heated, and the extremely fine precipitate was filtered off. The 

precipitate was dissolved in 0.1 !iNaOH D heated, filtered immediately 

to remove impurities, then cooled and filtered o The process was re

peated twice, at which point f11trationbecame frustratingly slO\.,. A 

rubbery, dark blue pad remained on the filter; this was transferred to 

a beaker and 100 ml aO%,ethanol was added. The remaining precipitate, 

after washing with more 80% ethanol, was Soxhlet .. extracted with abso

lute ethanol. Yield, 5.5 g~ 

Analysis. The 'Chemistry Departmentls Microanalytical Laboratory 

performed analyses for C. H. N. and S. Iron content ,,,as determined 

'* by me by atomic absorption spectrophotometry. The compound is very 

hygroscopic. Found: C, 34.3; H, 2.9; N. a .. 4; SI 9.6; F'e. 4.2%. 

Empirical formula, C301i3aN8S4Fe~ The compositions (C32NaH13Na3S40l2); 

, Fe.3(C2HSOH) and (C32NaU12Na4S4012)Fee3(C2HSOH) fit the data equally 

* . A weiqhed sample was digested in 17:1 HN03 .. UC104 and the resultintj 
solution dl1uted with water. The final solution, WtlS then compared 
with standard solutions of iron s~lts. on the Perkin~Elmer,Model'303 
I\tomic'l\bsorption Spectrophotometer. :1easurements 'I/ere taken at the '. 
248 nm iron line. 



. , .' 

( 

.' . . 

. '" :' well. '. The presence of ethanol. as well as watar D \~as confi rmed by 

mass spectrometry: A \~ei ghed sample of FaPTS was warmed at ~bout 

60-800 for an hour, under vacuum; volatile matter was collected at 

liquid nitrogen temperature. A mass spectrogram of the latter (as, 

vapor) revealed a large amount of \>later and at least one ethanoll 

10 Fe (estimated by peak area). Unfortunately. it is impossible to 

tell from the elemental analysis whether the iron is in the +2 or 

+3 statee 

. E. TETRAStJLFOPHTUALOCYANINOIRON( Ill: 'Attempted preparation. 

,,;;;;' . To an aqueous solution of 1f2PTS (10-3 - 10'"'4 !i) under nitrogen 

.~' .. atmosphere was added FeC1 204.H20 (1.5 .. ,2 equivalents). The'mixture 

was kept and handled under n1tro!)en. After b40 weeks. the water was 

c~aporated off and 95% ethanol added to dissolve any FeIIJPTS, which 

. . .'~ 
Kobayashi and co-workers (1960) report is slightly alcohol-soluble. 

To separate the dark residue from the aqua solution, the mixture 

was centrifuged in a nalgene tube with a close-fitting lid e The 

res1 due was washed two more times. washings v/ere poured into a 

beaker in the nitrogen boxo The product was nitrogen-dried. Spectra 

of both product and washings. in 50% aqueous ethanol, were unmis .. 

takeably that of H2PTS. 

When a large excess of ferrous sulfate was added to a solution 

of H2PTS (the w~5h1ngs from the experiment above), under nitrogen, 

there was a definite change in the spectrum. presumably representing 

format1on of FeJIPTS. Introduction of air, rather surrrfsfngly~ 

caused no alteration in spectrum. When potassium hydroxide was 

added under n1trogen. the solution turned violet; on exposure to 

,. " 

" 

:.: ':c. I'· 
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air, it returned to its original blue color, and thereafter re-

rna 1 ned blue even' 1 n the absence of oxygen.. A sf mil a r effect of 

alkali on FeIIPTS was observed by Glikman and co-workers (1959). \ 
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III.' ELECTRONIC AND INFRARED SPECTRA '. 

OF METALLOPORPHYRINS 

,Porphin and chlorin complexes of manganese(III) exhibit visible 

and near-liltravi 0 let spectra whi ch are quite different from those 

. character-lstic of other porphyrin chelates. The origin' of the anoma

lous "Mn III spectrum" has worried the writer for some time. It is 

so unusual that vie have considered the possibility that the manganese 

greatly disturbs the porphyr'in r'ing. The suggestion was made 

'(t1. Gouterman D pri vate commLinicati on) that the' IIf1nIII. spect.rum" .. 
might instead be du~ to a radic~l cation of the porphyrin, stabilized 

somehO\'1 by the manganese:' Nn II (p+) • 

If the porphyrin were a free radical, its bond o,rders,\i[ould be 

different from those in the n,?rmal porphyrin. Then bond lengths and 
. . 

. strengths would change as well, resulting in ~~ anomalous infrared 

(vibration-rotation) spectrum. But the infrar~d spectrum of 

MnI1IEtp(OAc) is compared i~ S~ction IiI-B with those of other etio

porphyrins, and shows no abnormal features. 

Another critical experiment is the electron, paramagnetic reso-
" 

nance of the compound~ A free radical should show a strong resonance 

signal at 9 = 2.00. HOI·lever'. neHher .t1nIII'Pheo nor t1n III Etp gave any 

signal which could be attributed to ~ radica~ (see Section VI-B). . . 

This n~gative evidence for the MnII(p+) 'agrees with Gouterman's 

later calculations, which als6 ~~)~,o~tthe cation. Another expla

nation for th'e anomalous· spectrum has been advanced. It ''1111 be 

discussed in the next se~tion I along with a gerieral background of the 

theory of porphyrin spectra. 
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A. ELECTRONIC SPECTRA 

I. ~ eoreh,\!rins and similar compounds have distinctive electronic 

. spectra. with strong absorption extending from the near ultraviolet 

region through the visible, and in some cases into the near infrared 

as well. The visible bands give porphyrins their deep and often 

beautiful colors. and make the phthalocyanines valuable dyes. 

An extremely strong band (e > 105) at around 400 nm* is character-

.1stic of porphyrins; it has been named for Soret, who discovered it 

in 1883. In the 500-600 nm region appear weaker bands (t ca. 103_104) . 

which arc sensitive to the symmetry 1n the center of the molecule: 

Only two bands (one electronic transition with a vibrational side~ 

band) are seen 1n this region (Fig. tII-3) for the centrally square, 

or 04h' metalloporphyrins (see Fig. 111-1). The electronic transi

tion splits 1n the neutral porphin, which contains two protons in 

the center and hence has the lower symmetry 02h (F1q. III-ld). Of 

the four peaks observed, as shown 1n Fig. 111-2. bands I and III are 

the 0-0 vibrations of the two electronic transitions,while bands II 

and IV are their respective 0-1 vibrational peaks. 

The natures of the coordinated metal and of peripheral substi

tuents affect intensity and energy of the Soret and visible transi

tions, but with few exceptions do not change the qualitative picture. 

Only in manganese(III) porphyrins does the Soret band split widely** 

(see for instance. Fig. IV-2) • 

. *Follow1ng IUPAC convention. we will use the tem nanometer (nm) 
rather than mlJ. 

**The Soret band is also split in the triplet-triplet spectra and in 
the radical ions--both of \'Ihich are ohtained only under special con
dit1ons .... and to a very small extent in extremely assymetric porphyrins. 
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Fig. 111-1. Central structure in the porphyrins. In a}. b}. and c) 

th.e symmetry is D4h • d) has D2h symmetry. 

a) Metalloporphyrin. b) Porphyrin di-anion. c) Porphyrin di-cation. 

d} Neutral porphyrin molecule. 
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F.i9. 1II-4. Energy diagram for porphin and itsmanganese(lI) and 
manganese(III) chelates. The solid arrm'l indicates the Soret transi
tion:; the dashed arrow, the resonance transitiOn which occurs in the 
manganese{III) compounds. The MnJ+ levels are schematic only (M. 
Gouterman, private communication); the others are ~,s calculated by 
lerner. Gouterman and Kobayashi (1966).,::,) 
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" .; ;~ .' .. ·PorphYr1ns contain a large pi-electron system which is cab-

;,: . 

. ,": " 

condensed: rings within the ring. The pi electrons can move over 

the entire porphyrin skeleton in molecular orbitals. Transitions 

among these molecular orbitals are responsible for the observed 

electronic spectra. The complicated nature of the system. the bio- .' 

logical importance of the hemes, and the \,Iealth of available spectral 
. 

data have challenged theoreticians to elucidate the electronic 

structure of porphyrins. Successive refinements in the theory have 

brought it ever closer to the .. truth"--that .fs. to a correct pre

diction of the electronic spectra. Early work on the subject is 

mainly of historical interest; recent calculations are highly 

technical and would take more than the available space to cover 

thoroughly. The most extensive investigation has been made by 
. * Gouterman and co-workers. and thei r perti nent resul ts will be 

'\ .. 'I .. ' . briefly s·urrmarized below. We must warn the reader, as they do, 

that the theory is still far from perfect, and that the results 

must be taken \iith a grain of salt. 
.":,, 

The spectral bands are gen~rally due to transi,tions between one 

of the top two filled orbitals and the two (degenerate) 10\tlest empty 

, molecular orbitals. Goutennan (1961) has illustrated and discussed 

these orbitals. Suffice it here to say that the Soretband {al u• eg}** . 

* 

involves a movement of electrons toward those atoms nearest a che-. 
lated metal (the pyrrole nitrogens and bridqing atoms), while the 

These authors have produced a monumental series of papers, of which 
Paper IV (Zerner and Gouterman, 1966) explores several transition 
metal complexes, including that of manganese. Paper VIII (Zerner, 
Gouterman and Koba.vashi, 1966) is also pertinent, although limitect 
to the iron complexes. 

** Symmetries are those for the 04h pOint group. 
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visible bands (a2~+ eg) move electrons away from these atoms. The 

calculated ordering of the orbitals is shown in Fiq.III-4. Symme

try considerations allow the metal dxz ' dyz (eg) orbitals to mix with 

the excited porphyrin state~ The only other metal orbital with the 

proper symmetry and anY\'i'here near the ri ghtenergy to mix wi th a 

porphyrin pi orbital is 4pz (a2u) which has the same synmetry as the 

next-to .. top filled porphyrin level. There' can also be some mixing 
\ 

between d orbitals and the .nitrogen sigma orbitals. but these are . . 

not closely coupled to the pi sy~tem •. The electrO'nson 'most metal s 

studied"-linc is an except1on--remain isolated from the porphyrin 

system to a surprising degree. 

Thus a chela ted metal chiefly affects the porphyrin spectrum 

by making the molecular' center square. while the two hydrogens in 

the free porphyrin cause a small distortion into a rhombus. The 

spectrum is that of ' a squared porphyrin (compare Fig. IIT-lb.c) 

slightly per~urbed by the presence of the metal. Because the metal 

orbitals do not interact extensively with those of the lig~nd. 

they do not affect a qual'ftative description of the spectrum. We 

cannot even observe their dad transitions. which are so important 

in the spectra of many complexes. because the porphyrin bands occur 

in the same energy range and are at least 1000 ,times as intense. 

2. Manqanese(III) complexes. Why then dOes manganese(III) have 

such a profound effect on the spectrum? Accord1nq to r,outerman 

(pr1vate communication) its uniqueness seems to stem from the 

energy of its dXZ,yz level, which is of eg symmetry. There are of 

course many filled pi orbitals in the porphyrin system. some of 

which are of a2u sYl111oetry. as is the next-to-top filled pi level 
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:;: . (Fig. 1II-4). The transition between the highest a2u orbital and 

: . 

",.; . l~~ 

the excited pi state eg gives rise to the Soret band •. By chance 

another orbi ta 1 \,/hi ch we sha 11 calla' 2u is lower than dxz ,yz by an 

energy very close to th~t of the Soret transition. Since a'2u ... , .

eq(dXZtYZ) has the same symmctr,Y properties as a2u ... eg(1l0, and the 

transition energies are ,nearly equal. a resonance occurs. l~hat' 

happens is a special case of two accidentally degenerate states: 

the states mix and their energies split. I am indebted to D. T. 

Phillips for the following phenomenological treatment of the problem. 

Consider two electrons, each of which has two possible states: 

Location State EnerQ~ 

Electron 1 :1n 1 ts ground state --- ring 9 l~g 

Electron 1 in its excited state _e. 
# 

ring e \II e 
Electron 2 in its ground state --- ring G ~IG 

Electron 2 in its excited state --- Mn E ' WE 

\~p. assume that the energy d1 fferences between ground and exci ted 

states are equal: 

then, 

so that there are ~wo states of the total system with the same enerqy . 
--either electron 1 or electron 2 excited, and the other in its ground 

state. The total wave function is 

~ a Cj 1 eE > + C2 eG > + C3 I gE > + C4 I qG > 

Let the Hamiltonian be 

H = Ho + £ u· 

.' l'!li" 

, .' 

. , 

, i 
! 

" I 
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where Ho contains the energies of the single-electron states and c \1* 

corresponds *0 some interaction v/hich could lead to energy exchange 
, 

bet\'/een the tl</O electrons. To find the possible states of the SY5-

tern, let 

H ¢ = W ¢ • 

C3 I gE > + (Wg .+ WE) C~ I gG'> + eC2 I Ge > + e C3 1 eG > 
. . :' 

=, W (Cl I eE >~ ~2 t eG > + C3 I gE > + C4 I 'gG » 

Equating coefficients of each state gives these equations: 

W Cl = (We + WE) C,· 

WC4 ~ (149 ... WG) C4 : 
. , 

, , W C2 = (l~e + WG) C2 + ,c Ci 
H C3 ='(W9+,WE) C3 + & C2 

, 
. Clearly the doUble excited state and th~ double ground state are 

eigenstates of energy. The other tl'lO eigenstates are: 

'¢ ... \; 2-1/2 ( 

¢. = 2-1/ 2' { 

Their energies are 

eG > + gE > } 

eG > - gE > } 

Wo + c and W - c respectively. 
" 0 

Thus the actidental resonance can lead to excited states with an 

electro'n partly on the manganese, partly-on the ring. That is, the 

states ¢+ and ¢. have partial Mn11p+ character. This partial charge 

transfer in the excited state could have interesting consequences 

for the, chemistry of these compounds. and its implications deserve 

further study. 
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From the ~bserved sp11tting of the Soret band (420 nm in MnIIEtP 

to 470. 370 nm in MnI Il Etp) ~/e can estimate £ as about 2500 cm-1• 

Th'1s treatment is oversimplified. of course, since 1t 'assumes 

exac't resonance. For the more likely s1tuation in which the energy 

differences We - 149 and WE - WG are close but not exactly equal, the 

result is similar but more complicated. In particular, ~+ and ~. 

will no longer be exactly half-'and-half mixtures. 

3. Hanganese(I1) complexes. We should.mention another feature 

of Fig. III~4. the relative energies predicted for the d levels in 

the manganese(II) porphins. Gouterman and his co-workers calculate, 

that (at least in the absence of axial ligands) dxy < ~XZ,yZ in 
- . 

energy. They also suggest that the manganese(lI) should be in the 

unusual intermediate spin state 3/2 (3 unpaired electrons). On the 

other hand, they obtain similar results for the 1ron(ll) complexes 

under the same assumptions (no axial ligands, metal coplanar with 

ligand) but find th.at i~clusion of axial ligands and allo\'Iin9 for 
. ' '" 

nonplanar1ty cancons1derably alter the conclusions. 

t~agneti c suscept1bi 11 ty measurements show that manganese(lI) 

porph1ns tend to have .5 rather than the predicted 3 unpaired elec

. trons. (e.g., Loach and Calvin. 1963). Phthalocyaninomanganese(It) 

in the solid state may have spin 3/2 (t.ever, 1965a; but see ~Ieber 

. and Bu~ch~, 1965). However. Weber and Busch f1 nd that t~n I I PT~· 2H20 

is low-spin with S III l/Z. Our paramagnetic resonance results des

cribed in Chapter VI indicate the same spin state for r'1nPCPYz' and 

also a reversal of the energy levels: dxz •yz < dXY in this compound. 

"'Iron may be as far as 0.5 ~ out of the porphyrin plane; see Hoard 
et al •• 19650 --
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Thus calculations based on a simplified model for manganese(II) 

porphin complexes are not borne out by experiments. The postulated 

planar compound may not even exist. and preliminary calculations' 

(Gouterman. private 'communication) sU9gest that the predictions 

could be considerably altered if the manganese is out-of-plane. ,The 
.. 

. phthalocyanine offers further complications. Its 'manganese may be in . . 

the plane as was shown for the s1milar compound {MnPcPY)20 (this 

structure, determined by Vogt !l!lo. is illustrated in Fig. 1.3). 

However. the axial pyridines will raise the dz2 level. and the subs~i~ 

tut10n of nitrogen for carbon at the bridges will raise dXy··perhaps 

" ' enough to effect a cross-over of energy levels. 

A more sophisticated treatment of the electronic structure of 

manganese(II) porphyrins •. along the lines of that done on the iron 

complexes by Gouterman's group, I'lould be most useful. Such a study 

should include the effects of nonplanarity, of axial ligands, and of 

the bridg1ng nitrogen or carbon atoms. 

, 
B. INFRARED SPECTRA OF ETIOPORPHYRI~ AND ITS COMPLEXES 

The infrared spectra of several.metal complexes of etioporphyrin 

and of the free porphyrin. were taken under the sUllervis10n of Akio 

Yamamoto. KBr pellets were exam1ned using the Beckman IR7 spectro

photometer; no attempt was made to shield the samples froma1r or 

moisture while pressing the KBr pellets. A Heckman IR7 spectrophoto-

meter was used i wf th a 1/15" mesh placed f n the reference beam. 

Absorption bands of etioporphyrin and its zinc(!I). nickel(If). 

cobalt(lI) and manganese(IlI) complexes are lixtedifn Table III-l. 

The spectrum of H2EtP is in fafr agreement with that r,eported by 

. Mason (1958). 
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The ~1nEtp(OAc) pellet contains far mor:e water than any of the 

'others, as its strong 3440 cm-1 band sho\1/s. 'Another peak at 1630 cm- l 

is also assigned to water. The water is apparently ~ot bound to the 

manganese, since the bands between about 1000 ~nd 650 cm- l • expect~d 

for coordinated water (Nakamoto. 1963; p.156). are not seen. This 
. " . 

sample also contains weakly adsorbed aceticac;d. as is indicated 

by the band at 1714 cm- l (Sidorov and Teren;n. 1961). Two bands 

which appea~ only in the acetato-m~nganese complex, at 1594 and 

1338 cm~l. are in the proper regions' for the antisymmetric andsym-'," 

"metric COO vibrations, ~espectively. of acetate (Ibid.). ,Another 

unique. but weak. band 'at 1~95 cm- l • has not been assigne~. " 

The unusual e1e~tronic spe,7tr'um of ~a.nganeseOIl) porphyrins' 

, (Sec~ion III~A) rai,ses,,:the 'quest'ion"of \'/hether' the.macrocYcle is' nor-·· 

, , .' malar, say. a radical.' In the latter case, \'Je would'expect' chan'ges .. . . . . 

'. J '. '., 

" , 

-" . .-" 

in bond lengths and a pecu,'.iar infrared spe'ctrum. Som~ of the vibra

'" : ti ons of the pyrro 1 e rings and of the bri dge CH groups' do vary with 

the metal ion (see Table 111-1). However, norie ~f these is excep- '. 
, . ' 

,tional for MnIIIEtP(OAc)', strongly suggesting 't~at the ~o~phyrin ring 

is' normal. r4. Gouterman. and 'P. Offenhartz (private communication) 

reach the same conclusion from .their molecular orbital calculations. 
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Table "111-1 

Infrared absorption bands of etioporphyrin I complexes (3800-680 cm-') 
'.. -. -

. H2Etpc H2EtP ZnEtp NiEtp CoEtp r~nEtp(OAc) Assignments 

3470\'1b 3520wvb 3460\'1b 3500\'1vb 3440sb lattice H~O (OH stretch)9 
3314m 3330\'1 NH stretc c . . 

3200vw 3235vw 3230vw '. 
3155w 3160\-/ 3180'1\'1 

CH deformationc 3100w 3100vw 3120vw 
3052w 3075vw 3050w 3070\'1 3075\-1 3060vw CH deformationc (?) 
3030\'1 
3009w 
2963s 29755 2970w 2960s 2970s 2965vs methyl C_Hc 

I 

2930s 2940m 2930wa 2933sa 2938sa 2925s w ... 
2918s 2920wsh • 

. 2867s 2880w 2870w 2865m 2875s 2865s methyl C~Hc d 
1714w weakly bound HOAc 
1695w 

1670w 1675wb 1670\-Ib 1669wb 1670wb 1665vwsh 
1atti~e H20 (H-O-H bend)g 1625vwb \ 

1630mb 
1610wb . f 

1594wb assym. COO e 
157h/b 1568w . 1550wb -C=C- pyrro1e (?) 

1509w 1498w 1493w 1478m e 1467w 1462s 1463msh 1467msh 1460sh -C=N-
1459 1455mb 1452s 1450s 1454s 1453s 

1408w 
1400 ..... sh 1386s 1393m 1392s 1392m 

=C-N- stretch (?}e 1378m 1373m 1372\ ... 1374m 1 377m 
1348vw 1356\'1sh 1359vw 1362wsh 1358V\'i f 

1338v\'i sym COO 
1316'11 13180 .. 1 

1305V\-1 1308w 1310\'/ . 1312w 1308V\'d 
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Table 111-1 (Cont.) . . '"' 

H2EtPC H2EtP ZnEtp NiEtp CoEtp MnEtp(OAc) Assignments 

1270w 1273w 
1262\'1 1265w 1265s 1266s . 1269s . 1265ril 
1239\'1 1243\'1 c 1221m 1223s 1223s 1233vs 1236vs 1223m in-p1ane.C-H deformation 
1192s 1192s ., 

N-Hc . . 
1143m 1144wb 1150vs 11-495 1151s 1150vs in-plane C-H def. c 

1126w 1132w 1125vw 
out~of-phase breathing 1115s 11155 

110Smsh' 1101s 1107m 1107m 1104m of opposite pyrrolese 
10605 1061s 10585 1057s lJ)59s 10565 

103SV\'l 1028vw 1030v~'1 1030v\" 1025vw 
987m 981m 982\1$ 989vs 991vs 987s' 
98"lw .. 

956m. 9655 968msh 974msh 975m 972m. 
918w 9215 933s 935s 930s 
902m 900m .... ... ~. 

885w 888w 
... 

8375 837vs 835vs 832vs 835vs 835s out-of-pl~ne bridge C_Hc 
796w 808\'1 . 808\'/ 812w 814w 808vw 
760w 768wsh 756s 758m 762m 755\'1 
744s 745vs 737m 730m 739\'1 732m 
730w 733msh 731wsh 124m 

N-H' deformati onc . 722w 721w 
78Rw 713\,/ 712s 711s 710s 711s out-of-phase comb. ofin~· 

plane pyrro1e def. c 
683s 685vs 

Intensities: a. assymetric; b, broad; sh, shoulder; s, stron~H m. medium; 1'1, \'leak; v, very. 
References: c. r'~ason, 1958; d, Siderov and Terenin. 1961; e. Thomas and t'lartell. 1959; f, Bellamy; 

g. Nakamoto, 1963, p. 156 • 
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IV. OXIDATION AND REDUCTION 

The photo-oxidation and photoreduction of manganese complexes 
, 

with phthalocyanine and et10lJorphyr1n I and the influence of solvent 

on the oxidation state of phthalocyaninomanganese were earHer studied 

in this laboratory (Engelsola. Yamamoto, ~1arkham, and Calvin, 1962). 

Similar experiments have now been carried out on various manganese 

porphyrins, and dark reactions with chemfcal oxfdantsand reductants 

have been studied as well. Attempts have been made to detect any free 

oxygen liberated in the reduction of (methyl pheophorb1de-~)manganese(IV). 

A. EXPERIMENTAL 

Reaction Vessels. The vivid and.distinctive colors of porphyrins 

.. make 1 t convenient to follow the course of a reaction spectrophotome

trically. Therefore, reactions have been carried out in cuvettes 

specially designed to allow us to evacuate the sample or expose it to 

a controlled atmosphere, and to pennit addition of reagents when 

necessary. Those cuvettes illustrated in Fig. IV-l were the most use

ful of several desi'gns. The cuvettes were made by Bill Hart of the 

Biodynamics glass shop. Co~nercially obtained two- or four-sides-clear 

1 cm square Pyrex tub i ng was used for mos t cuvettes; qua rtz cells \~ere 

adapted.from ordinary Beckman 1 cm square quartz cuvettes. Standard 

ground glass joints were fitted to vacuum-type stopcocks. Side-arms 

were useful for mixing reagents or when it \'I8S necessary to freeze 

water, which often breaks an improperly designed vessel as it expands. 

Attempts to isolate the side-arm from the cuvette by placing a stop

cock between them proved all too effective; it is \llell-nigh impossible 

, I 
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a) c) 

. b) d) 

F~IV-l. Cells for redox' reactions and spectrophotometry. a) . 
Vacuuln-type stopcock. b) Simple cuvette. with neck constricted for 
eventual sealing. c) Vessel with removahle side-arm for addition' 
of small portions of (usually' solid) reagent. d) Cuvette with side
arm for mixing of samnle with solid or liquid reagents, and for 
freezing of aqueous solutions. 
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to pour a liquid through a narrow opening in an othen~ise sealed con

tainer. For long term storage or unusually careful exclusion of air, 

vessels were glass-sealed on the vacuum line. 

Spectrophotometers. Beckman OK-2 and Cary model 14 scanning 

spectrophotometers were used in the course of this work. To accommo

date the vacuum cuvettes, which were up to about eight inches tall 

and often included a side-arm. tall extensions were added to the sample 

and reference compartments of the instruments. For the Cary 14, a 

simple vertical box was satisfactory; the Beckman sample compartment 

was more crowded, and required a more elaborate extension. At first 

this covered the entire compartment. however, the mirrors are sensitive 

to dust. fingerprints, and mis-alignment, so a new cover was built with 

a tall box which expanded the sample compartment only perpendicularly 

to the light ~eam, leaving the optics protected by a flat cover similar 

to the standard one. 

Sample preparation. A solute concentration of around 10.5 !i \.,as 

dictated by the requirement that optical density be approximately 1. 

For the usual solutlonvolume of 2-3 ml, a speck of solid s·amplff:barely 

large enough to see gave the proper concentration. 

Some samples, particularly those containing water, were freed of 

oxygen by bubbling nitrogen through the solution. For pyridine solu

tions especially, however, it was nearly, as important to keep the 

solvent out of the air as vice versa. And the composition of mixed 

solvents may be altered by differential evaporat10n1n the nitrogen 

stream. Such solvents or solutions were de-gassed by freezing, eva

cuation to about 10-5 torr, and thawing. The process was repeated at 

least three times for each sample. It was often most convenient to 
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store the air-free solvent on the vacuum 11ne, andvacuum-distl1 it 

over into a cuvette containing solid sample. 

Thin films were formed on the walls o~ cuvettes by one of two 

methods: A fe\'1 crystals of an easily sublimed compound,such as MoPc. 

were'placed on the floor of a Pyrex cuvette. which was then evacuated. 

When the cuvette floor was heated gently with a torch, the compound 

sublimed and condensed on the walls. Compounds which could not be 

sublimed, such as H2PTS. were first dissolved. and, the solvent was 

then slowly vacuum-distilled over, into a liquid nitrogen trap. 

Photoreactions. An oxygen-free sample, in one of the cuvettes 

described above, \'Ias illuminated by one of three sources: a) bright 

sunlight,filtered through a glass windO\'I; b) a photoflood lamp ,(GE ' 

RS-2) about one foot from ~he sample, filtered through wat~r to remove 

infrared; colored filters could also be used with.' this lamp; c) the un

filtered tungsten source of the spectrophotometer. Both photoreductions 

and back-reactions. were usually slow enough (half-time minutes to days) 

that in most cases the sample could be' removed from the spectrophoto

meter for exposure to light. 

Reagents. Oxygen. commercial bleach (NaC10 contaminated with e1 2). 

reagent grade potassium ferr1cyanide. and Ce(HS04)4 were used as oxi

dants. Reductants were ascorbic acid and sodium thiosulfate. In addi-

tion, a,utooxidnt10n and autoreduction occurred in some of the compounds 

studied, and possibly the solvents pyridine (or its N-ox1de), ethanol, 

or water, participated in some reactions. 

B. RESULTS 

Et10porphyr,in J man~anese. In early experiments with this com

pound. no chemical redu~tants were added. When a pyridine solution of 

, . 

I 
, I 

L - , 
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MnIIIEtP(OAc) was evacuated to remove' oxygen, and then illuminated 

with, strong white light, MnIIEtP was formed. In the dark the complex 

gradually reverted to its oxidized form even in vacuum; the oxidation 

, was much faster in the presence of 'air. In all cases, the rate of 

photoreduction was apparently of first order. The rate varies by more, . 

than an order of magnitude (see Table IV-1), but the variation may weil 

be due to differences in the intensity of light in the several experi

ments. Although Engelsma and co .. workers (1962) observed that the photo-
. * reduction in pyridine solution of'the 620 nm species of '~nPc was much 

more rapid in the presence of a trace of water, no"such dependence has 

been seen for the etioporphyrin complex~ 

The'dark back-reaction was mOre difficult to charac~erize. Even 

in a single sample. two successive re-oxidations might vary greatly in , 
, 

. rate (Table 1\1-0. Whi le back-reactions in some experiments were 

apparently first order, one was second order, and anothe.r defied ana

, lysis. The last was a sample containing 20% water, so th~ sparingly 

*oluble MnllEtP may well have aggregat~d during the experiment. 

Isobestic points (Fig. IV-2), Nhich,held throu9hout the reaction 

in almost every case, ind1ciJte that only t\</o species absorbed in the 

visiblereg10n, and that their total concentration remained constant. 

Thus the porphyrin rin!} remained intact, and only reaction (1) occurred. 

Evidence that the ~etal rather than the ligand is involved is discussed 

in Chapter III; also, contrast this clean reaction with that of the 

less stable pheophorb1de-,! analog. 

*At the time this was ident1f1t!d as MnI'J pcO ; recent work indicates. that 
it is more likely a manganese(III) complex. See Vogt ~!!.. (1966, 
1967); Yamamoto, Phillips and Calvin. 
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Table IV-l 
.; 

Rates of photoreduction and autoxidation 
. '. 

for manganese porphyrin complexes , 

Solvent k1{reduction), sec· l 

anhydrous 
pyridine 

" pyridine • . 
. • 001% H20 

.'. ,.. pyri d1 ne. 
1 % li

2
0:." ,.' 

pyridine. 
20% "20 .' 

EtOH 

20% aq. 
. EtOH. 

pH 9.2 , i 

4.2 
6.8 
6.7 
8.3 

c 

1.6 

3.7 

1.4 

x 10"'4 
x Hl .. 4 
)( 10-5 
x 10.4 

" 

10 .. 3 . ,',' 

x , 

x 10-4 , 

x 10.4 'r 

a '. ' ~ '. 

.,: ,- " 

" 

a 
10.5 7.8 x 

c 
(slow) 

a 

"2~5 x 1 -4' 0' 

"-,! ',~' , , 'b 

3.2 x 1O-~ 
·1.2 r. 10-

7 x 10.6 b 

' ... ",' 
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.; 
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----------------~--~------~------------------------------
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a) Insufficient data. 

b) Order, uncarta1n 

c) Apparently second order, with k2 a 0.130 
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Photoreduction and autoxidation of etioporphyrin I mangan~se. 

MnIIIEtp{OAc) in pyridine \'/ith 1~1, "later. evacuated to 
10-5 torr. 

After 83 ~in. illumination with a photofloo~ lamp; almost· 
complete reduction to MnIIEtp .. '. 

After 21 hr. in the dark, in vacuum • 
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pyridine, hv 
____ .... "»=_.. MnII Etp (1 ) 

When etioporphyrin I acetatomangane,se(III) is sublimed in vacuum, 

most of the compound is 'reduced to etioporphyrin- I manganese(II). The 

acetic acid group may remain coordinated (see Section III). Air imme

diately oxidizes such a s~blimed film to MnII1EtP (Fig~ IV-3). Water 

vapor does not alter the spectrum of this film; pyridine. on the other 

hand, shifts the 360 nm absorption' band to about 345 nm, and a new 

shoulder appears at about 400 nm. The presence of both pyridine and 

water enhances the 400 nm shoulder. 

The MnIIIEtP film was illuminated unde~ the various conditions 

above. ~Ihen no gas was present. very slow and barely detectable photo-' 

reduction occurred. No photoreaction could be seen in the 'preser.ce of 

water alone. with pyridine and water vapors together, the reaction was , . 
again very slow. More extensive photoreduction tQok place when pyri~1ne 

alone was present, although even then the effect \'Ias too small for' 

quantitative studies~ Whenever the compound was reduced, there was 

eventually an aut9xidation"which may have been due to an air leak. 

Though the data from this and similar experiments are rather:' poor, it 

is interesting that the reactions which are well characterized in 

solution can also occur in the solid state. , 

Preliminary attempts to chemically reduce or oxidize MnIIIEtP were 

unsuccessful, even under conditions similar to those in which the com

pound is photoreduced. or in which other manganese porphyrins react 

with the reagents used. There was no reaction with solid Na2S204' in 

pyridine or dioxane solution and under inert atmosphere (nitrogen); 

nor was any spectral change apparent when either sodium thiosulfate 

" 
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Fig. IV-3. Oxidation of a thin film of etioporphyrin I 

. (acetic acid)manganese(II) by air. 
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or ascorbic acid was added to a solution in 'absolute ethanol, also . ~" ' 

under nitrogen atmosphere. Undiluted bleach did not bring about the 

hoped-for oxidation to t4n IVEtp in eithe~ pyridine or ethanol solution. 

There was nd sign of ring destruction o 

(Methyl pheophorb1de-a)man~anese. As with other manganese por-
III ' 

phyrins, the stable oxidation state in air for this chelate is Mn Pheo. 

When oxygen is absent. dithionfte effects reduction to the manganese(ll) 

complex in several solvents; ascorbic acid usually causes only incom

plete reduction. In 20% aqueous ethanol, reduction by dithionite will 

proceed to some extent even in air. Three distinct reactions are 

observed: 

M'nlI IPhe'o .~-.~:---~ unlIPheo I . "., ______ a__ '''I 

o ' 
2 

(2) 

Ring destruction 
, ' 

(3) 

---------> (4) 

Extensive ring destruction did not always', take place. and with 

luck and care to avoid excess reduc~ant, a sample could be reduced and 

re-ox1dized several tinics. However, the manqanese-conta1ning pheophor

bide-a ring system is far less stable than is etioporphyrin, at least -
under the conditions studied. On the other hand, metal-free methyl 

pheophorbide-~ in 95% ethanol did not react with either ascorbic acid 

or dHhfonite. 
. II III I attempted to measure the rate of reductlon of Hn - to ~~n Pheo. 

Under the conditions used by Loach (19642) for this reaction (20% 

. , 
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aqueous ethanol, lO-S !i complex. titrated with 10-2 !:! so~ium dith10nite 

in the dark) , reaction is complete within 15 secpnds. This upper 

limit was set by the time required for mixing the sample and·reductant. 

Spectral characteristics of the rnanganese(II) and manganese(III) species 

(Fig. IV-4) are similar to those observed by loach. 

Upon addition of sodium d1thionite, Na2S204, and in nitroqen 

atmosphere, a solution of MnI11Pheo, in ethanol exhibited spectral 

changes corresponding to fonnation of MnIIPheo (Fig. IV-5). "'hen· air 

was again admitt~d to the· solution. the resulting spectrum was slightly 

different from that of the original sample (Fig. IV-5, curve 3). A 

similar difference in spectrum can be obtained if ua2S204 is added to 

such a sample in the presence of air; dithioni~e .a10ne in ethanol is 

transparent in the visible'region, and the metal-free methyl pheophor

b1de-a shows no spectral change under the same conditions. The data - . 
are consistent w1.th reaction (4), with association constant K III 

4 x 107 12mol -2 (see Table IV-2). 

Mnl11Pheo is photoreduced to Mn11Pheo very slowly by strong white 

light (sun or spotlight), in absolute or ~5% ethanol, or 1n·20% aqueous 

ethanol buffered at pH 9.2. 'A pseudo-first order rate constant has 

been observed (Table IV-l). In ,95% or unbuffered 20% ethanol, almost 

no reduction occurred on 111umination by a 100-watt high pressure mer

cury lamp, which produced most of its intensity at 365 nm. Only a 

small fraction of the compound was reduced when a low-pressure mer-. 
cury lamp was used, either unfiltered or filtered to select the 436 nm 

line. Perhaps the red transitions are responsible for the photoreaction, 

since they involve lowering porphyrin electron density 1n the vicinity 

of the lIIetal ion (see Chapter III). 

.. 
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0.'05 !:1 borate· buffer, pH 9.2. ,Concentrations of MnPheospecies. ,,' . . 

are nearly but not precisely equal. and are lbout 10-5,M~' 
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Fig. IV-5. Reactions of (methyl pheopho'rbide":~}ma~ganese.?\,/ith 

sodi urn dithioni teo Referencece'll contained: anethan81 sol wtion 

of r1n II I rheo. ina i r. 1) Silmp 1 e i dent i ca,l \~ith' reference; i 

2) After addition of solid Na2S204 to sample, and ~nd~f nitrogen 

atmosphere. The difference spectrum is that ofr'lnt~Pheo VS. t1nIII_ 

Pheo. 3) After re-oxidation of sample by ai}. 
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Table IV-2 

Complexation ,of dithfon1te with (methyl pheophorb1de-~)manganese(III). 

Results were calculated at a peak (668 nQ1) 'and a minimum (365 nm) in 

the difference spectrum of adduct vs. r~nIHPheo. in ethanol. + 

[5204-], !;!xl04 Adduct I Mn1I1Pheo 
668 nm 365 nm . Average 

0.21 0.33 0.27 . ~ " 

, •• ,1 

0.77 0.21 0.33 0.27 

1.22 0.41 0.45 0.43 

" 1.62 0.63 1.44 1.04 

1.99 0.93 1.65 129' " . .' 

2.32 1.36 . 2.59.-
." 

2.32 . . 3.34 ' 3.36 

Average 

*After standing. 

* K, II [(MnPheo'S204)-]. l.mol-1. 

(MnPhe~+][5204=] 

,'1,98: 

3.35 . 

[(MnPheO'2S204)3-] 
K '. 12mol-2 

j. 

2 [MnPheo+][S204=]2 

' .. 
' . 

10·,3 K
1

. 10-7 K 
2 

!. :.;,', 

3.48 4.55 

3.51 2.88 

, ,6.38 ' . , 3.93 
",/ . 

6.48 , . 3.26 ' 

'" . 18.44 . 3.65 . 

14.50' . 6.22 

4.08 

i. \ 

.. .. 

I , 

,. .. 
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Photoreduction was generally follO\~ed bya back-reaction in the 

dark. The rate of this back-reaction could be measured in two cases 

(Table IV .. 1). and was of apparent first order. 
, 

An account of" the chem1 ca 1 and photoreduct1ons of ch 1 orophy1l1 n-a -
and 'chlorin-!. has been given by Oster llll~ (1964). ~ed light sensi

tizes the reduction of chlorophyllin by ascorbic acid in 6~&"aqueous 

pyridine. at pH 7 (phosphate buffer). Blue light gave a quantum 

yield (7 x 10.4) lower by a factor of five than that' for red light. 

These authors claimed that their photoproduct did not depend on the 

presence of magnesium. although the product itself was neither iso

lated nor ident1fied~ 

Similar experiments with MnIIIPheo also resulted in reduction of 

the ring rather than the metal. Under the conditions above and an 
'-

inert atmosphere, reduction to the un1dent1f1edproduct \18S accelerated 

somewhat by \'1hite light. The visible absorption peaks associated with 

MnPheo compounds, at 370 and 420 nm~ decreased; on exposure to ai~. 

new peaks grew in at 350 and 400 nm (Fig. IV-6). Further investigation 

of this type of reaction might be of value in a study of the chlorin 

ring system. . 
III . . Reduction of t~n Pheo by ascorbic acid in 20% ethanol. which 

produced r~nII Pheo, was not affected by white light • 

Loach and Calvin (1963) have shown that the stability of hemato- .. 

porphyr1nmanganese(IV) depends stronqly upon pH. The potential at 

half-reduction to HnIIIHm. Em e 'is only 0.28 v.at pH 13.6, while at 

pH 9.9 it has risen to 0.635 v,. high enough to oxidize water. Calvin 

(1965) has further predicted that the MnIV/MnllIPheo couple should 

have a reduction potent1al 100-200 mv higher than that for I1n IVUm. 
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. Fig. IV-6. Reaction' of, (methyl pheophorbide~2Jmanganese(III) \'1i'th. 
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. ' , 

ascorbic acid in 6% pyridine. The ascorbic acid \'/as 10-3 !i; the pH , 

, \'/as adjusted to 7 with phosphate buffer. a) Immediately !}fter pre

paration; evacuated to 10-4 torr~ b) arid c) After illumination by 

white· light. d} After standing overnight in the d~rk~ e) After 

exposure to air • 
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'Loach (1964,ll) was unablo to obtain MnIVPhe~ because the manga

nese(III) complex suffered major, irreversible changes in alkaHne 

solution.' In the present experiments no such changes were observed~ 

although the spectrum of Mn1IIPheo is affected by pH (Fig. IV ... ]). -' 

Loss of a proton from a coordinated water molecule, forming r~nlIIPheo

(OB) at high pU o may cause the spectral change. 

(r~ethyl pheophorbi de".!lmanganese(I II) can be oxi d1 zed by commer

cial 'bleach (NaCl0) or by, ferr1cyanfde in alkaline solutions, Spectral 

changes (Fig. IV .. 4) are reminiscent of those \'1hich ,occur in the hemato

porphyrin complexes (Fig. IV-S), indicating that the metal and not the 

ring is oxidized. MnIVPheo is unstable 1n'20% EtOlf (pH 9.2) in' the' 

presence of bleacho A large excess of bleach destroys the ring, , 
,-

while when no excess oxidant 'is present the manganese reverts to the 

+3 state. Since the final MnIIl pro~uct is 1ndistin~~ishable spectro~ , 

scopically from MnIlJPheo, it isposs1ble that ~ne of the twocarboxyl1c 

acid.5ubstituents on pheophorbide-.! has be~n converted to a per-acid, 

as is the case 'with hematoporphyrinmanganese (Loach and Calvin. 1964!). 

Since both 'carboxylates are isolated from the pi system. their reactions 

would not be expected to affect the spectrum. ' . , , 

If carried out v/ith care, ~he oxidation of T-1nIIJ Pheo by bleach· 

was spectroscopically reversible either in aqueous KOH. pH 11.5 

(Fig. lV-g), or in 20% aqueous pyridine, adjusted to pH 11.7 with KOH 

(Fig. IV-10; note the effect o~ pyridine on the spectra). 

In contrast to its manganese salt, metal-free methyl pheophorbide-! 

was destroyed by bleach i~ 95% ethanol a with no qualitative spectral 

change. 
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Fig. IV .. 7. Effect of pH on (methyl pheophorbide-2)manganese(III). 
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MANGANESE HEMATOPORPHYRIN IX 

o 

, . 
\ ' \ /\ Mnlll 
, '. I \ 
\ ~' I I 

.... \ I, 

" I I ~. I I 
'\. I I 
"'" J 

,'.;./ ' 
.... A. \ .... , ...... \ 

... \'..:.. MnlZ 
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I 
\ 
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WAVELENGTH em}!) 

Fig. IV-B. E~ectronic spectra of the three oxidation states of 

hematoporphyrinmanganese in alkaline solution. pH 13. (loach and 

Calvin, 1963). 
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Fig. IV-9~) Oxidation of (methyl pheophorbide-2.)manganese(III) to the 

manganese(IV) sp'ecies by bleach. ,Aqueous KOH, pH 11.5. Note the 

isobestic points, which show that only two ~ompounds . absorb visible 

light.' Mn111Pheo;, " MnIVPheo. ------------ --------
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Fig. IV-10. Oxidation of (methyl pheophorbide-a)manganese(III) by 
'bre·achA

-rn-20X aqueous pyridine. The pH \'1as adjusted toll.7 by KO~. 
Initial spectrum; . After addition of a small 

amount 01" bleach; 0 __________ -A"f"t"ermore bleach ''las added. 
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Potassium ferricyanide was added to a solution of MnIIJPheo in 

dl1uteaqueous ethanol; there was a 1fttle pigment destruction but no 

other reaction. However, when KOH was added to this solution, MnIV_ 

Pheo was formed. Thisreact10n was studied in aqueous solution, with 

varying concentrations of KOH. At pH 8.2, almost no oxidation occurred; 

above pH 12, the manganese(IV} complex was relatively stable. It could, 

be further stab111zed by maintaining a constant oxidation potential

with a mixture o~ ferro- and ferricyanide •. Th1s method was used to 

estimate the pot~nt1al of the MnIII/MnIVPheo couple. Potential measure- ' 

ments were taken on a Be~kman pH meter, using a platinum foil electrode 

with a saturated calomel reference electrode. The pH meter \'Ias cali-

brated with solutions of quinhydrone in Beckman standard buffers of 

pH 4 and 7. and in 0.1 N HC1. Relative concentrations of the rnanqan-- -

ese(III) and manganese(IV) species were estimated from their peaks at 

656 and 602 nm. respectively. Results are shown in Table IV-l. 

Note that under these rather alkaline conditions the potenti'als 

for the MnIV/HnI~IPheo couple are not much higher than those for the 

MnIV/MnII1um couple. This does not necessarily contradict Calvin's 

prediction for the behavior of the former in neutral medium; a more 
" , \ 

thorough study of the pU dependence of this reaction would be most 

interesting. 

_ In 0.1 !! KOH. one-half equivalent of Kl'e(CN)6 \'1as added to a 

2 x 10-5 M solution of MnIIIPheo. The oxidation was stoichiometric - . ' 

and fast. Autoreduction of the -HnIVPheo formed, was followed spectro

photometrically (Fig. IV-l1) and was apparent second order. k2 a 

4 X 102 sec· l • On addition of another half equfvalent of ferricyanide. 

the expected oxidation occurred. but more slowly than before (half-time 

.': 

' ..... 

! 
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Fi g. IV-ll.' Autoreducti on of (methyl pheophorbi de~~Jmanganese{IV) at' 

H 13 'M t IIpl ... t . 1 1 . ' p • ~~---~--- n leo. 1 ~l 1 a so utl on; _____ ' After 

addition of ferricyanide: a 50-50 mixture of the r~nIII and ~1nIV 

species; A feW m{riutes ~ater. After about 1 hour. --_ ......... -
most of the.complex had reverted to Mn111Pheo. 
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Table IV-3 

Reduct1onpotentials of' (methyl pheophorb1de~a)manganese(IV) - ' 

pH 

* HnHm 

I:., 

" 

in aqueous alkali. 

12.1 

0.36 

0.42 

.0.45 

0.41 + .05 
.... ' 

0~39 

13.0 

0.37 

0.35 

' ... :" 

0.36 + .05 

0.33 

Interpolated from Table VI in Loach and Calvin, 1963. 
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about 2 min); the rate of the subsequent sutoreduction also decreased: 

k2111 57.5 sec· l • The reduction seemed to be catalyzed by white light. 

No satisfactory reaction scheme has been devised to explain these 

data. 

Attempts to detect 02 fonnat1on,. loach's potential measurements 

(loach and Calvin, 1963) show that the Mnl II /MnIl couple of the por

phyrin che1ates cannot oxidize water. Therefore, if \fIe are to find 

any model among them for the direct role of 'manganese in photos¥nthet1c 

oxygen production, we must invoke a different couple, such as ~1nIV/, 

r4n IlI or f~nIV/MnIl. This idea, of course, is not new; it was dis

cussed during earlier work on phtha1ocyaninomanganese (see for example 

Enge1sma et al •• 1962). In that study, unsuccessful attempts were --
made to detect molecular oxygen from the reaction 

pyridine , 
----------~ 2, MnIIpc ~ 02 • 

heat 
(5) 

'.ass spectrometric measurements di d not show any evolution of free 

oxygen. These authors also failed to demonstrate that exchange of 

180 bet"leen oxygen gas and lSO-enriched water'could be catalyzed by 
\ 

a mixture of Mn11Iq and MnIVpc.* The chief solvent in both these 

experiments was pyridine, and the suggestion was made that the pyri

dine miqht be oxidized to pyridine N-oxide. Since pyridine N-oxide 

is obtained by. the reaction of pyridine with peroxides or peracids, 

its presence would indicate that in this system, as for the hemato-

*The compound previously identified a,s r1n IVpcO 1s. in the solid state. 
(r~nPc)20 (Vogt ll!l .• 1966). in solution it is probably, but not 
certainly, also a manganese(III) species. 
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porphyrin (Loach and Calvin',1964!), the reduction of manganese (IV) 

'in a porphyrin-type chelat~ is linked with the formation of a perox- ' 

ide. Unfortunately, so far no evidence has been found for the 
. 

pr,esence of the N-oxide. 

Since the desired reaction is the splitting of water, water

soluble compounds seem desirable for such experiments. Loach and 

'Calvin, however, showed that when the water-soluble MnIVHm is reduced. 

the porphyrin's carboxylic acid substituents are converted to, per

acids; no free oxygen can be detected. 
IV ' 

In the present study. the dependence of Mn Pheo stability on pH 

'was utilized in an attemp~ to produce molecular oxygen. Into a doubl~-

necked vessel· were placed 0.9 mfcromole K3Fe{CH)6' 1.9 mg Mn1IIPheoCl 

, (2.8 micromole). and 1.1 ml water enriched in 180 (30.2% H2 180). A ", 

concentrated solution of, KOH \lIas made up in ordinary water. ,One drop 

" of this solution from a No. 26 hypodermic needle. dl1uted to 1.1 ml. 

gave pU 13.0. a drop of the same size was added to the sample. the 

sample was immediately frozen and evacuated. A measured amount of 

'concentrated hydrochloric acid was also evacuated, then distilled under 

vacuum into the sample to neutralize the base and cause reduction of 

, the MnIVPheo. The vessel was glass ~ealed. Had the reaction been 

(6) 

~ . , ... 

the oxygen pressure in the vessel would have been 0.6 torr. and the 

32°2,3402 rat1,o would have been 4:1. bac~ground is approximately 20~:1. 

A mass spectrogram revealed no significant devfation from the background 

* One neck had a breaka'fIaY seal for mass spectroscopy; the other \'Ias 
eventually glass-sealed. 
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ratio. Thus. as expected from the arguments above but contrary to 

hopes. we must conclude that (methyl phaophorbide-a)manganese wfll -
\ 

not produce free oxygen. 

On the other hand, in many cases reactions which occur with 

impunity 1!l'~ cannot be duplicated m .... v1.;,.,;t .... r.,;;.,oo \~e should'not'lose 

sight of the fact that the models studied here are at best great 

oversimplifications of their biological counterparts o 
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. v •.. COORDINATION OF AXIAL LIGANDS 

'.: . 

. 
both; thus, pyridine. affects the visible spectra of manganese porphyrins. 

Chemical analyses of several of the compounds discussed here indi

cate that axial ligands are present. And a structural analysis of.an 

Sometimes there is a slight pyramidal distortion: the metal may be as· 
. far as 0.5 ~ along the z axis from the plane of the surrounding nitro
gens (Board £.!.ll .• 1965). 
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oxidized form of'phthalocyaninomanganese shows' that it contains 'one 

coordinated pyridine and one pyridine of crystallization per manga

nese. So another aspect of the study of axial ligands is 'confirma

tion of these results. 

The addition of pyridine to tetraphenylporphins and tetraphenyl. 

chlorins in benzene solution has been studied by Miller and Dorough 

(1952). They found that the chelates of divalent Zn. Cd, Hg, and Cu 

formed monopyrid1natesj that .of Hg2+. a dipyr1d1nate. 

The electronic spectra of solid phthalocyaninomanganese(II) or 

etioporphyrin I manganese(II) change in the presence of pyridine vapor 

(Yamamoto, Phillips and Calvin)g The coordination of pyridine to 

, . MnllEtP causes an overall intensity increase and slight shifts in the 

'bands, most markedly a shift of the Soret band from 402 nm to 442 nm . 

(Fig. V-l). Pyridine also shifts the Soret ban'd of ~1nIIIEtP(OAC) from 

360nm to 345 nm, and a new shoulder appears at about 400 nm. In con

trast. the spectrum of sublimed metal-free etioporphyrin is altered 

very 11ttle by pyridine vapor, supporti,ng the contention that the base 

is bound to the metal rather than to the porphyrin ring. 

The simplest nreans for measuring ~he stoichiometry of reactions 

giv1nq a solid product 15 9rav~metry. In the case of gas-solid 

reactions, this method is especially appropriate. We have measured 

the weight changes of solid manganese porphyrins when exposed to 

potential ligands in the vapor phase. The chanf}cs in weight are 

d1rect~y related to the stoichiometrYe while the conditions under 

which they occur and the1r rates yield further information about the 

complexes. Experiments were performed using the quartz spring balance 

described below; the results will be discussed in Section V-B. 
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A.- QUARTZ HELIX MICROBALANCE: APPARATUSI\NO r~ETHOO 

Samples can be exposed to vacuum or to various gases while on 

the balance show~ in F1~]o V .. 2; temoerature as well as pressure can be 

controlled. The samples are bet\'#een 1 and 10 mg in weight; balance 

extension can be read to about Oe002 cm. or 2 Ug. Various: systematic 

erl"ors which we will mention later lower the precision to about lO\Jg. 

The balance .. obtained from f4icrochem1cal Specialties Company in 

Berkeley, California, .consists of an extremely fine quartz fiber wound 
, ' 

into the shape of a helix (k. Fig. V ... 2} I whose extension is measured 

'by observing ,the position of tho crossbar (1). The helix terminates 

in a straight fiber (m) called,the hangdown., with a hook on the end on 

which a panholder ,loop '(p) is hung,. A shalla", p'an made of aluminum 

foil rests on the loop of (p). and holds the powdered sample. The 
, . 

reference rod (j) extends through the center of the helix, its lower' 

tip serves as the reference point (this was present only on the ,balance 

used for the most recent experiments). 

The balance is enclosed in a cylindrical glass case connected to 

a vacuum system through an outlet in its main portion (d).. A ground 
, 

glass joint (f.h) allows the lower portion of the case (1) to be re-

moved for loading and unloading the balance. With the balance com

pletely unloaded, only the loop (n) 1s below the joint. The hangdown 

is long enough so that even with the heaviest load pennitted (about 

12 mg) the delicate helix 1s completely enclosed by (d}c To avoid 

qetting stopcock grease on the fiber and sample. a short length of 

glass tubing (g) extendS through the joint (f,h). The cap (a" from 

''>'hi ch the ba 1 ance hangs. can a 1 so be removed when necess il ry D nrovi d1 ng 
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.f.!g,:. V~~. Quartz helix bal~nce and case. T~~.··fa~:. Into the cap (a) 
lS fUsed a hook (b) from WhlCh the balance hangsby its hook (b'). The 
main portion of the case (d) is joined to (a) and the 10\'fer s0ction (n 
by ground glass joints. Sprinas between the ears (e.e) suoport (i). 
The balance includes the helix (k) and concentric reference rod (j) and 
ha:n'g(lo~ji;''''{m) • The panho 1 dar loop (p) is suspended bel 0\'/ (m) by hooks 
(n). (n'). An aluminum foil pan, not shm·II'\. fits on the loop of (p). 
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access to theentfre balance •. Rings of ~onductive paint near the 

re9ions (c). '(g)>> and (h) help reduce the violently disruptive effects 

of static electricity (see below). 

In early experiments. spring extension was read on a simple 

scale with a mirror to prevent parallax error. Later, accuracy was 

increased by using a cathetometer~ The reference has also been im

proved: at first the init1.ai reading \'iIas used as the only reference 

point, relying 011 the immobility o,f the apparatus o Then crossed hairs 

held in place on the balance case provided a reference which could 

correct for any jarring of the cathetpmetero Finally the reference 

. rod was constructed as an integral part of the balance of itselfe . 

The internal reference remains accurate even if the case is tilted" 

. which may happen during sample changes • 

. The extension of the helix 1s linear to +0 .. 2 percent over the . 
. -

range 0 .. 15 mg. The bal ances' used have had extensions about 1 em/mg; 

. the final one stretches 0.980 :t 0,,002 cm/mgo Mr. To S. Nissen .(I\A 

Balance Sales and Service, Oakland. California) kindly lent me his 

'M' tolerance weights for the calibration. 

The sample can be heated by a tube furnace \'/hich surrounds the 

lower part of the balance case e Temperature is read from a thermo

couple junction taped or glued to th~ outside of the case at about 

. the he.i ght of the sample. 

Pitfalls of the met~od. The hazards arid sources of systematic 

error in microbalance techniques are \!Jell-kno\<ln (Katz, 1961; ~4aters. 

1965). Those particularly appropriate to the present study \'1111 be 

discussed here, 

. i 
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S1ncethequartzbalance is a nonconductor of electricity and . . 

susceptible to stat'ic electricity. The bala~ce may c11ng to the 

. side of the case, so that its extension cannot be read. More :: 

. seriously, it may be suddenly attracted or repelled by some charged 
;' :' .. ' 

.' .. .:.:: object, and the r~su1t1ng ~Iolent motion will usually spill the ..... ' 

. .' 
• ! ;" " 

o· ' •• { 

! '. 

. sample and dislodge the \lan and panholder ioop. When handling the . i ... 

balance, one must carefully ground-the balance, 'case, oneself, and so·.:,,:.,':'.:.' 
.. . ' . 

".' ; 

.• j : 

.: ..... :>:(.· .. '/.·.on,· but especially on a dry day, th1sprecaution has only limited 
. ~:: ",: ::' ...... 

·"e'ffect •. The problem was ameliorated by enlarging the case from 1" to' ' .. ',:, '.' 
) ."!. '~~.' .. 

" .... : 

.. 
....... " :. 

. . ~ ". 
, ,.-.' -.~. ··0·· 

: :~. ': 2" diameter. Since there can be no potentialgrad1ent inside a eon-

;','.: ducting shell, conductive rings were paint~d around the inside o.f the'·' 

case at sens1t1veplace$, especially near the ground joints (regions t" '. 

.:r:.,,:"·;x::.;.< ,£".1, and h.·1n·Fig.,V-2)~Rings about an1nch wide. or narrow rings '. 

.. ··/~.··::~·\:···:·connected· by conductive paint, seem; equally effective •. Unfortunately 
. ~ .. 

" " 

.... ',', 

· . ~:' . ;,{ 
';'" .', ~. 

~ ; ',~-:. ',; 
.:. ' •. , •.•• 'I 

{ . .' '.; .. ' 

~ .... 0 . . ~ 

";'. 

; 
:. ' 

". '. 

" .. '" 

.. the ideal,;' .;'. inert paint ha.s· 'not yet been found. Oeposi ted silver' 

.is far too fragile. Silver paint (Hanovia) tends to flake 'off 

(possibly due to amalgamation w1thtraces of mercury from the d1ffu-' 

s10n pump)' and is slightly soluble in the solvents used for cleaning •. 

Cond,uctive epoxy (Silver "solder" No. 3022, Epoxy Products Inc.) is 

only slightly more durable. Occasionally the h~11x must be cleaned~ 

Oust and vacuum grease. the most usual contaminants, can be removed 

by~ently sprayinq with a solvent such as xylene. while touching the 

.he11x with a tissue. Of course the operation must be perfonned. 

delicately and without rubbing or pinching the quartz fiber. Pan-

.. holder loops are cleaned in the same way, with ~'solvent ~ppropr1ate 

for the sample • 
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· Small pressure gradien~s, such as those caused by a v1gorouswave of 

the hand, may send the unprotected hangdown careening to tho side of 

· its case. ·large pressure gradients. caused by too-sudden evacuation 

or introduction of gases, have been fatal to one entire balance· and 

s.evera1 hangdowns. This problem was less 'Severe in the enlarged case.' 

but remains a severe hazard. An important rule 1sthat stopcocks must 

operate with absolute smoothness, and be opened with agonizing 

slowness. 

The reference rod tt. Fig. V-2} as supp 11 ed' by the manufacturer 

persistently twisted itself around the hangdown; to eliminate the 

twisting the reference rod had to be shortened. The balance was 

.loaded with an empty sample pan, and the rO-d amputated at a point Just' 

below level with the bottom of the',helix. This length has proved 

satisfactory •. Sudden pressure changes,' in addition to their other I 

· effects. i nvariab 1y make the re'fere~ce rod protrude through the coil s 

of the helix; it is disengaged by gently pulling the spring down 

,(using corlt-tipped tweezers) unt1l the rod 1s freed. 

Errors 1n weighing may arise from such obvious sources as tangling 

of the helix; trans1ent pressure gradients (even when small). or con

tamination. Temperature gradients cause less spectacular but equally 

annoying disturbances (Honig, 1961; Czanderna. 1961). Unfortunately, 

experiments often call for operating at pressures in the Knudson 

range, approximately 10.3 to 20 torr. At these pressures the mean 

free path is long enough for many gas molecules to strike the sample 

from regions of different temperatures (different kinetic enerq1es). 

and the number of molecules is great enough for th(.~1!1 to have consider~ 

able cumulative force. The balance is not thermostatted; neither has 

;.,. 
' .. 
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\" . ter. of the tube furnace, ,sincethe're are generally weight changes 
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(hence position changes) during heating.' I have' assumed. that at room "'. 
'. . . . :, 

temperature the balance is' in equilibrium with the room air, and that 
...... ': 

.. ~ , ..... , 

thermal gradients are negligible •. HO\'1ever, discrepancies of around 

10 micrograms occasionally occur during an experiment. probably be

cause of temperature gradients. 

'", :,' 

: ~.' '., 

' .. ,;.:.'.:. 
r·· 

": '.,' 

Some gases, pyridine and water for instance, are adsorbed on both",'·: .. ,: 
. I. • 

balance and pan; such effects are taken into account by exposure -to 
. . 

. the gas with no sample present. Some of these blank runs are .shown 

'1n Fig. V-7b and V-10. True buoyancy corrections are negligible since .; 
, '. . . , 

. . 'r":" ~: 

. the sample volume is very small. Thh was ver1f~ed by exposing a'· . :'" 

. sample of MnPc to nitrogen. which is not absorbed on the sa~ple. At 
',': ,f 

'. . .. <.: , .. pressures of 18.5 and 159 torr, the appareot weight was the same as, 
; ~ ..• ~. t''' • 

'. "'.:;:>::"':'~':" in vacuum~ 
.t .. ':; 

. '. ~ .. .' ' . ... 
'. " . .": .. ,., .' 

; .. ' . ~ '. RESULTS 
. '. ' .. ' ~ .': ';' 

: .. " 

• ; '. ~,'.: : '". I' 1. Pyridine sorpt1~n.· Pyr1dine has.a.profound effect on both the·:: . 
C:' •• ~" " • . . 

o~ • ". 

': . ' .. 
• tOt ' " 
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.", ..... 

. ~; .. " < .. ';.' ":.:', 
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. .. . ~ . ,.,:>. ~;" 
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spectrum and the.chem1stryof phthalocyaninomanganese, (Yamamoto, 

Phl1lips and Calvin. [nge1sma:!!!!.., 1962)'. It is a good solvent 

for this compound as well as for etioporphyrin I manganese. and many 

of our. chemical and EPR studies have been carried out in pyridine 

solution. We have therefore focussed our investigation of the addi

tion of vapor-phase ligands by solid nl'?talloporphyrins mainly on . 

py~id1ne • 
.. 

a. l:!.-Oxobis(phthalocyaninopyridineman9anese)-bispyridine. 

{rljnPcPY)20.2Py •. has the novel binuclear structure shm-In in Fig. 1-3 • 
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It contains two pyri d.ines. one coordi nated ,to each manganese ion so 

that tIle metal is surrounded by ~ix Hgands in a distorted octahedron. 

Two other pyridine molecules f111 holes 1n ,the crystal but are not 

directly bonded to the complex (Vogt et al. o 1966;·1967). The'coor---
d1nated pyridine can be removed only by heating in vacuum; the pyri

dine of crystal11zation is gradually lost even ina1r at room tem

perature. We have studied the absorption and desorption of pyridine 

on (HnPc)20, and our resul ts' agre~ with VOgt' s observati ons and wi th 

his formulation for the compound. 
Py 

(MnPcPY)20-2I\is produced by aerial oxidation,of 11nTIpc in pyr1-

'din8solut10n. The crystals used in early work were prepared by 

,A. Yamamoto; the1r pyridine content depended on ,how r1gorously they 

.' , 

were dr1ed (Yamamoto, Phillips and Calvin).' A sample of the mater1al 

used for the X-ray structural determination:. (Vogt, Zalkin and Templeton. 

1967) was kindly provided by l. H. Vogt. Jr.; his preparation differed 

from Yamamoto's mainly in that pains were taken to prevent it from 

drying. 

In a typical experiment, the loss of pyridine 1s measured in 

vacuum. first at room temperature and then at 60-l40°C. After the 

sample has cooJed to about 23° again. pyridine vapor is admitted to 

the system and its absorption is followed. An experiment using cry .. 

stals .prepared by Yamamoto OJ and one us1 n9 Vogt' s preparation OI) 
are compared in Table V-l. They are illustrated graphically in 

Figures V-3 and V-4. 

The interstitial pyridines are held so tenuously that Voqt found 
• 

it necessary to seal his crystal in a capillary tube containinq pyri

dine; otherwise the X-ray diffraction pattern showed crystalline 

: ~ 
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Fig. V-4. , Repeated removal of pyridine from {r~npcpY)20'2 Py (Vogt).' 

and its resorption. The compound after evacuation is {~1nPcPY)20; 

after heating" (MnPc)20~. O. initial behavior; the sample was kept 
, 

ina i r 80 days before evacuation. and ~"as ofiserved in vacuum 21 days 

before heating. Other symbols represent subsequent cycles, in \'/hich 

the sample was not exposed to air. and was evacuated for 1-3 days. 

Pyridine pressure during sorption cycle was 13~5-l6 torr. 
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'. ,.' ~ " 
, , , 

:, . " '~.'.:: ; ~ ,~. .' . 
" ' ," ,': , '. .' ~ 

~. • ~, .. I t 

".; .. :: ;":':~';':" "':. \pyr1 d 1 ne adducts 6f " '. , 
.•. ';;.'.: ':;:,.:.' .; .... '.: >" u .. oxob1s(p~tha'l ~Cyan1 noman~a~ese) <,': 

-', 

... , ~ .'~ 
f. "\ .. 

, ,,·'.:~oyrce: 

, .1 • ~ .:. j, . ": r ".' 

'.(. "1 '"I .,' .', .' .. vogt 
; !': 

Treatment 

" , 

":1 ·Initial 
In air 3 hours 

~"i. : In .a; r .80 ~ay·~ 
. ', "." 

. , 

Mol ar- ' . 
rat10a 

3.55 
3.45 
3.21 

Treatment 

,In air-
} ~ . 

. .' ,- . 

"' ,I .1., '. 

'. : '...... ':',' 
! 

:-: . 

': ., ,' . 
. " .. 

, , 

... ' ,;,,: .. / .... , ... : 

Molar 
ratioa 

3.84 

.. 
, . 

~, ',: 
. ·'·f 

'.',' . 

.~) '. <' ~ ", 
!'! 

! 
" 

j 
, -. 1 
" ".) 

, . 
" 

"i 

" :Invacuum J days 
':' .,,'~;:.:', In vacuum 21' days 

'2.06 
1.96 

, Tn vacuum ., day 
"; ,', ;';; ~ ~, '. ' 

~ ,', . \ 

'.,"., :, '.' 

'. 

" 1 ) , 

. .;.' ~.' .. 

" . . L~ .' ...... \:~ 

.' '. :;. ~"'. '. .t ;'.' 

.. ": ~'... .. 
" ~. '. " 

,"'" 
4 ' .••• : ........ 

" ' 
, , 

: ~", ..;'~~ ... ~ '': - .', . 
.; ;.~.;.' !. r .~. .' 

,:: . 

'1',' " 
" 

,,:,~ Heated 7 hou1'."s 1 ~' .. , 
~; 'i' I vacuum, to 116 ; " " 

\ , 

,',.!' ·,Pyri d1 ne atmospher.e.;\,'!"" 
,I .•. , ' , ',. . 

" , ' ' .. Heated, in vacuum 
. (to' about 110°) 

, , . . . :", , 

" 

" (0) 

1 ~99c " 

0.27c 

,'I' '. 

': Heated 8 hours in 
." r' . va'cuum, to 60° 

'. 

, .. : ":;Py'rf ti'1 n~· atmosphere 

1 hour:1n vacuum 

; Heated in vacuum 
·to 116° 

" 

'(0) ':. :'·"i,I(;~,-:':>:· .. 

t <.,~., . , 
2.,35 !, .. ,~;' ,:.:, . ,"" 

". :...... . '., 

: ... :\. ; . 
0.05 ,."" '." ., " 

.' a.'. Pyj(r1nPc)20. 

b·. :Cryst~ls p~epa'red' fr'om ~1nPc'by 'ox1dat1on1n pyridine 'were washed ',. 
wi th pyridine and d1ethyl ether and dried in air •. 

• I 

c. Averages for four cycles. 
. .. : 

I 

! 
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diSorder. • However."the lossc~n be very slo\'It ,after 80 days in still 

air D II still contained 3.2 moles pyridine per mole of the binuclear , , 

" , 
" , 

" --- , . 

complex (TableV7I). Even in vacuum (10.5 torr) many'days were rc';' 

,quired to reach the composition (NnPcPY)20., 1 behaves in thesam'e 

way (Yamamoto, Phi1lip~ and Calvin) alth'ough typically only, 1 to 3 

days w~re allowed for evacuation. so that the product often contained 

an intermedi ate amount of pyridine. 

The coordinated pyridine can be removed by 'heating to 90 .. 1000
• 

or more slowly at 600
• If the (MnPc)20 is the~ 'exposed to pyridine 

vapor at room tt!mperature. there is rapid absor~tfon up to about ,the 

'composition (MnPCPY)20.PYt "afte~ \-/!lich the weight gain' is slower~ 

On evacuation, the pyridines of crystallization are lost more readily 

than before. The coordinated pyridines. on. the other hand. are t' ... · , 

des orbed in the sam~ way 'on the first and second heatings. 

The cycle of sorr>tion. evacuation. B,nd heating was repeated four -

times for II. and was reproducible (Fig_ V-4). The difference be--
tween 1nitial and subsequent rates of loss of interstitial pyr1~1ne 

may ~e explained by a change in c~ystal struct~re. which is not sur-

" pris1ng in view of Vogt's observation that removal of pyridine leads 

to c~ystall1ne disorder. 

b. In phthalocyallinomanganese(II). both of the m~tal's axial 

coordination positions are empty. so that it should be able to add blo 

further ligands. Our results. although imperfect, tend to support 

this conclusion. Up to two equivalents of pyridine are strongly 

bound, and can be removed only by heatin~J in vacuum (Yamamoto, 

Phillips and Calvin). 
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, " . " . 
easily oxfdizf!d either in the sol1~ state or in solution. The,refore 

, II 
o~r studies on ~he sorption of pyridine by solid f~n Pc were always 

, earried out in the absence of air. 

, The' results were not reproduc1ble; in particular. the rate of 
, , 

" . . 

" , 
'. I '," 

.', " 

1, .'," 

r " 

, 
I 
! 

,; sorpt,ionvaried tremendously from,~ample to sample. and was increased , ,.' ,i 
" 

, ~ 
, . 

.... ," .. , .. : 

by heating for a given sample. We are dealinu with two· distinct 
. ~' 

, ,; 
phenomena: chemisorption, whose, rate \~ill be limited by such factors "':"',', 

, , ' 

,.' . 
, ' ,as dfffusion into the crystal. or changes in, crystal packing to pro- " 

'I ,~, '. :" J 
,.' '. 

',.: vide large enough ,holes for the additional liqands";a:nd ph'ysical 
" ~ 

~ " ','~ . :,' sorption', whfch largely. depends on surface, characteristics. ,Thus 
I· ~ • • '. • 

" ; ..... 

,<'even when kinetics can be obtained, they ~ust be taken w.1th a grain ,:,,}::, ::> 
. ~"~ ' .. <> ' " '. .' , " . ' . ""'.' .' "; , " .' '-., 

,:;~ofsalt. Certainly their,dependimce on the,sa~p'ie'~ history fs not' 
~ '.~.~:. ' " \ : 

surpr1s~ng., ~Je have fou~d in one case that results, were determined" ,' .. 

. '."' . , 

by the force used 1'n grinding a sample~ HO\.,ever., no correlation with';'·' 
• ' ' 01' .', • • '" • , • . 

, ' 

'/:' ~.' 

.", :.h " 
, the phase of the moon has yet been observed. 

, .' ..' , " ~ 
" 

"'·0 •• 

~ " 

," " 

• : . /': ' ~'" i} '. .' 

:' ~. '. .,', 

In F,1g. "V-5, a typical exp'e~1ment is shown. The. ~'nIIpc powder 

was eXllosed, to PY,ridine vapor in the ~~sence of air (stage I). Ad .. 

::sorbe~ pyridine,was remo~ed ,in' vacuu~ at room temperatur(! (stage II). 
;.' . ' 

" .,,~ , 

::~ .. 
:', 

#' -i. 

." ,~l • 

:;' ~ 

:, I 

,while,coordinated pyridfne was lost only after heating' to 50-60'oC . . ~. .. , ," ' , 

(s~age III). The sample behaved differently ,1n a second cycle 

(stages IV-VI). Note that the chemisorbed pyridine in the first . ,.' . . 

cycle was, 1.17 equi va 1cnts. in the second. 1.74, and in a thi rd 

cycle (not shown). 2.05 equivalents, which was the amount expected, 
, I 

w1 thin experimental error. 

An est1mate of the coordinated pyridine can be made for a sorp-, 

tion run if the weight change levels off, as in Fig. V-5. st~ge IV. 
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~ 1.5 

Q 
~ 1.0 
a:: 

~ 05 
.J o 

u 
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Fig_ V-5.Sorption of pyridine vapor on phthalocyaninomanganese(II) 

pO\lJder. I, IV. Sorption of pyridine vapor (P = 15 torr). II, V. 

'Evacuation at room temperature (ca. 10-5 torr). III, VI. Heating 

in vacuum: temperature increased at the rate of la/min. 
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adsorption ~nly~ 
" . . ,., 

. and th~ initial slope chiefly due to chemisorption. The intersection 
• " .' ~. I ;. 

. ,. " 

:~ .. -.. i(: .. /· . 

.' ..•....... 
i 'of thes'e two 1i~es then provides a roughest1mate of the amount of 

"·.f .. : ',' 

adduct formed.Se~era1. samples were subjected to gradually in- . 
" .~ 
" . 

" '. 
. . . 

creas1ng pressures of pyridine vapor, and .the observations platted· ' .. 
.. ~. . 

. , .; . :.' -{.. , . .... ....: .. .~:. : 

':on' a log-log graph (Fig. V-6) •. For each, s.eries, the slope is close,'. 
I ..... ' :. • ":'t .':' 

t'" 'l:-~'I"} .:: 
.; .... :.:. ·i·'··"··''-

, to 1/2, indfcating that the reaction ,. .'~" 
.. 

" ... ' 

" ... < .. '.'. .. MnPc + 2 Py II ~1npCPY2.'. (7)·· .~~ :::;' .. 
(, • < I f 

..' ,.> .. .>:<,:;;:;,.'~.< ; .. ·.:-:.occurs. : The equi 1 ibr1u~ :constant D K II (t~~~CP;2) "/ (MnP~) (py)2 .: where·:.:'',:::.· •. 

" ... :: .. ·~.;:·:::·::.~y.'/c,(py) 1s:expressed as pressure,is (2,,0+.1.5) x 103 atm-2• }.: .... ":"'" 
~ ':-·:;r7;· :.~~.': ': . . " , -,'., " 

)::;~:::~:):;;:.. :. One :spec1men of t4nPc (Vogt, sublimed) absor:-bed pyrid1ne very": ;'. 
~ ... :. ~ , , " 

:."" slowly. When pyridine (13-16 torr) was admitted to the system,' there 
:,' .. ,:'.:>::'::':":::"(" ~;\. , ., 
• ..r :, '." was an immediate jump in weight of about 0.12 ~qu1valent1 then weight;· :;' 
, . :.' "/ :.'; >'::1: ~ .. ;).~;::. . ' , . . .' . . . ." . 

": ':: .. ' .: .. <,.:, ...... gain was linear with time for the rest of the run, up to nearly four 
-, .:'; ':" ';\.;'>':,". . ,.' '.' :":" 

::' ... :.... ,,';::.'.: ·.·.hours. On evacuation, not all the pyridine was lost, .showing that, .. 
:"< "~;.:'~: 0 ·.\t,.'~·, ·.~·t·'· : ".' :' . , .i:;.' 

, ., .. ': ./.... . '.' during each run there w~s soma chemisorption~If the new we1ght in 
" ~ ~. . ;",.", 

" 

: ,-I 

",:.,' .. '-:,.' '.','. 

.. 
, '., 

~, .: 
'.' " . 

, 
' .. ..... . 

,', " 

,' .... ' , 

.t, 

vacuum was taken as the zero point on th~ graph, .the phenomenon was 

remarkably repeatable (Fig. V':'7), At the end of seven cycles, a . 

. total of 1.65 equivalents of pyridine had been chemisorbed (Fig. V-B).· .. · 

. If we assume that reaction (7) occurs during exposure to pyridine 

vapor, but is not reversed ·by evacuation at.room temperature, then 

we obtain an apparent rate constant first order in (HnPe), kl II • 

2 x 10 .. 5 sec .. 1• ~~e note that the rata of physical sorpUon in this 

experiment is independent of ~1nPc concentrat1.on. 

c. A 1 though et1 oporphyri n I acetatomanQan~~eO II) ,will take up . 

a b.rge amount of pyridine (Fig. V-9), only one equivalent is strongly' 
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,Fig. V .. 6. Effect of pyridine pressure on the chemisorption of pyri-

dine by phthalocyaninomanganese(II). The slope of each line, 

P2 ... , Pl corr,es'ponds to the reacti on MnPc + 2 Py K = 1/2., ' 'Ra ti 02-Rati 01 

MnPcPY2' For the samples illustrated here. the equilibrium constants 

are calculated as: 
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.E!g. _V-7a. Physical and chemical sorption of pyridine by one sample 

of MnIIpc. Amounts shown above are the increments for each cycle; 

IIResidue" refers to the pyridine remaining after evacuation to 10-5 ' 

torr. and thus represents chemisorption. 
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Blank runs: pyridine sorption on balance and aluminum 

sample pan, normalized to correspond to the sample in Fig. V-7a. 

One equivalent is 0.9 mg pyridine. Note that the, blank a,dsorption 

is considerably less than sorption by the sample, and that' no 

residue of pyridine remains on the empty balance 1.n vacuum.' 
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Fig.' V-B. Pyridine chemisorbed by r~nPcduring the· experiment illus-

. trate~ in Fig. V-7. The symbols correspond ·~o those in Fig. V-7a. 

The total residue is plotted against time of oxposure to pyridine 

~ap6r:(approx. 15 torr). 
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I n ill 

.; : .. 

TIME (min) 
MU·2I2U 

FiE~ V-g. Sorption and desorption of pyridine by etioporphyrin I 

acetatomanganese(III). Molar ratio after sorption and evacuation •. 

in subsequent experiments: 1t 01. 1.00 (stage II). 

1. Sorption of pyridine vapor (P = 18 torr). II. Evacuation at 

room temperature. III. Heating in vacuum • 
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absorbed, correspond,1ng ,to the.s1,ngle,axh,'po·s1tton available for 

'c,oordi nati on: 

, i 

. ~' .' ", " 

" 
.... ', . 

o ~ C-CH3 
I . 
o . 

Py 

. , 

.' '.' 
, , 

:': '; ',., ~:.' , " ' . 

; ., ~ . 
. ,. \, .c 

,",''''.: .... 

<{,~ . ',' 
, ~ 

t,:, 
" ~ 

.:: "JJ ,I :', 
;, ',", 

'" "", 

~: . 
~. ';,;", .' . 

. , .' .. , 
',' : 

. , 
,', 
.' .. ' 

. \' ',~, .'; , . 

• I .': .. t : lo. :.." ", • ' , ~', •• '. • , , 

,

'J ": ';.' .', • '. :' \ ! " • ~i : . ;"\, ~ . i ' •. ' ' .:.~ .,: . ::, : 

, .';' .,:' .T~e rate of surface adsorption, 1.n excess of."the chemisorbed pyrid~ne.' :' 
•. ,;. ~ .,., :.:'".; _.- t .. ~ .) l:: " i· : ' , , .... :... j' 

:, ;,' " varies among samples; however, both the approximate rate Bnd the 'X"::.,. 
'i~· ,{~:.~ .. ,,,,"< ·.~.·I. " .. ' ~ ",' "',' 

. ! "~.' ;,,> .:. ,~.: stoichiometry of. the chemical absorption··.'are reproducible. As with' ", 

'.' ",;:".".' ·:·<~···i' 'the' ph~hal0Cyan1ne comple~es. the 'coord1nllted Pyrtdine can be re- .::" . 
• ', ;, \'. " ' ... :,' 1 '~', . ~ , .' • ' " 

• . • ..' ~ ,.,' , I' '., 'J" 

.... , .. ;.;.~ >::, .. " .. ,:,;. mc,ved by heating (Yamamoto. Phillips andCalv11i). '; 
i :1 '. ~.,t '. {';' ,l~ "~" .,: .~! ; • . . . . " , ,,' 

.:, 
.. : i,/:;,~>:'!/:i:~ ;: . 2. Sprption' of water. Since the' manganes·e. porphyrins have been 

. '.\:;;: :)/ I,.::':' .. ~.' proposed as n;odol 'compo'unds for those 'involved in ·the photos~nthet1c .. :', 
, • ~~. ','. t , ~ ,~,..' . ': . ",' (, 

'.':' ·· .. :c·,·~:':.' :' ';;. ,production of oxygen from 'water, we have looked fO.r "ormation of 
. - .- '~. ),'~: ,:~. . :.1 . . , '-, 

. ~~ ~·2;~;."':'· .; water adducts with thesechelates. However, we have found no stable· 
; ", ',,?,~(~ . I.; .'~ 

. "'; . 'further complexes with water. 
,',' I~' • '.', :.:.; • < 

'. ' 

/':':""}' . One sample of r1nII IEtP(OAc) absorbed '1.,. equivalent of wat'er 
~~ :j:.~'-'.:,~. "./~ , " '. 

" \. 

:}"~::.<:-.: .. ', ". ·above the blank (ng. V-g), which however came off immediately on 
~: ' ,'. t'" ", " . 

'1 •.• " ~':. :~ • : ~:" •• 

. :;:. :./.:_:~ .;.!.' .'" evacuation. A second sample absorbed no water at all. even after 
. .,...' ,~ 

, ~. 't '. I 

, , 
I' . 

.. :: .:,,, ..... 
"'. :-" ,'. 

' .. 

. ~' ' 43 hours of exposure to \~ater (P = ca. 23 torr), suggestinC) that the .. 

process 15 a surface phenomenon and 1nvolv~s no chemical bonding. 

(Dimethylhematoporphyrin IX)chloromanganese(III) did not ab-

" sorb water. 

MnPc sorbed \'1ater in amounts \'1h1ch tended to increase with the 
" pressure of the \'1ater vapor. although there was no. straightforward 

pressure dependence •. The sorbed water was released in vacuum. A 

':", . 

i ., 
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sample prepared by Vogt andpurH1ed by sublimation. on the other 

hand, sorbed little water above that observed for the balance and 

empty pan. Again we must conclude that there was no chemisorption. 

3. Sorption of other gases. In contrast to its behavior with 

·r " 

" :1 
.', 'r ~ 

'. -~ '! 

-''M.,l -.' 

:. . ' .. :'::' water, Vogt's sample of l-1nPc repeatedly gainad (and lost on evacua- " .,'" 
~ ". 

" > '.':" • 

. ! 

,.~ ~ " 

; " " 

," ." 

'; ,." 

" 

'. 

,> ~ 

.; 

" 

,...... ~' . 

~ ,. 
,'. 

; .. 

,', 

, , 
"." ....... 

. :,.'" 

tion) ~bout one equivalent of acetic acid above the blank. in an 

atmosphere of HOAc. Toluene. hO\t4evere was not absorbed at all. 

A specimen of MnPc was exposed to nitrogen gas at 18.5 and at 

159 torr. at room temperature. There was no gain in weight. 
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,VI. ELECTRON PARAMAGNETIC RESONANCE 

, 'The ;pin of an electron in a magnetic fi e1 d can take on ,only two 

values: +1/2. "up"; or ";1/2. "down". The energies of these two states 

depend strongly on the immediate environment of the electron. as well 
/ 

as on any external magnetic field. In many cases transitions between 

the spin states can be induced by a small magnetic field rotating at 

microwave frequencies, giving rise'to the phenomenon, known as electron 

" paramagnetic resonance (EPR), or alternatively, as electron spin reso

nance (ESR). Because the transition energy 'is so sensitive to the 

'electron's surroundings, EPR is an effective tool for studying the 

electronic structure of atoms or molecules containing unpaired elec

trons. In particular, a theorem due to Kramers states that in systems 

, 'with an odd number of electrons, there must always be a degeneracy in 
, , 

, . 
spin states resolvable only by ,external magnetic field. This degene-

racy guarantees that in convenient magnetic fields, the transition in 

. such systems will occur in the microwave energy region.~",For a::free 

electron in a magnetic field of 3210 gauss, the transition energy is 

0.3 cm-
' 

or 9000 me/sec. 

Since manganese(II) contains five i electrons. it can be studied 

. by ~h1,S techniquee Unfortunately. while Mn(H20)62+ gives a sharp and 

characteristic EPR signal, complexation with other ligands often 

broadens the signal so that it cannot be detected. Also, anti ferro-

*For a general background on the theory and practice of EPR. the reader 
may wi sh to refer to a book Stich as Pake (1962) or [\ersohn and Ba i rd 
(1966) • 
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" " magnetic interactions between manganese ions broaden the resonance in 
* ' " solid compounds. ' Thus after several vain attempts in this laboratory 

to observe the EPR of phthalocyaninomanganese(II) , the prodect was 

abandoned. 

Ea'~l1er resonanco studies of metal phthalocyanines are summarized 

by Lever (1965!J. Apparently the only report on '~nPc 1s that by 

Ingram and Dennett, (1954). who reported simply that a powdered sample 

gave a 500 gauss wide signal at 9 ~ 2.0. 

In an experimental survey of the paramagnetic resonance of various., 

metallophthalocyanines1n pyridine at l1qy1d nitrogen temperature 

(Maks1m'and'Phil11ps, 1964). Miss Ann Maksim inadvertantly included 

" .: ,!"" MJlII pc• A unique and complexsPl!ctrum' appea,red (Figure VI-2a). The 
, . ~. , , , 

:; . 

,:". 

;' , ' 

, :.i·,' 

.,,~ 

..... 

, ,,< 

.' .' 

several months of fascinating research recorded in th,is chapter stemmed 

'directly from ~fiss~1aksim's serendipity. 

Since the paramagnetic resonance spectrum of MnPcis so compl1-
, ... r,. 

'cated, we have developed a computer program which ,generates simulated, 

EPR spectra. The calculations involve a semi-empirical spin Hamiltonian, 

which assumes S • 1/2, The agreement between actual and simulated 

spectra indicates that the mang<lnese(II) is in its rare spin-paired 

state. 

We have observed the resonance signals of several other metal 

phthalocyan1nes. and our experin~ntal f1ndjngs are included in this 

chapter. The paramagnetic' compounds and NiPc have been studied by 

others, and we shall compare our results with theirs. Al,though 

earlier workers have seen a free-radical signal in various impure 

*Factors which influence the observabllity of spin transitions in 
general, and those of manganese in particular, arc discussed by Ross 
(1966; p. 73ff, 86ff). 
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diamagnetic phthaloeyanines, ,we have found another signal as well, 

which may be that of the phthalocyanine radical itself. 

Sulfonated derivatives of the mang:anese and iron compounds were 

looked at. differences between the spectra of the sulfonated and un~ 

substituted che1ates should be chiefly solvent effects. 

Spectra of two manganese porphyrins are discussed briefly. 

A. EXPERIr4ENTAL 

An X-band spectrometer which operated near 9060 Mc/secwas used 

for all EPR spectra. The sample was ,placed in a quartz tube (3 mm 

bore) in' ~he rectangular T£102 cavity (Varian V453l)~ The sample in 

the'cavity could be cooled to about 90 0 K by a flow of cold nitrogen 

gas through a quartz cooling system (Varian V4547). The derivative 

, " < 

of the absorption, obtained by phase-sensitive detection with 100-kc/sec 

field modulation, was recorded as a function of magnetic field. The 

field was measured by a gaussmeter and further checked by crystal 1 ine . 

diphenylpicrylhydrazyl (DPPH), which gives an intense EPR signal at 

9 • 2.0036. 

Adaptations of sample tubes were similar to those on cuvettes 

for visible spectrophotometry (Section IV-A). Easily-oxidized samples 

,were protected from air in tubes fitted with vacuum stopcocks or glass

'sealed •. Reactions could be carried out or visible spectra observed 

by a side-arm arrangement. 

Samples kept for more than a day were stored in the dark. other

wise, no special precautions were taken to shield them from light. 

Although these compounds are light-sensitive (Chapter IV), there is 

little reaction unless the illumination is intense. 

t 
I 

I 
1 
·1 
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',Pyr1dine(n&A. reag'ent grade) ~'1as distilled from BaO or KOH and"" 
" " 

stored over Linde,molecularsieves which hadbe'en dried at 650°C; 

, a-pic,oline was distilled from KOH. Dioxane was distilled iinrnediately 

before use. Reagent grade toluene was stored over dried molecular ~'., 

sieves but was not purified further. " 

B. RESULTS 

The six lines in the EPRspectrum of aqueous Mn2+ (Fig. VI-lb) 
" 

'are due to interactions between the electrons and the 55r~n nucleus ,:" 

. ' 

" ~ " 

which has spin 5/2. At 100oK, the spectrum of Mn{H20)6" in a glass " " ' 
, ! 

rev~als 'additional structure: between each pair of hyperfine lines . 

are two less intense peaks, wh1ch can be attributed to simultaneous 

nuclear, and electron spin transitions (Fig. VI-la). Characterfstf ... 

ca 11y. the paramagneti c resona"nce of Mn2+ is syrmnetri c about the 

"" spectroscopic splitting factor 9 II 2 (close to the free-electron 

value), with hyperfine splitting A :I 0.009 cm-l , or about 95 gauss 

" (Pake, 1962, p~. l83-185)~ 

Phthalocyaninomanganese(II). MnPe dissolves sparingly at best, 

in most solvents, and tends to precipitate out at the 10\'1 tempera

tures at which paramagnetic resonance is observable. Spectra in 

frozen pyridine solution (Fig. VI .. 2a) exhibited bands with non

reproduc1ble intensities and widths, which vat~ied with concentration 

of HnPc and with rapidity of freezing. Thi,s is a symptom of solute 

agqregation during coo11ng (Ross, 1965). 'A spectrum in 1:1 pyridine

water and one in dioxane showed very low resolution, probably also 

because of aggregation. Any signals in the follm'ling solvents were 

hard to distinguish from noise: benzene, a-chloronaphthalene. acetone, 

, .; 
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from Ross (1966). 
'Paramagnetic resonance spectra 

Figures 

'; ; .. 
:.; ..... 



. '. 
"'. 

..... :,. , ',. . ".>' , . 
. . '.,' .: 

":.: " 

, :~\ \":': :. 

" 

. ',' , ~.. ..... 
. . :' ~ :~:"':~ 

,-... "... ~ 

:.: 
! ...... , . 

' •.. >" .:: 

.j',.': :.,: 
"i,_; ", . 

, .' 
, .1. • ': " ": ~;. • 

. ', .... , . 

. ' --" ~ .!. I" 

: '~, .. ,','," 
'. :' I. ~ ~~ .' 

.' ,- ,.~. 

'. " I :~', . • 

• : "'.:' :; " .~." < ,I 

'.:" 

,', .' ':/' 

, ~:,~:,,:'~ ~'):,:. :' ~ , 

I >1 ''; ~;.~, 'I, . 

• .. ~ ~: " I~.. ..: 
, ~,;', ,; . ' .. 

. , ~ 1'· .... 

I ';:.:.,;, ': 

I 'f " 

" , 

:'.<.: . 

• 0" • ~ • 

", 
.i 

a) 

. . j'\, 

". 
I • ~ > 

b) 

2700 

-90-

iFt(;~,en pyridine ,solu:t;on; modulation 
' .. ,10 gaus's. . ','.' 

' .. " 

" .. 

Pyridine-toluene (60:40) glass; 
modulation 5 gauss • 

, 3000 3300 
H, gauss XBL 677-4519 

Figure VI.2. Phthalocyan1nomanganese(II} paramagnetic resonance. 

Samples were under vacuum. and at about 90o K. 
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, Spectrum generated by computer program. 
Parameters are given in Section VI-C.' 
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Figure VI-2 (continued). 
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" tetrabydrofuran. glycerine, dimethylsulfoxide, 'or a DMSO .. glycerine 

glass~ . A 60:40· mixture of pyridine or B-picol1ne with toluene forms 

a glass at low temperatures. formation of a satisfactory glass is 

aided by cooling rapidly, directly in liquid nitrogen. In these 

media phthalocyaninomanganese{II) showed a reproducible, ''iell-resolved 

spectrum. similar to the clearest in pyridirie alone (Fig~ VI-2b.c). 

Obviously in this compound manganese(II) is far from its usual 

state, the anisotropy of both!l and, ~ values is \llell outside the 

normal range for this ion. Data are sutmlar1zed in Table VI-l. 

, Table VI .. 1 , 

,~, --

". i_ .. 
-,- ::. 

, Paramagnetic resonance parameters of phthalocyaninomanganese(II) 

in various solvents . 

. " 

, , 

" " < ~ . 

• ( I '." 

, " 
• " ,ii' '.' ,_ 

" ~ 

'.', 

" " 

" ;~< J ~" 

':: 

: ~ 

Solvent 

Pyridine 

Pyridine
toluene 

i' a-Pi co 11 no
toluene 

gil .9.1 
'~ 
g. -1 . -1 

Alii cm A.1' cm 

1.90 2.16 2.07 151xlO-( 25xlO-4 

1~90 2.16 2.07 151xlO .. 4 25xlo .. 4 

162xlo·4 ca. 4 
28xlO-

ca. 
1.89 2.17 2.08 

Remarks 

(a) 

t. i ~ : 

Dioxane 

Acetone 

. 
. Pyridine .. 
water, 1:1 

. ~~. 
'- ·":2~15 

1.952.16 2.09 

.~ i" .. 
.: ca. 4 poor 

.. 37,x10- resolution 

'5ing~e peak, 
·width,' 250 gauss 

poor 
resolution 

(a) Values confirmed by computer analysis (see Section VI-C). 
] . 

(b) 9 :I :-'(291 + gil} • 
.). 
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On exp~sure to air.' the ~,"IIpc signal gra'dually disappears. A 
" ',.- .! ~ I' . ,-i,. " • • , •. 

t·· {,,' ,:' " " ":', ":: ... ', " •. 

.. :,,' .; ; .,... solut~on .of (MnPc)20 (source: A •. Yamamoto). inpyr1d1ne. in air. gave 
~ .' '.' " . 

' .. :. 
.. , . n,o detectable si gnal. On the other ha'nd. a few of the samples of 
".,:. . 

MnUpc dfssolved in pyridine-toluene (60:4'0) under vacuum revealed 
... 

.. '; ,,: '_'.:.':.~'.,;':: :; 'two extra peaks: one at 9- 1.89-1.91. the other at about 9 III 4.3.' 
" .~. ~ . . , 

, '. .,.:, " . 

,,',' 

',.-" 

, The latt~r tended to be quite broad and intense. These peaks be-

'. haved differently from those of MnIIpc: on oxidation, their intensity.' 

remained const~nt or even increased as the MnIIpc signal faded 

(Fig. VI-3). 
. ",," ",":~' ,,' - .. . '.' 

I . I ~. : .' '.\ " 

.. : -:.~.'.~:<' ."" .. ' 
" .... 

';, " .' 
", . ".'.' 
~ .. ' . 

cr-1tlPc)20 (source: L. Vogt) in pyridine-toluene under nitrogen 

. at~sphere.exhibited both'the phthalocyaninomanganese(II) EPR spec

trum and the two additional peaks (Fig. VI-4). When the solution 

was exposed to air. the MnIIpc signal vanished,' whl1e the others' de-. . 

creased. It is curious that this supposedly oxidized species. when 

dissolved under an 'inert atmosphere. apparently contains a substan-

.... ' '.' .. tiel amount of. the maliganese(II) species'. The solution was blue-
".' . 

". ; green rather than the true blue expected; at 1000K its color ''las 
. ":"'.:.;, .. 

,.Ii:> . ... .;. green. Electronic spectra of a similar solution' (Fig. VI-~) showed 
. . ". ': ,",' ;. ' '. '. '. ~ 

~ .' 
:' ~ ~ .' ~ . .,' .' ~ 

· .I .. ' 

. ~".~ 

, :' 

.. , 

that in afro the 716 nm and 620 nm species (and no other) were present. 

* , the former decreasing and the latter fncreas,ing with time. 

A low-field EP~ peak has been observed in other compounds 
, '. 

· ..: '.' studied: etioporphyrin I manganese(III). (methylpheophorbide .. a)manga-
: ; • -.•.•• , ~~.. '. 'j. . -

· . .' ~. . . 
nese(III). metal-free phthalocyanine, and an oxidized form of etio

porphyrin I zinc. Its cause is unknown. Nor has any explanation 

*See Enge1sma ~.!l .• 1962; Yamamoto. Phillips and Calvin. The pro
cess may be oXldat10n or dimerizat~on. 
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Figure VI-3.' Behavior of·llextra ll EPR peaks in a phthalocyaninomanga .. 

, nese sample on oxidation by air. Spectra 'w~re taken at liquid 

nitrogen temperature •. sample_ waswarm~d to 2~oC to allow. the reaction 

, to proceed. The solvent was pyridine-toluene. Modulation 5 gauss. 

• Solut1on:freshly prepared in vacuum. --------- • After 
. ' 

oxidation. 

,' .. jntens1ty. 

The peak at g = 4.3 (cf. Fig_ VI-4) remained constant in 
..... :' ,,', 

, " 

. ~: 

, ,. 
, ~-

..... _--.-. -: T",-" ,-,---._---..,..- .. ----- -~----~----.----'-----.. -------.,-..---.------------.. '.-.. '--- .----------- -

, . , 

.', , ' 

." . i . 
~' 

·V . : ... 
\'.' 

~ F 
iii 
~, : 

I 
i" 
I 
1''' 
I 
I , ' 

! 
i 

i· 
" 

I 
I 
I 

! 



'" 

• 

, ' 

" , 

, ........ . 

'.: . 
'; \ : 

. II. 
',',:, '. 

:~.\ \.\;~." ,1~:: :', .. . ~:I,:. 
..... ~. ... . . .. 

.1-

·f -
. .j" 

: -

I, 

.. "," 
.' 0 "0 

1 

• 

-> 

;' .. ' 

1. '" 

,.',"\' 
i :,' 

:.! 

't, 

. t,' 

'. ',. 
,'." 

" 

" 

, .f·' 

\ , 

"". 

.", : 

" , 

.. , 

"'1' 

-95-' 

" " 

,.,', 

", .. 

i, 

'f , 
t " 

t ' . 
2 ~ 3 ., 

H, klloQouss: 

Figure VI-4. EPR spectrum of ~-oxobis(phthalocyaninomanganese) in 

pyri'dine-toluene glass. Temperature. l33°K& modulation. 3 gauss. 
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been found for the peak at g- 1.9. \1hich has been seen only for 

phthalocyan1namanganese complexes dissolved in' pyridine-toluene. " 
, , 

Tetrasu 1 faphtha 1 acyan 1 namanganese .0 Th i s compound. exam1 ned 1 n 

air. was almost certainly in its oxidized form. Solutions in water 

(2 .t!. in Liel
Z

• blue color) and in 1 :1 \t/ater.,ethanol (green) showed,' 

no EPR signal between 1000 an/d 4000 gauss. A sample freshly dis-:

solved in' 25% aqueous ethano'1 -exhibited ~ weak spectrum of at least 

16 resolved lines. with spacing about 50 gauss. Yamamoto (private 

communication) has ob,se,rved a somewhat similar spectrum .. -even at 

room tempera7ure-.,.;for powdered ItMnPcO-2Py" (probably (MnPCPY)20). 

The intensity for Yamamoto's sample as compared with that of a 
, 2+ known concentration of aqueous manganese • was only 1/200 of that 

expected., The appearance of similar resonances for these two com-, 

p1exes suggests that the signal must be that of either the oxidized 

,phthalocyaninomanganese moiety or a.common impurity. The spectrum 

is unlike that for high-spin or low-spin manganese{II) or for ,.,nIIpc; 

it is not due to the phtha1ocyan1ne free radical (see below). It is 

reproduced here in the hope that some reader may ~ome. up with a 

p1aus1ble explanation (Fig. VI-6a.b)_ 

Phthaloc,yanine radical. An EPR signal at 9 :I 2.0 ha.s been ob

served in powdered samples of various phthalocyan1nes. usually those 

pur1fi~d by sublimation (Ingram and Bennett. 1954i lever. 19r,5~). 

The line has been attributed to a free radical, causp,d by decomposi

tion of the phthalocyan1ne ring during sublimation or due to ahsorp

tion of oxygp.n Olarrison and Assour. 1964). Apparently previous 

investigators have seen only the single peak. '''hich I'le shall refer 

to as I. -
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Figure VI-6. , Electron paramagnet.ic resonance 'spectra of oxidized 

phtha 1 ocyan; nomanganese speci es e' 

. a) Powdered (MnPcPY)20 (Yamamoto, work done ;n this laboratory). 

b) Tetrasulfophthalocyaninomanganesein ·25% ethanol. in air, 900 K 

(oxi~at1on state unknown). 
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In addftion to the very strong free.radf~alpeak. we have found 

a'~eries of at least 15 much weaker lines also centered about. g m 2. 

with spacing approximately 15-19 gauss (Fig.VI-7). The spectrum 

appears in the, two diamagnetic cornpo'unds studied: phthalocyaninozinc 

and'metal-free phtha1Qcyanine.' The spi 1tting is the right magnitude 

for hyperfine structure (}f a radical containing nitrogen; ff all 

eight nitrogens in the molecule were equivalent. we would expect 

21+1 • 17 hyperf1ne 11nes. ' Reht1~e intensities of'the absorption 

lines should correspond to the appropriate coefficients in thA bi

n,om1l1 expansion. The disagreement of the intensities of these 
" , 

;" . 

derivative peaks with any reasonable patter:n (including the possiM. 

, 1ity that the groups above and below' g.,Q 2 arise from separate tran

sit10ns) may be due to distortion by the overwhelming peak (I). 
'. '-

. ',~ 

Thus the spectrum 1n FigG VI-7,ex~ludln9 the intense peak, is 
,. '" ... ':' " , 

tentatively considered that of ,th~, ,true phthalocyanine .radical. , . 

Phtha1ocyaninocobalt(II). The EPR spectrum of a pyridine solu

t1~n of CoIIpc at liquid nitrogen temperature (~1aksim and Phillips, 
, , 

1964) is rich 1n structure (Fig. VI-Sa). There are eight lines 

arising from hyperfine interaction with the 59Co nucleus (I a 7/2) i 

." on each of these is superimposed five extrahyperf1ne 1 ines from the 

nitrogens (Ia1) on two axial pyridines. As with HnIlpc, 9 .. ,. 9.1. 

We estimate g .. = 2.03, 9L = 2.24; All a 74. AL = 61, AN = 12 X 10.4 

-1 cm • 

When the CoPe solution was allowed to stand in a1r, the signal 

appeared to coalesce into a single band of about 150 gauss width, 

much greater in intt!f1sity. The change is probably caused by oxidation 

to COIII?c. which should be diamagnetic; the intense signal is the 
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Figure VI-]. Phthalocyaninozinc(II,), crystalline, sublimed. Tempera-

tu're about 90oK. modulation 5 gauss (optinlum for the weaker signal). 

The intense peak at 9 D 2.0 is referre~ to 1n the text as,(!)i the 

'other lines may be due toa phthalocyanine free radical. 
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Figure VI-8. Phthalocyaninocobalt(lI) paramagnetic resonance spectra 

, , 

a) Pyridine solution. modulation 3 gauss. 

b) Tetrahydrofuran solution.'modulation 10 gauss. 
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The phthalocyan1nocoba1t(II) spectrum' fn pyridine agrees with 
..••.• I .... ~ '.: 

.. ' '. 
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,I 

that 'reported by Assour (1965£.) • It is surprisingly like that of 
.. ; ',,; ~,:. . , . 

'. " .,'. . '.~ 

. 'j . , 
' .. ' '; " . 

.... : .'. .. : ..... -
coenzyme B12 (reduced form) in water at lOBoK: g.1 r:II 2.2, g .... 1.96' ' .. :.': ~",,:, ".;.,~~.; 

.., . .' .. ~ ~ .,,:~ 

.. 

. ':.,: ." t 

(Hogenkamp ~iL~; 1963). Normal coenzymeB12 contains cobalt(III); 

. ;'\' .. ',. . the EPR signal vanishes, on oxidation. The oxidized form is diamag-
" : '. :'. . ~ "';' 

, . 
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••.••• • ••••• ' .... ;,.;-." j" 

.".~ .. ': ~ ''-
. ~ ',. :",'. 

. .... ~' .~ 

!'., -: ,;. ~: ' 

net1~~ 

Since the unpai red' electron 1" CoIIpe is in the' dz2 orbital . 

(Assour, 1 965£.), 'itsparamagnet1e resonance is affected by the 

. : .... ~.;':.; solvent.. Th1's is dramatically illustrated by the difference be-

:\.: . 
_.'. ' : ..... 

", .' :' , • t .. ". ~.: 
I .t.: ',' :'.' :,.; .'.: 
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~'~·!~~'~~':'1;:"';.~>.:",:\,.·":·:: ... '. tween spectra in pyr1dine~and in tetrahydrofuran (F·ig. VI-8a,b). . . ...' ~ . 
....... ;: .. 
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!. ~" ". ". : •..• \.~,:.:.~ \>:: ':'::. ' .. 
.... " '. The latter is so complicated that we have not cven guessed at the 

... '.'~: .:~.". ,,'.. usual parameters. Analysis of the spectrum in n~F would be a real .. ··::···:.::,r··: .... 
'. '. ·.:· ... ~·<~~';:·r ). " ...... : 

, ,~ .... ' " "',' .. ' 
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test for the computer program which ,.,ill be described in Section VI-C.' ... ' . 
~-:.: . .. . . 

.. 
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. . 
" . . ,( 
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.'< • 

. ' . 'The s.ignal disappears on oxidation by air. 

Phthalocyaninon1ckel(II). This diamagnetic compound gave only 

. the free radi ca 1 signa 1 . (1). . The sample was a pyri di ne sol uti on. 

Phthalocyaninocopper{II) in pyridine disp.layed a single broad, 

assymetric band, width about 120 gauss peak-to-peak in the deriva-
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tive presentation, at approximately 9 III 2.04 •.. Since an earlier re-.,. . ... 
. . . : ' .. ,": ~.·.I:·' 

port (Maksfm and Phillips, 1964) erroneousi~ included the signal of·~· 
j;.,:":.:; : 

an . internal DPPH standard as part of the CuPc spectrum. the correct .:. >;;', ; '.' 
spectrum is reproduced in Fig. VI-g. It is rather surprising that 

we observed no· hyperf1ne structure from either the Cu (I :: 3/2) or 

its surrounding n1trogens. The hyperfine structure is well-resolved. 
, 

when CuPc is dissolved in sulfuric acid or diluted in H2Pc crystals; 

it has been thoroughly discussed by Harrison and Assour (1964) • 
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Figure VI-9. EPR spe~trum of phthalocyaninocopper. probably polymeric. in pyridine at about 

900 K. Modulation 3 gauss. 
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;51\tf"r'The~~leX'~S~nIY S119ht~:O::luble 1n p~rfd1n.; the lack of structure' 
'in theEPR spectrum indicates that the pyridine sbluti'on may:contain , . . 

. ' .: " . 

polymers 'rather than monomers. ' " ' 
... ," 

, ...... " 
..... : 

.. " 

.~ . .. "', 

Phthalocyaninochloroiron{IIl) e as a pyridine' solution, exhibited 

two structured pe~kS near 9 a2 (Fig. VI-10): B~cause '56Fe has no ' . 

'- '" ;, 

. ,'" ; \ ' . 
. . '; ,.; .' .' . ~ . '.' .:.,J.1 

, .. 
: ,~ 

" 

. nucte'ar mom~ntlt the' structure' is,' unexpected~ The' intensities are J, 
" .' .' 

;·, .. i ...... . 

, 
such that earl1er.(Maksim, and Phillips, 1964} weass,fgned'g" ill 2~2, 

...... ' ..•. ! ••.. 

: ........ . 
" : ,' .. " 9J, III 2.~. ,However e the perpendicular value mu~t 'be r~presented by 

. .. '.' 

: '.:' I : ~ '; . 

, : 

'a peak found at 9 roughly 40, The latter appeared more intense in a . ,',.,: 
I .. ~:: : .. ;! : . .' ." .• ~ '. .~ .. -.' 

,; ., , " sample from \r/hich air had been removed~' , ' ';; .': 
.. .. :" :',.:' .. ,,';' .. " ~ (\'i'~ .:~. 

- " :-, .... '.' ' . I' .i. ,',: 

,:;,,~~,,~,::;'~:.;l::i;'i'.;' •. " ,'I ng ra:u:n~:::::: tt~~:::) S::::1: :::'" P::::: 0:::: 1 ::e 9:::: r:a ::::d Of,">:';~' ',. > " 
',;-" ~ '\"'::,:,:,;""absorption with 9 • 3.8 and 2.0. with weaker side lines. 

: .... ' ... " .. ' . 

• ~: ·:~·::":'.:r;<;':"',~~::·, Tetrasulfophthalocyani~oiron(ItI). in a 25%"1~OH solution pre-
-." .... . . 

,',< 

. , " 

~ ,... . 

,:<:.< ;' 

. ~ . " ' .. 

. ~ \':' I:, .', ", 
.. '. - . 

, • ~'.. I • 

'1·.', . 
. .~' ... :' .;. . . . . 

; I;)' 
' . ., . 

" ." 
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,' .. :' 

' .. ,1 

, , 

':.: pared in airo had an EPR spectrum rather ~imi1ar to that of FePcCl, 

with the low-field peak at 9 = 403~ and a main h19h-field peak at 

9 a 2.0 plus some structure' including a small peak at 9 about 2.2 ' 

. (Fig. VI-lla). After 16 days the spectrum of this ,sample had not' 

changed., , '. ' 

. Powdered, Fe II IpTS (the anion was probably hydro~ide) under 

.' - -, 
"\' .. 

'1' \ 

.... : ~ ,: ('.: .,-.' 
':" .. \: .... 

nitrogen gave no EPR si9nal o When the same sample was dissolved 

(still'under nitrogen atmosphere) in 25% ·methanol. a spectrum 

similar to that above appeared.' Th'e following day two new peaks 

had grown in at approximately 9 = 2.11 and 2.17. The only 1mme-

... , 

diate effect of exposure to air was to decrease the intensity of 

th,e low-field peak; after ten days in air., hO\,/ever. both original 

peaks had diminished and the new ones predominated (Fig. VI-llb)'. 
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lliure VI-10. Frozen pyridine solution of phthalocyaninochloroiron(III)Q EPR spectrum i~ the , 

region ap?roximately 2700-3700 gauss. Modulation 3 ga~ss. 
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Figure VI-l1. Paramagnetic resonance spectra of two different samples 
of.tetrasulfophthalocyaninoiron(III). in water-methanol glass. 
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a) Sample I. When freshly prepared, Sample II showed a similar but 
less well-resolved spectrum. The peak at g ::I 4.3 is not sho\'1n. 

b) Sample II. after long exposure to air. Modulation in each case, 
10 gauss • 
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(Methyl pheophorbide.a)mang.1nese, In the MnIl or 'the MnIII 

form. th1~ compound yielded either no EPR signal or that of uncom-
, , 2+ 

, plexed manganese (Fig. VI-lb). However. in one sample which 
~' ' . 

exhibited the Mn signal, there was in addition a peale at IJ :: 4.4; 
" 

the solvent was eDCl l -C0300 (70:30) for this sample. Noevidence 

was seen* for a signal unambiguously due to MnI1Pheo, nor for a 

free radical connected with MnIIIPheo. 
.' , 

jEt1oporphyrin I)manganese(IIIt~ 1n syrupy phosphoric acid 

2+ showed a very weak Mn signal. and an, intense, broad Signal at low' 

,field, \.,1th a minimum at 1670 gauss, Again. no f~ee radical signal 
J 

was seen. (For a discussion of the reasons the free radical signal' 

was sought. see Section tIl-A.) 

C. ANALYSIS' OF DATA 
i 

The effective magnetic f1eld,'~een by an electron in a molecule 

depends on the molecule's,orjQ'ntati,on with respect to the' external 

magnetic field. Energies of the electron spin sta~es. and honce 

that ,of thoobse~ved transition, are pr(mortional to the effecti've , 

field. Substances whose ~ransit1ons are strongly orientation .. 

dependent' (anisotropic) have traditionally been' studied in single 

crystals \'1hich can be posittoned at will. In contrast, our investi

gations have been on glasses, 'in which the molecules are randomly 

oriented. The 'same information is present'1n either case. even 

thou~h the EPR spectrum from a gla_ss is an ,average over all possible 

*As we mentioned at the beginning of this chapter, the paramagnetic 
resonance of manganese(II) 1s often broadene~ in high-spin complexes. 
Thus the lack of a signal attributable to Mn IPheo--which is probably 
high-spin (see Section III-A.3)--is not surprising. 
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~ '! '. r!·····_· , 

.... ' . 

,," ,,' , ; 

, ,;" ',",-

.',.:. ; 

J.,:' I ~ ': -.: :.., .. ,': " 

'. -108- .. ',' .i 
'., . ,:' .. i. '.' ~. t: ',.' '. , , .. ':' 

\\?:)~';::" ,.I ,'_' ',' ,':,.' " ' d,:.. , " '.' .;, .' ' . ' 
· , ,,' . 

'f· • 

· " 

-. ',-, '" .: .... ~. 
,'. ' 

:' .. ,~ , " .. 

.. ' . '" .-

.. . , 

· " 
'.. . ,( :; .. ; .• :.; .. ~. ;'. 

, • , . ", , ! {': ~ -""} • ~ ' •• '. , 

'0'" ,;. 
,! "\(~;"'l.,. -., 

.. ' " 

, :>: ,<;;'.' . 

, •• ,.'.j... 

, ~: • " ,< 

• f; ,~ 

~ ' .. 

~ . 

,? ' 
,I ' 

'molecular orientations, ,and so may be more difficult and tedious 
, .. , " ~ 

"~' J • 

to interpret. E~perimentally. the ~asier method is often the glass. . , 

Phthalocyan1ne can be thought of as a square surrounding the 

metal ion in the !'.l. plane (Fig. VI-12). The, effective field shouid t";. '.' 
, '-:', ;'., 

be the sa!lle for any direction within the !.x. plane, while its value 
'" '. 

" ' 

,':;,'''' 

along the nonnal ,~may be far different. ,I~e speak of, "perpendicu1ar" 
-;"'1 •. ; 

" , 

and "parallel" transitions, referring to the angle bet\'1een !:..' 

(external ffeld U) and 'the molecul~r axis!.. Because!. and l are 

equivalent, the intensity observed for perpendicular transitions is 

greater than that for parallel transitions. 'Thus in Fig.' VI-:2 we 

. \): ',' 
,'. '. , 

'can inmiediate1ysee that, the lower-field lines are associated wi'th 

. the perpendicular orientation. . .' .,-. 

by a phenomenological spin Hamilton'ian 

. ,,' ; . ~ 

Here the first term 1s related to the 'effect of the external 
, , 

. 'magnetic field on the energy of an electron with spin "up" or "dm'ln";· 

in a 3210-gauss field. the S ~ 1/2 state of a free electron 1s raised 

and the S :: .. 1/2 state is lowered by 0.15 cm- l , so that the transi

tion beb/een them occurs at 0.3 cm-1• The second tenn is the spin-

*Pure solvents seldom form glasses, and the solute may tend to crystal. 
lize during freezing. The extra hash in Fig. VI-2a is due to non
random orientation of the MnPc. 
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Figure VI-12 • Coord'inate system for' a metal phthalocyanine or por-

. phyrin complex in an external magnetic field. x,y,z are the molecular 

coordinates ;x' ,y' ,z' are fixed 1n the laboratory. with magnetic 

field fl along z', 
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orbf~fnteractfon .. ~coupl~n9 between the .spin and orbftal angular 
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, momenta; in equatfon(2). it fs expanded to second order- in the 
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parameters Q and £ used 'to describe crystal fields:of lower than \'.'j " 
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• octahedral symmetry. ! is more o~ lesseonstant for a given ion.> 

For free ~fn2+. A = 347 em- l (Gr1ffith e 1961); inmanganese(II} corri-' 

pounds, .Q. is usually less than 00 04 'cmwl , a'nd I. less than 0.01 cm-' 
, ' " * , 

and often too small to be obser~ed {Pake, 1962. p. 183-5}. The 
.. " .. • I \, I 

/:, ;',', hyperfine splitting, or interaction between the ~lectronic and 
. I 
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"'",,:, nuclear spins, comprises the third term; for man9anes~{II), IAI is \.:>' 

-- f" "' .. "":'" ' ordinarily near 0.009 Cin"" and isotropic (rake, ·oP. cit 0) .** A.',·' 
. ..,,' , ," , ": "~" ,:,:.{~,~ ;~; .. ' 

" 

, , 

" :,',:' .. '" similar tem can be included to describe interaction of'theelectron·,;/i'":-->'."""', 

,',',. ,'/;:,.<}';- spin with another nucleus: e'xtrahyperf1ne splitting. 'Other effett~~'~,:·'::,W~f:"~::'r." '.', 
;"<,;:'p:;,,:;,:'::,,'~ " ' ,', ~:' ,',.'~ , 

., ',~,~:",?,:-,.' ,,',,-:. such as quadrupole coupling between nucleus and ele.ctrons. might be ",''/; 
. ~;(.{.:'.~":'::~:/' ,',." '. . ' ' '. ':':',). ~ 

:, . 'y:}i ':':f"':';\ :::::~::y:: i :::::: :~::e;: ,,:h: p::::: t::: a:: w:::
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~ .. ' '.~.:' .~,' ./ ... \.<~ '.' .. " " 
" ';' :':::, ' .. :'/}i~{"~.':" indi eating e1 ther that further tenns are smaller than the experimental "", " 

\"·)':':',':,:f":'~".~": resolution, -about 4, x 10.4 cm- l • or that transitions arising from' , 
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them have very low intensity. ','. 

" ,'. The paramagnetic reso~an~e of MnIIpc was analyz~d by calculating .. :',;:,:' 

a spectrum from the 'spin Hamiltonian, and compar1ng this with the 

\ observed spectrurn~ We assumed, that S 1:11 1/2 so that tenns in 0 an,d E ;"i : 

: do not· occur. , Angular averagi n9 over the f1'rst and thi rd, tems,in 

equation (2) gives (Bleaney. 1951): 

** . Often the sign of ,A cannot be directly determined from experiments. 

:"*Altflough th~ rt!lat1ve sizes of D and E depend on the coordinate! sys
tem, usually coordinates are chosen so that O»E • 

'I 
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whe~ 91.2 - g/COS
2

• +·9y251n2. " 

, 'A 2, ~ 1 (A 2:+ A 2) , 
1. ,2 x Y 

2 2· 2 
sin 9 cos e mI 

22 222 22'2:: 
K 9 ,- A .. 9 .. CQS a + A ... 9 .... sin ,9',' 

22'2'2 ,2 
g- 9 .. cos e + 91 ~1n e • 

,.",,:I,,'li ":1: 1, 

" , 

I " , ' 

(3) 

. , 

: ,The last tann in eQu~tion (3)' is important only for strongly. ,/ , 

anisotropic A v.a1ues, such as, those fOlAnd'1n the metal phthalocya-

. nines, where it may become very large. 

A computer program (Phillips. Ross llnd Blumberg. 1965) using 

equation (3),.15 included as' an Appendix. The calculat~d values 

which best fit the data for MnIIpc are: 

9 .. a 1.90 

9J. • 2.16 

D. DISCUSSION" 

A =·151 x 10-4'cm- l 
" 

AL -25 X 10-4, cm-1 

Phtha1ocyaninomangllnese(II). Since manganese(II) possesses a 

half-filled! shell. its electron 'distribution in the ground state 

is spherically symmetric: orbital angular momentum l. 1:& O. The five 

unpairec1 electrons lead to a multiplicity of ?S + 1 1:& 6. hence the 

ground state 15 6S• To first order, loS == O. S(J that there should 

" - . 

.. ;,', 
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" 

... ,' ... 
"l"A-' :', 

. ~- ' .. ~ '. ::'~;" . 
~,,)<:";;;~::::: ' 
."' •. ' .' ..... . 

. " be no spin-orbit Coupl1ng. In fact,' the 0 value for Mn2+ in , ,_.. 
, \ 

, ", 
",' . 

" .:.' 

(NH4) 2Zn (504) 2' 6H20 is only 0.024';'-1. whfl. ,that for Ni 2• in the ' : ,", ;.>.! 

sarna salt is ':'2.24 tm-'. The electrons' are supposerl to be 1n, pure ",., ',J 

.• : i \~' :':, ' ..... ~ .~~-.··\'l 
• ' t '. J 

d orbitals, which have nodes at the nucleus. thus coupling between -
, ..... " .. 

electron spins and the 5514n nuclear spin of 5/2 should also be small." ~ : 
,':l, ' ~ " 

..... 

. ~ : : . . .~: .' 

.,.;, 
, ' 

I'· ... : '.- I <.,;~ ".' .,' 
j' •• ~:' ..... ' • . '. ~, 

, .' 
.:' .... ' 

tat1vely) by spin polarization of the s electrons by the unpaired d . - -
:,1 , 

.,. . . . ! s,: \., 

• • •••• ·~.L , :' I 

. :: ': ... ~: : . 
. . . . electrons., Note that the .i and ~ tenso.rs are very nearly isotropic ~ ;. ~ " ' ... :': '., ' .. ~! .~"-;,~.;~ 

I.· . ", '. ~ .' , ,~ . . 

" , . : '" .. ~ ;":', "." ~ .!.:' '- :" .! 

" , .. ' .. ~ ':~..: : ': :'. '.. ,'.' 

!' .••.. 

..,' ( 

"" .. '!:., !. :'t'~ ,'~. "'. ---
.;~.. '.' A values. ,', ".,';, ',<'". "- JiJst as surprising, the spectrum agrees \I/ith one generated 

',',.' .' 

,~" .. ::.}':.;>':,',:,:',;:,:, 

• t' 

• ~ 'j , • :::," • ~. 

,,:' 1 •• , ••• : • 

." , 
., " . 

.. '.'."\'" 
, 

. '. :' .. 
. ..•.. ; : :·t· 

~ .; -
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~; . 

by equation (3) and shown in Fig. VI-2d. which includes only terms 

.1n .9. and A. There is no need to include terms in 0 or E. though 

their effects are often observable in high-spin Mn2+. 

Ob~1ously, the environment 'of the manganese is highly tetra-· 

".,. : 

'.' ' , , .'- " ' 
:',. 

.'.; .... ' 
,:.,': "' .. 

gonal; that is, the phthalocyanine plane is very different from the' . ". '.:. ',-
. '., 

1.' direction. This we could surmise from molecular structure; but it ",. " 

is also clear from the magnetic anisotropy. However, ,a spin 5/2 ion 

in a strong tetra~onal field should have 9i = 6 (Griffith. 1957),; a 

spin 3/2 ion,should have ~i = 4. both with 9" about 2. Either would 

, ' * 
lead to 'anEPR spectrum entirely different from the one seen • 

*The EPR signal with 91.::1 4.3, 9, a 1.9. which is occasionally seen 
(Fiq. VI-3, VI-4) may \'Iell be that of a spin, 3/2 fip~C\·es. Lack of, 
hyperfine structure indicates. however, that manganese is not res
ponsible. Possibly i ron( III} is present as a contaminant. 

, I 

'1 
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Another, factor to consider is the magnetic susceptibil1ty. 

This has never been measured for phthalocyaninomanganese(lI) in 

pyridine solution. but Weber:'and Busch (1965) have reported that 

tetrasulfophthalocyaninoinanganese(II) in water has a single unpaired 

electron, lIeff a 1.94 R.M. With the more strongly .. bondfng axial 

ligand pyridine, spin-pairing is also likely~ 

Thus the evidence points to low-spin mapganese(II). which only 

, the most pO\'1c,'ful ,ligands, for instance cyanide, can produce. 

'Solid MnIIpc apparently has three unpaired electrons {Lever, 1965!J.

, so that perhaps axial ligands in addition to the phthalocyanine are 

required for full spin-pairing. Theoretical considerations 

(Goutennan. priVate communication) suggest that, structural changes 

, . may be involved, wi th the manganese in the phthalocyanine plane in 
" , 

," 

", I 

" 

t., 

• I." 

.. 
. J t. ,. '. ~ 

.' . ~., 

one spin state, but not the other. 

Where is the unpa1 red electron of '~nIlpc? Th~ tetragonal 

ligand field imposed by ph.thalocyanine will split the manganese !! 
orbitals so that only the dxz • dyz orbitals remaindeqenerate. The 

d 2 2 orbital, with its densest regions close to the bonding pyrrole 
x~ , ' , 

nitrogens. is exp~cted to be highest in energy. Ordering of the 

other levels cannot be detennincd !. eriori; it may vary with the 

axial ligands. and depends on such effects as pi-bonding b~tween 

metal ~nd ligands. The bridge nitrogens (see Fig. 1-3) lie along 

the lobes of. the dxy orbital. at 3.38 ~. the pyrid1nes are 2.15 ~ 

from the manganese, along the dz2 orbital. Only dxzi dyz are of 

the proper symmetry (Eg) to participate in pi-bondinq with certain 

phthalocyanine moleculat orbitals. 



,. .. 

" . 

........ ":.. . 
'. '.,: 

. " . ." 
" ... : 

. .:~ ~ '. '. 

.' ..... 

. '~: .. <:.' .. ' 
.' .. 

c. '. '. . ~ 
' . 

... 114· 

:·::.·.\?\:;,':E1th·er· of two orderings of energy level·~. seems reasonable: 

'. '.~ , 

___ z 2, 

,', ___ xzoyz ___ xy 

..... " . .;7' ••. _, •••• 
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. , . xy --- . ,,--- xz yz'" .: --- ..... . .. ; . 
, '. " J.: 

, ,I,~'" . ' .. :.: 

, .. : .. (b) \' : ....... , . 
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Griffith has proposed (1961) that scheme (a) holds for all porphyrin 
, : ,:~ .:. . 

'. ~.: ... 
: " ',', .' F· 

, . ',. '- ' ~ '.' " 

,I." and phthalocyanine complexes.· The ~elatfve 'energy of dz2 will depend. \.<;::.:::<.~: ... :... ..... ~: 
, '.. t· . . "'.<\: ::,';:. : ~ 

".f, • 

on the axialligands. ·Griffith addi:anote of caution: " ••• it is :,. ·····,,·,.,t 
i, '~ :':.~.' ~ , .. ,. ':. 

, ,,'.,. 

almost impossible to produce a logdcally compelling interpretation 
.'.,' ," . 

• ,i. 

.. ,I 
". ·f· .1 •. '"'; 

:::.' ', .. ""',' ...... [of resonance ~ata on these compounds] because there are so many' un-
",', 

,";" .;"';~.:.';<,~,~.~' ... ·.I . 

" :~:.'~ .: .. :: ... :., known parameters in' the theory." 
,~"~'. • .1 

.' '.. .. '. .' . '.~' 
· .' . . . 

.... : • '~ • '. ~ •• ;':::' • J •• ~ • .' 

• ~.~.., •••• • I~ '. " • 

" .. i::· :." 

.... , .... ' 

. ,':. .,' , 
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. :" ~ .' 

...... 
. " 

',.~' ,.? 
· " ' .. 

" 
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. '. :.,,' 

.' '. . . . 
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. ' If the l~ve1s in HnPc follow scheme (a). there must be either . ~, . ' .' 

.:.: .. ,.::.;! .. : •... 

thre~ or one electrons in dXZD dyZ ··-the latter if dz2 fal1sbelow., .. 

dxz ' dyzin energy. T~e spat1al ~egeneracy leads to !! values near .' .'.::/';,::. 

g .. =4. 9J. = O. Thus o'ur experiment,al results rule out this scheme. ':', 
. :' .. " ~ . 

Ifdxzt dyz l1e ·lowest. the ordering of dXY and dz2 is again a.;:., ' .. : 
question. A s1ngl0 electron in.either of these orbitals will have ,.,' ..... ' 

'" .' ,. 
," .', . 

. 9 ... and 9J. near 2. as observed. 
• "'~;, .',' '. r 

Phthalocyaninocoba1t{II). ''lith its ' .. 

unp.aired electron': located in dz2.exhibits nicely resolved extra-
. . 

hype~ffne interaction with solvent n1trogens·(Fig. VI-Sa). Its R 

and! values are quite sensitive to solvent: in pyridine 91 = 2.268, 

in B-picol1ne. 2.326--a shift of about 75 gauss. Al is usually 

greater than All. 
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'. The EPR spectra of'vanady1 porphyrins, on the 'other hand,' are 
" 

rather indifferent to sOl'vent or diluent; All is larger than A.t,; and 
, . { , 

extrahyperfine 1nt~ract10ns with the surrounding nitrogen nuclei are 

at the most 2.6 x 10 .. 4 em- l ,' below our limits of resolution (K1vel~on 
and Lee, 1964). The low-spin Hn(CN)5~t02- tias.:A

II 
:'=;15;Fcltl-} ~ IA1"~ 

36.2 em-l , which are close to the values found fpr MnPe, although 
J .. '. 55 . 

this compound also shows quadrupole effects of l-1n. and extrahyper-

' .. 

. fine. splitting due to the nitrogen 'on the strongly electron-attracting' . 
+ 2-NO. In both VOPc and Mn(CN)SNO the unpaired electron is assigned 

to dXY ' according to .Fort,man and Hayer (1965) scheme (b) applies to 

the pentacyanonitrosyl complexes. 

We can test the ordering of orbitals by calculating the energy 

differences between them ,as we 11 ~s two .other parameters: K ~ the 

,Fermi contact term, .d~pends on the electron density at the nucleus; 

P 15 a dipole co'upl1ng term •. P ' .. ,2BoBNr <r-3>. eo .and BN are the 

Bohr and nuclear maynetons r2spect1vely. r 1~ the magnetic moment 

of the nucleus-.. 'here 55'~n __ and cr-3> 1 s. taken over the oeeup1 ed 
2+ . 

. orbital. For"'n • K is experimentally. near 0.6 (Abragam and Pryce, 
" " . 

1951); Fortman and Bayes f~nd for Mn(CN)sN02+ that P'is 0..0126 em-1• 

Following Assour and co-workers (1965a.b) we use for the un-' --
paired electron in the d 2 level: . z 

III 9 _ 3(~)2 
9.. 0 A 

:\ ). 2 
.91 lIZ go + 6("A) - 6(-) A 

A 0 p .. 

AJ. .• P (- £. - K + il!. ) 
7 7 h 

,":,- ; 
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whe~~"A 1'$ the energy differenc~o E(z2) • E(xz:yz); ~.' III 2.0023'and, , a 

: .. /';~'!j 
t' , l.j 

-i 

). is th~ .spin-orb1 t 'coupling of Mn2+ • for --which th~ free-ion value' 

'is -350 cm-1• 

For it singly oc.cup1eddxy .orbital, " 

g ill 9 (1 .. a 
22' 

[4~(l 8 IA
II
]) 

. - .... .,' 
, I 

i' 

-:,' .; 

: :'.' 

" c:cient of 1 signifies that the electron is iiolated in the metal ~ 

.' . 

\ ,,- I 

.. 
" 

"", . .. 
I • ':, .' : 

,', ; 

. " 

" :.; 

II 
I 

~ -', ',', -: .. 

. ~. . . 
. '0' :::: •• ~ ~-~: :. 

orbital.. Assour and co-workers, estimate (l '" 0.85, and Bill in the 
, .':: ,\. ,::,' 

:: " 

.; ~ .:'.: . -'-':.: 
/,,: " _ ~ I ; • ~._ 

!'" . ~ : ,", ./~"~':, . ' . .: " 

J '.!,: : ... ~ : ..... /. " . . ' .. '~' 
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. ,', 
phthalocyanine complexes. <5 may' be considerably less than 1 ~ showing .•. ··.: ';.'-: . 

.: '.' . 

delocal1zation,of dxztdyz in1;o the pi system. 

I From the ~alues observed for MnIIPcin pyridi~e-toluene (Table I 
. . . , 

VI .. l). and' reca 111 n~f that the signs of A .. and AJ. a're unknown. \'1e . , ">" ; 
. 1 .,' ,.' ", 

. 'obtain for th~ unpai red electron in dz2 the result that A = 5840 ,em- •. ,,~':"'., 

that' 1s, d
z2 

will as requ1red~1e above dXZ,yz. Hm'lever. 

P'D + .0472 cm-1, K =.097 for A~, andAJ. of the same'sign; . .... ," 

p ~ !. .066 cm~l. K'cz .19 for A .. and AJ. of dffferent signs~ 

The values of P and K seem unreasonabl~. 

If the electron is in dxy •. then All = -19.800 and A.L ~ 4430.Cin-1 

(the value of A.l will be reduced if, 5<1). 

p a + .. 0128 cnt 1, K ... 58 for All and AJ,. both {~g 

" , ," :'. 

" . 

,I .. ~ 

I 
.1 
" ,. ' 
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.P,- .; .0173 em-' , K • _,27 for AN and Ai of opposite 5i9,ns. 

Not only ~o we calculate that as ant1cip!i~tec.!. dxz ' dyz lie 10weri~ 

, energy than dXY ' while d
x
2.y2 lies higher, but for All an,d Ai of the 

, " 

same sign, the values of P and K are just those found in other / , 

manganese(II) compounds. 

Thus from the lack of extrahyperffne splitting. the values of 
. 

. Au and AI. ,and their insensitivity to s01vent. and the sizes of de- , 

,rived paramete~s. we conclude that ,1n MnIIpc the occupati on and 

* approximate. energies of the manganese ~ orbitals are: 

, 1980~ 
cm- z 2 

I ' 'xy, 
-',' S 4400, 

cm- t ' 1'1' II xz, yz 

We must',~aution -against, assuming that the ordering found 1n' 
,'If, ' 

, r. 

phthalocyan1nomanganese holds also for the manganese porph1ns and' 

chlor1ns. 'For the'sa. a ,simplified theoretical model predicts dif. 
. , 

ferent ordering. as discussed in Section III-A.3. 

, ' 

* .' , 
Only upper limits can be found for the energy differences both be-
cause of the uncertainty in cS, and because). is likely to he smaller 
than its free-ion value which was used in the calculations. 

.,.- '1 • 

. ' 
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,,~, ,~ .. VII. SUMMARY 
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';'.' '" ... :'. ' ' '. ';' ',.' '. '.":: I: .. " '.' 'I _ P,: .' ", .. '; ',:' , "', .' ," 

, 
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to " 

'!, ':'r ,I,:.', 

" We have explored, some 'aspects of the redox and coordination ; ':: ',' , 
. : . '...' . " .' " . II", .' >" : 

'propert1es' imd'the electronic structure of manganese porphyri~' 
. ~ . . ~ . .' . 

complexes. The techniques used have ranged from a simple quartz 
~ . . . . . . ' . 

spring balance, thrOu,gh"v'1sibleand infrared spectrophotometry, to,,' 

, , electron paramagnetic re~onance.' 
, ' 

The manganese 10n \'Ifthin the, ,complex can o under the' ,proper 

, ' , . 
'. f 

, , 

, , 

" '\ 
,'.:' y 

.' .. ~ :',; , 

' .. ,', 
'.' .: " 

'" ... :,,-' ~ ". ':' .-

":::~:j','::,,:,, ,'" ,conditions,be ox1di'zed or reduced ~ither,by chemical ag~nts or .: .. ::' 
", " 

".,", . 
. ,.,,'.: 

':: ':~'.~." to,· -,>. 
In some "\ ". " ' ' 

" ./ ~.... ..' ,'.',. 

',' by exposure to light. without destruction ,of the ligand. 
" , 

; '. ;. .' ;',.. ~. . 

~, ',' :~ . \ 

. ': ; 

.,', ; . -. ~~; 'J.> " ' c'ompounds the manganese has been observed, in its' 2+ ~ 3+, and 4+ 

oxidation states. the most stable state is generally 3+ 'for these 

. .... ':.' ", " 
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. 
complexes. The methyl pheophorbide-.! che,late \'1as studied as a ,·t,· 

, " 

,·poss~ble model 'for photosynthetic oxygen production, but no for-

mation of free oxygen was seen. ' 
-

Because of the geometry of the porphyrins, their metal che-
, .: 

lates must be nearly square planar. The tendency'of manganese 

ions to f~om ,octahedral or near-octahedral complexes 1s shown b,Y, ,:> , 

, : 

..... , 

its ready coordination of additional ligands ,in the axial positions.,":: " 

'This fUrther ~oordfnation has been examined mainly by measuring 

weight ,changes of the 'soH d manganese porphyrin complexes on expo

sure to l1gimds 1nthe gas phase. The stoichiometry agrees ''lith 

proposed oxidation state~' and structures of the various species. 

Paramagnetic re~onance spectra have been observed for several 

phthalocyanine derivatives. of I'lhich the most interestif)(] is 

HnIIpc. ' Data on this compound has been analyzed by the aid of 

';.' :':-". 
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a spec1ally developed computer program. and has enabled us' to de ... 

termfnethe spin state and probable electronic structure of the 
r 

manganese •. 

Some. insight has been gained as wen into the electronic 

structure of the manganese porphin and chlorin complexes. The' 

similarity of the infrared spectrum of etioporphyrin I manganese(III) 

to those of other etioporphyrin I derivatives. and the absence of . ,. 

a f~ee radical EPR signal. in tm1IIPheo or NnIIIEtPII are in accord 

. with theoretical calculations which .1nd1catethat this species is 

not a stable porphyrjnrad1cal e The Ilresonancelt explanation ad"" 

vanced by Gouterman to explain the anomalous electronic spectra of 

these compounds m1ghthave interesting implications for their redox -,' 

behavior. The area deserves further study. 
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A cm1PUTER PROGRAM· FOR 'SIMUlATlt-:G GLASS OR'po~iri~R EPR SPECTRA 
• II. • .' . 

..' I 

. ' . 

,'1 •. ,:, .•••• . ,I .. 
,: ' . 

Electron parama9.'ne.t1cresonance spec.tra are generally. obtained , 
~ ., 

.:' ' 

,.' , 

, ".' 

. \ -- ~.' , 

.. 1n derivative form. For a, transition metal ion with nuclear spin. : 
, ,": 

.... in a polycrystlllline or glassy sample. interpretation of the spectra. 

.. ',:':, by1nspection may' become impossible •. Ov~r1apping absorption bands 

·:':'i.>::g1ve unusual relative intens1ties ofder1vative' bands. and' even 
" ',., . . 

" . '!'. 

spurious peaks. Second~order effects may cause variable hyperfine ',.',.'.. , ." . 
; '. .' 

~ .. " .. ; ~ ,. . " . 
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"':~,':." :,:' splittfngs. particularly if'the crystal field is strongly an1sotropic~. ",;.,,~,: ': 
.'- .' " 

" 

.: j 

. , 

, , , 
, ; 

"'.' ',. :,.;: ,,~':: "::'. The computer program described ~ere (Phillips. Ross, and Blumberg, 
'.' '. • r, .' :t " :~ .. ~~ ", '. . . 

, ..1 
... ," "' .. ::' , .. '. 

,::'. ,,: ',:-:.::/,', '1965) was wr1'tten to afd1n analyzing suchcompl1cated spectra. " . ;"" '.' 

. .. '. ~'.~' : ,:.:' : .. ':, : L ~ 
. . '.' ~ • t t 

:~.' .. "-;':-!~';~' " ,I·, ~'.' This program is particularly applicable to s'pin.l/2 trans1tion 

',;metal ions in an axial ornearJy axial environment. and ''lith any value ,.' 

: of nuclear spin. The spe,ctr,um is averaged over all anflles, corres-
.:.,1, " 

j ••• 

:,.' '. 

.,: tip: •• ': • 

~ . -

. . ~~, ':. ':.,·r ':. 
'e (.,~,.i. '.,' 

...... ;.·.·1::. ' 

... " 

pond; n9 to pO\'/dered or 91 assy ma ter1 a 1 s; the angular integral is . . 

" approximated by a finite sum • In the ax~al case (x'~nd 9 axes equ1va-

lent) 500 values of.,O are take., .. in the averaging. Oriq1nally a gO-point 
.~ 

average was used., but the 1nfin'ite series ,converges rather slowly so 

that small spurious peaks, appear when only 90 values of e ar~ included. 

For nonequivalent x and y axes, 300 values of e. ~ arc taken • 

The variable parameters art! gx. 9y,'9z' the components of the 

hyperf1ne 1n~eract1on te~sor,Ax' Ay • Az' extrahyperfine sp11tt1ngs and 

.amplitudes; and line width. In prac~ice these parameters are estimated 

from the experimental spectrum, then varied by the programmer to give 

~ " :'. ,0 • ';'. 
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the best output' "spectrum". Absorption bands are assumed to be . 

gaussian. The primary output is in derivative fom,but an option is 

provided .f~r absorption curves as well •. Output is always in the form 

of· II graph •. A plot on the regular output 'paper is provided for users 

who are impatient and who expect slowly-varying, uncomplicated 

spectra, others .may choose an elegant Cal-Comp plot •. 

The phenomenological Hamiltonian, bywh,iCh transition energies are 

found, is defi ned 1 n equati on (3), Chapter VI •.. It imposes several res .. 
, 

. tr1ctions: total electro'nic spin is lhnited to 1/2., Nuclear quadrupole 

interaction is not considered, nor is interacfion between two para-

magnetic centers. 

The program was written in Fortran IV for the IBM 7094 computer 

at the Lawrence Radiation Laboratory, University ofCalifomia. Rerkeley., 
. 

The program f-.1AGRES consists of the main deck ESR and th.ree sub-

routi nes: GOPLOT. QKPLOT •. and' CONST. 

QKPLOT compresses field and ,amplitude into a 100 x 50 grid. with 

. field running across the page~ A~pl1 tude is normal ized. Cf)NST defines·· 

the graph symbols and mus t be i n,C; 1 uded wi th QKPLOT. CONST 1 s wri t ten ' 

in MAP language rather than Fortran. It should be fai rl.v easy to sub-
, . , 

stitute for these subprograms a vertical plot (H running down one 

page and onto the next) \~i thout touching the main deck. However. the 

user should remember the,label and normalization contained in QKPLOT • 

as well as various C014~10N variables which must be included. I \<Iould 

like to know about any improvements the reader may make in QKPLOT. 

since it is not very useful in its present form. 

OOPLOT normalizes spectral intensity and produces a titled Cal

Comp graph and printed label. . Under option TEXPT. eJata points are 
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, .... ;. ·:·:)':~~:r:.nonnal1'zed·'and·.j>lotted on· .. it~e . same graph~ ..... 

•. ~ '.:'~:.;: .. ,.::,;~' ,. ',I • t .:'" '. ' . '.,. ' ',.. I. ...i' '. , '. ,.'. . " 
.. ; 1 '" 1;':' " The. following data eards' are ·n~eded.in the order listed: 

, ,i 

. I 

I 1.' rITL~--72 cha racters . allowed. 
, : .... , ' . J . 

. 2.·HRANGE. HMIN, HFINE. IEXPT. IQK, IGb~~ABSOR, INUCl,' ISHFS . , . " 
-; '-,',', , .; :.~,:; 

, ;, . , 
(Format 2F6.0, F7.l,I5. 516)~:".' 

. " \ ~!: .; 3. . JSHFS( I). 1 = ,J .24 (Format 24 .13). This ,card ·should· be present· .. ' : .. . 

:: .. /,.':: : '" o.!!lL if 'ISIiFS is nonzero • 
i; . • .. ~ . . • ' 

': .:, "J '4.: NEXPT,'HINC~ (FMT(I). 1 =1,9) . (F~rmat 16, F6.2, 6X,9A6). ThiS 
, ~'. i . \', ,:' ' , 

.' ' .. 
',', .. , .. ' 

,. j •.. ' • 

: " "J;,".>I~ ,~:~.j:.\ . 
... ,', ,. 

. ..... '; 

" ~ , .' . ,~. • I 

. '. 

'".;;. r'" 

,. .' ';-. ';~ .. 
'. 0: ... ~ :":, 

., 

, . ,.,- ~ 

.. ' .. ·';1 ..... . 
.~", i 

,' . .... '",' 

, .. '~;'-., ,:. " ; .. " 
......... : .' 

, • '. t ~ .. ' .. ;.':::'/':::' card is inC1uied only if~EXPT 1snonzero. 
, " ~ ',:. .~ :':::. ;.... j' :-'.,.. • i .' ','. ' . " ". I : 

, • c .. ·.? .'·5. '- A set of cards containing 'experimenta1 data: NEXPT data p01nts, '. . ., .. ;/ .. '.':' 
.' ~ ': ... ':. -. ~~: :\. . ~:".: '~ii 

: ;": .::: ': .: .', ; >':: ' .. ::':: · ... ,.i;. ,". ta ken at magna t 1 c f i 81 d . i ne remen ts HIfIC. Da ta is punched ' '·:'-.,.t;: ;>.,; 
. .' -: '.' .1n format HIT.!' "1 
~' . ," ~ , '. . ... : 

· .. ~·;·~·::: . .'··~:·i·>.:: .. ·~~··/ GZ,··GX. GY. AZ, AX, 'AV ,WIDTH, ·FRQ. ASHFS (Format 6F12.4; 2 cards).' .. "" .1:.: '.j 

" .. ' .,' 

'.' '< "', '... • 

. ".:'.. .,. " .:", . . f' . ,~.:, , .' ..• 
. ' ..... ~ .. ~,:\':~,:~'J:. :l 

~':',-'~ .. '>::.>':' ...... ; ,;;"; :.~< Parameters beg1nning .with I: denote program options'. when the' "', :':1 

~' ... : .. ,::, option is used the parameter is nonzero; otherwise 1tiszero. '.: :: '4 '. ,; •• 

)..: . 
f .' ..... 

, . ~, . , 
... f:,': ."',' • 

.,' 

~ .', . 
. , 

' .. 

,\., .. 
.' , 

, . 

. , 
'. t' 

Parameter 

IEXPT 

., r 

lQK 

IGD 

IABSOR 

INUCl 

Option 

Experimental points \l/n1 be plotted on same 'scale : 
as calculated spectrum. This option requires 

. cards (lI), (5). '. 

'A crude derivati ve plot ,.,i 11 be executed by the 
printer'. IQK must be <10,000. 

A Cal~Comp plot will be pro~ided (s~cctru~ in 
. 'der1vative fonH). If desired. both 160 and 

10K may Le chosen. .-

An absorption spectrum will be provided, either 
"good" or "quick" as chosen. 

~uclear spin. IHUCL should be the actual nuclear 
spin. in units of 1/2. For instance, given 
a nucleus of spin 5/2. nlUCL n 5. This is 
the only option whos~ value has a meaning. 

~ . 

,I - '. ' •• - '. .. ~ •. 
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EKtrahyperf1ne interaction will be included 'in the 
, calculat10n e Choice of this option requi~es 

card (3}t which, gives the re'la.tive amplitudes 
. of the cxtrahyperf1ne Hneso ASHF'S must be 
, included on card (6): it is the isotropic 

SHF splitting. ~ 

J. . '!" The meanings of ~he remaining parame,ters are as follows: 
~ , !. 

HRANGE is the range of magnetic field examined, ttlith minimum field 

....... ~ .·Ht~IN~. The computati'on increment is HFIr-IE. If a .transition falls out ... 

side the permitted field range. an overflow message is printed. 

J."',,;:. 

. " .. 

JSUFS(I) are the .relative amplitudes of extrah.vperf1ne peaks. For 

example. interaction with two nitrogens (each LA 1 t Itotal :r 2) requires 

the DSHFS vector 1, 4, 6, 4, 1. Up to Itota1 D 11 can be hand'~d • 

GZ, GX. GV; AZe AX, AV. ASHFS are the spectroscopic and hyperfine . , . . 

spl1 ttings estimated from experiment. The A parameters Bfe in megacycles. 

l4IOTH is l1new1dth. in gauss, FRQ is the measured microwave fre ... 

'quency of the resonance, in megacycles/sec. 

Cards (6) ONLY may be repeated as many t1mesas Hished. so that -. '. 

" ". '," , 

the effect' of varying !l and tl par~meters'and :\'1idth can be ·studied. A 

new computation and plot will be done for each card set (6) included: 

two cards per set. A1thoug~ the plot itself, is allowed only one title 
.. 
• s" per run. a numbered label is printed for each Cal-Camp graph • 

F1gure.VI .. 2d. drawn by Cal-C.omp. has the followin!] parameters: 

GZ III 1.9000 
GX • 2.1610 
GY &: 2.1610 

AZ III 452.0 
AX = 76.0 
AY I: 76 0 0 

ASHFS I/: . O. 

FRQ·I:I 9050.0 
WIDTH 1:1 8.0 

HmN I: 2700 
HRANGE :: 1500 

IiFINE :: 2e O 
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'c POt.YClty'ST41.,l.INc tS~, ':O~, SI'II'C liZ 
C: .;f ." 

.' III MENS I ON EXOA TA 1 1050 I, ' El(GAlJS 110';.0 I, 01 S T~ 11000 I., A8S0~1' 1 1000 I,' 
1 8~OA')IZOOI, llE~IVI1000I, GAUSSllOOOI, TlTl.EIIZI,'FMTI91,JSHFSIZ41' 
COM~O~ ICCI'UU~I XMIN,XMAX,VMIN,VMAl(,CCXMI~,CCXMAX,CCYMIN,CCYMAX ' 

. COMMU~ TITLE, FKO, WIDTH, Gl, GX. GY. Al, AX, AV, ASHFS. HRAN~E, 
1 HMIN, NSt.O(. IEXI'T, IIIE)(I'( 

Rt:AO IZ,10011 ITlft.EIIl,I=I,lZI 
\001 FO~MA( IIZA~) 

'READ IZ,IOOO) H~ANGE, HMIN, HFINE, IEXPT, IUK, (GO, IASSOR, 
1 INUC'., ISHFS 

1000 FOR~Af IZFb.0,F1.1,15,5Ib) 
C TH~ ,DECIMA~ 1'0lNTS OF H I'A~AMeTE~S A~E' IN 6~lZ,18. THE I' PA~AMETER~ 
C 4RE IN Z4,~0,3b,4Z,4ij,54. 

. , C HRANGe IS ~ANGE' OF' flEt.O FROM HMIN. UP. 11FINE IS THE,COMPUTATION IN-
C CREMENT. THE I PARAMEfERS ARE NON ZERO IF THESE oprlONS ARE TO HE \' , .. , 

". C us.:n. INtJet.. IS IN U~[TS 'OF S~IN 1/2., 
. ~ '" '." :' ,IFIISHFS) b, 5, b " 

'6 ~EAI) IZ,1004) IJSHFSII),I=I,24) 
\004 FIHVIAf (2413) 

C THE JSHF S ARE' (HE Si/PERHYPERF I NE LINE AMP I.. I TUllE S. 
,C SHFS AMI'~ITUOES' END IN 3,b,9, ETC. 

,;, : ' 5 CONTIIIlUE 

': .~' ." 
IFIIE(PT) I, \0, 1 

.,. '.:, 

READ IZ,IOOZ) NEXI'T, HINC, IFMTII),1=1.9) 
100Z FORMA( lib, Fb.Z, 6X, <JAb) 

C NE)(PT IS NUMBER OF'I'OINTS (0 BE KEAD ENDING IN 6. HINC IS THE ',", 

'.~ . C I~CREMENf WITH DECIM4l IN 10. FMT SEGINS IN 19 • 
',. ~EAf) 12,FMTl IEXOUAII)'(=l.,NEXI'fI 

':":"'\.''-' ,': no 2 l=l,NEXI'T' , 
.,.",( 1=1 = I 
'.', ;, ',' '>~:; EXGAUSI I) = HMIN + HINCIOIFI 

",:', 'i, '.' ,' • .",.:":',',':.';"'",'" ;'. '2 COlllfl''1UE "".. '.'C ECHO CHE':;K ,~ . ',' 
';:" '." WRITE 13,1005) Il,EXGAUSIlI,EXDAfAClI, I q l;NEl(jlTl 
""". ",.. '.' loDe; FORMAf 11H ,2(3X, IHI.4X.6HEXGAUS.5X.6HEXbATA, 13xllllH ,;!116,F1'9.1 • 

. '" .",,, 1 FIZ.5,'IOXIII ,':, ',' - ", :',', " 
:-"":'::' .:::', ',' IFIIOO() 3, 4, 3 ""', 

. ":" .'." 3 CAI.t. Qt(PLOT I.ElCGAUS, EXOAT41 

~;":.' : ...• ".:" ... ,',,:,:.. ,.: '. 4 CON T I "llJE 
''::,l''" ",,':' C ,NOW pttnC-:ED TO H4MIUONIAN~' 

','.:',' , .. ",," 10 REAl) 12.1003) Gl, G'X, GY,· AZ. AX.,A,Y .... WIDTH,·FRQ,·ASHFS, 
, . " 1003 FOtthlAf Ib'=12.4) '. "", 

, ,'C THESE HAVE DECIMAL I'OINTS' LN' 6,18,30,42.54,66 AND 6,18,30 ON NEXT co. 

•. '~, I 

, " . ~'" 
'j. 

' .. ,. ,'. 

..... , " .' 

, .~ .' ~ : .. :. ~ , 

,C A ~A~AMErERS ANI) FRQ ARE IN MeGACYClES. WIDTH IS IN GAUSS~ 
NSLOT = HRANGE/HFINE 

C H~ANGE/H~INE MUSf SE LESS THAN 100\., 

9 

41 

IF INSLor - 10001 9, 9~ 68 
IH~P = INUC~ + 1 
1)0 41 Me 1 ,1000 
nISTItIM) e o. 
DERIVIM) e o. 
ZMAX = IHVP 
no 11 M=l,IHYjl 
I=M " 14 
lCUM~ • IlMAX - 1.1/2. -. fM + 1. 

101 It' IlilC-(iYI 13, 14, 13 
14 It' IAX-AV) n, 1" 13 
15 ' "l~Hl' ~ 1 . 

NTHET4 .. 600 
ANGIN:" 0.15 
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'rHETA .. 0.07; 
(;0 TO 1b 

II NPHI", 20 
NTHET4 " 15 
A"l(i I N'; .. 0.298 
THt:TA .. 0.3 

, L6 COlli r 1r..lIJE 
RTHET4 .. THETAOO.0\74S33 

... 129 .. 

C THErA IS rHE INC~I~ArION ANG~~ IN OiGREES o 
no l2 lool,NrH~TA 

no 17 I. = 1. Nt>H I 
Fl. = '. 
PHI .. ~.*AHSIF~-ll.1 
KPHI .. PHI*0.0174S33 

C PHI IS THEAll MtHHAI. ANGI.E IN OEGItEE',S. 
STHETA .. SINIRTHETAI 
CTHETA = CUSIRTHETAI 
GIC = GZ*'CTHETA 
C,XC .. GX*STHErA*COSIRPHII 
GVC • GV*STHETA*SINIKPHII 
GEFF .. SQRTIC,ZC*GZC + GXC*GXC • GfC*GVCr 

, IFIINUCI.I 200, 201, 200 
201 COIllT IWE 

F~ELO .. FRO/l.4/GEFF, 
'GO ro 202 

200 CONTII\IUE 
C HY~~RFIN~ CALCULATION 

AGEFF .. SOKrIAZ*AZ*GZC*GZC + AX*AX*GXC*GXC • AV*AV*GVC*GYCI 
TROUBL =IAZ*AZ - 0.5*IAX*AX • AY*AVII/IAGEFF/GEFF) 
FIELD" FKU/l.4/GEFF - ZCOM~*AGEF~/GEFF**2Jl~4 

1 -IIZMAX**2 - 1.)/4. - ~CO~P**il*IAX*AX • AY*AVI* 
2 IAZ*AZ*GEFF**2/AGEFF**2 • 1.I/Ill.2*FRU*GEFFI 
3-TROUdL**2/12~8*FRQ*GEFFI*STHETA**2*CTHE1A**2*ZCOkP**2 

,C THE 'TROUBL' TERM IS IMPORTANT ONLY ~HEN Al - APERP IS LARGE. 
202 'CONT I.~IJE ' 

IFIISHFSI 18, 19, 18 
18 00'20 ~ool,24 

C SUPERHVPtRFINE CALCULArlON 

2l 
, 20 

22 

IFIJSHFS(K)) 21, 22, 21 
KMAX = K . 
CONTlfIIUE 
CONTliIIUE 
HSHFS = ASHFS/l.4/GEFF 
FKMAX = KMAX 
1)0 23 ~=1,K"'AX' 
FK oo, I( 

F~HFS = JSHFSIK) . 
J = (FIELD • HSHFS*IIFKMAX.l~1/2.-F~1 ~ HMINI/HFINE 

IF IJI 98.9d.25 
25 IFIJ - NSLOTI 26, 26, 98 
98 W~ITE 13,1010) J 

C PRliIIT ER~OR MeSSAGE. 
C TRA"lSITION. 

J INDICATES F(ELD POSITION O~ UN~LOTTEb 

1010 FORMAT 147H TRANSITION OUTSIDE'ESTIMAT~D FIELD RANGE. Js. 
GO TO 24 ' 

21> IF (L - 11 2lJ,2'-J,28 
'28 IF IL - 111 27,2'1,27 

27 IlISTKIJI " OISTRIJI ~ FSHFS*STHETA 
'2V 'OISTRIJ) • OIST~IJI .' FSHFsoSTHEfA 
24 CONTINUE 
23 CONT liIIl,JE 
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',' GO TO 40 
\9 '.J • I~IELO HMI~I/HFI~E' 

IF C Jl '19,9'1,35 
'35· IF IJ - NSLOTI 3bt3b,99 
.99 "~IT~ 13,10101 J 

GO TO.34 
IF IL - 1139,39,38 
IF IL -111 37,3'1,37 
OISTRIJI OIST~IJI + STHErA 
OISTMIJI D OISTMIJI' + STHETA 
CO"lTllIIlJE 
CONTIIIIIJE 
THETA D THETA + ANGINC 
MTHETA Q THETAoO.0174533 
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, ., 

" .. ' 

. , .. : 17 C()"IT 1,\jU€ 

.:,.. 

'. 12 CONT IIIIUE 
'.' II CONT If04lJE 

C ~OW PMOCEEO'TO THE CONVOLUTION~ RESULT IS THE DERIVATIVE 
. C OF A GAuSSIAN \ 

"IHROAU" 2o lNSLOT/10l + 1 
C THE MAXIMUM BREADTH CALCULATED FOR ANY ONe'S~I~ IS 115 H~A~GE. 

"110110 = NBROAD/2 +1 
~~OADINMIDI D O. 
ALPHA = HFINE/WIDTH 
00 SO 10:2,NMI0 ' 
F I = I - 1 
I( = I' + NM I D - '1 . 
BROADIKI = -F(OEX~I-.b930floFloAL~HA.ALPHAI 
J = N"'IO - I + 1 
HROAOIJI .. -B~OAOIKI 

.', 

IF IBO(OAOIJ) '+ .Oll 51,51;50 
C . rHE RROAIlEN I NG FUNCTION I S CO"~UTeO TO .01 OfMAXI.4UH'HE'IGHT., 

50 CO"lTI"lUE 
1)\ 'CONTINUE 

OQ S2 J .. 1, NSLOT 
FJ = J 
GAUSSIJ) Q HFINEoFJ + HMIN 
00 53 l=l,NBROAD 
IFI~ROADIIII S~, 53, 54 

54 K" I + NMID - I 
IF~1(1 53, 53, 55 
IFIK - NSLOTI 5b, 5b, 53 
IFIOISTRIKI) 53, 53, 57 
OERIVIJI .. OHIVIJI + OISTRIKI*SROAOI II 1 :. 

CONTINUE' 

55 
56 
57. 
53 
52 CON T IIIIUE j ," _. 

IFIIA~SORI 59, b1, 59' 
C INTEGRATE OERIV TO GET ASSOR~. 

S9 AijSOR~I11 = O. 
00 60 J=2,NSLUT 
AKSOR~IJI = A8S0~PIJ-ll +'OERIVIJ-li 

bO CONTINUE 
b1 CONTINUE 

.'., 

.. " 
':, ' .. ' 

',' 
~,' a • • 

'.:. ",' 

',' 

. ' 

...• ; 

C COMPUTATION IS FINISHEO. p~pCeEU TO ~LdT. 
I F I 101{ I 62, "3, b2 . ." ',: '.~. : .. 

b2 CALL OKPLOTIGAUSS, OERIVI 
IF IIARSOKI "4, 63, 64 

b4 CALL ijK~LOTCGAUSS, AKSO~PI 
63' CONTINUE . . 

IFIIGI); b5, bb, bS 
b5 ~ALL GDPLOT IGAUSS, O~RIV, EXGAUS,' EXOATAI 

b7 
6b 

68 . 

"IFIIA~SORI b7, ~b, bl, . 
CALL GUPLUT (GAUSS, A8S0R~, 
CON r I "IlJE 

. IF I IQI(-100001 10, b8. 6d 
'. STO~ 

ENO 
t:NIl 

EXGAUS, EXDATAI 

"', . '"" 
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, 
stRFTC QKPLOT LI~TtREF 

~U!'IROIJTI"l~ .OI{PI.OTll',1)1 
C THIS SURI~()UTINE WILL COMPRESS 'THE MAI~ PROGRA1·' ARRAYIP,QI, 
C DHIENSIO'I~ UP TO l!)!iO' X l05t') , INTO AlI)I) )( 50 GRID. 
C ONLY SLOWLY VARYING FUNCTIO,S ARE HANOL~DWELL. 
C 

DIMEN5IO~'PI1IoO(1)eXGRIDI11IoVGRlnI111~G~ID(1t')1),TITL~fl~). 
1 X(ln;~I.v(105nl 

COM~O~ leCPOOLI X~IN.X~AX.YMI"lIVMAX.CCXMIN9CCXN~X.CCV~!NDCCYMAX 
CO~MO~ TITLE. F~Q, WIDTH, al, GX, GV. AZ, AX~ AV, A~~F~t ~~AN~~. 

1 H~IN, NSLOT. IEXPT, NEXPT 
IFII~TARTI 301.302.301 

301 ISTART .. 0 
IFIIEX!'TI 310.311.310 

310 ITlTL.E = 1 
GO TO ';12 

30'- (Q~TPWF. 
'311 trITL.E = 0 
312 C:>I-.lTIIIlIJE . 

IFltTITLE)'l51,151.150 
150 WRITE 130123) TITLE 
12~ FO~MAT 11Hlll?A6/znH ~xpeR'MENT.L CURVE I 

C TITLE ANn CURVE OESIGNATION WiLL !3E WRITTEN AT THF.: T,OP OF TIoIr: PAGE • 
NUM = NExoT • 

,GO TO 153 
151 WRITE 13,1281 TITLE, Gli GX. GY. Ale AXi A'll WIDTH. FROo ASHFS 

128 FORMAT( IHlt12A6/6X.2H~Z.l.>)(.?HGX-.lIlX.2HGY.10X.7.HAl.lfl)(.2~"\X,11))(.214 
lAY. 9X. SH\'!I OTH, 5X ~9HFREOIJE~CY I 'iX I 51-' '~HFS/IH .9F1?. 41/1 
NIJ~ = NSLOT . ' 

153 CONTINUE: 
X\1J"! = H"lJ"I 
X~AX = H~I~ + H~ANG~ 

C THE ARRAY IP,OI IS DUP~ICATEO BY IX.VI. WHICH IS THEN 50RTEO 
C IN CRDEq OF DE~CENnING Y. 

DO ~n5 M = 1. NUM 
XIM) = PI"" 
VIM) = QIMI 

7.05 (0"111 'lUE 
'l"'1 = 1\!1.1~1 - 1 
00 15 J = 1. NM 
t'lD = I') 

'< :0 "11)'1 .I 
DO 11'1 I " 1. I( 
IF I'll J I.GE.VI 1+11'1 GO TO 10 
5 ~ V I J ) 
T = X(lI 
yltl = YII + 1) 
XIII to xfl + 11 

·Vlt + 11 = ~ 
,XII+11=T 

IN!) ,. 1 
10 r;O"ITINUE 

IF Ilnn.Ea.OI GO, TO 20 
15 CONT I'l!J= 
20 T1 = IX~A)( - XMINI I 10. 

V 101 ,a. X = Yl11 
V...,IN = YINU'~I 
T2 = IY~AX - V~INI I 10. 
XGRll)( 1.1 = XMIN 
VGRIDlll = Y)o1AX 
1)0 7. 5 I ill 2. 11 
XGRlnlII = XGRtoit ~ 11 + Tl 

" 25 YGRlol [) ij YGRIDl'l - 11 - T2 
I'ILNK '" 91.ANKIDI 

!, 

,-
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no '41)t a, 1 .'~ 
,.' ,.40"'.~~tT~(3. 1.51 

,-45 FO~~lo\r .e20x. 1HIt. l0(9X. IH." 
.,' l .. \ 

M " 1 
~O 65 ~." 1.' 10. 
1')1) c;" t = 1. 1 n 1. 

51) ~RtO(tl " ~l~K 
., " FlOo\Ti\~) 

'. ·1 

" 

0:1 (YM.I\X. (51. ~I'+ V~lIN!t 11\ -1,1,1/50.' 
no I) '\ t l .. I. Ni J.l." . ', ' . 

' .. 
IF IA'l~-(1l - yltlU •. IYMAX - V~lINI I 100.1 41.:53,' 51":':'-' 

41 IXP " 1)'), .. IXIIll - ·X'~I·~!) I' Ixr~AX· XIHNI· +1..5 ::"": ...... 

" .. ; 

", . '51 GqlolIXO) " XXXXXIDI. ' 
,5'3 CO~TI"lIJ!: . • . 
52 \~RtTe: 13.751. VG~IOIlI.IGRIQIII,·1 .. i. 1011 

.' No'" '1 + 1 

. ~ :: "l + '3 

" .... : 
.', 

~', " 

',' .' 1)0 AI") J ~ N. ~t 

00 55 I :: 1. 101 
S5.GRIOII) = '3LNK ..... 

',' ..... A .. FlOATIJI 
n· ,,'(YMAX * (51. AI + V"1IN • IA - 1,111 50., 

. '.' 00 C; 7 I L .. 1. NUM 
,,-. IF c'A!\~IIl-- YIIlIl· IYMAX-·Y'HNI·/ll'lO.1 ·46,57.57'·' 

'-'.. 4'6 IXP';' 1~Je * IXIIll .. XMI~I I eX~AX - XMINI + 1~·5.· 
.. 56 G~J~(txP)·: XXXXXIO' 
". ' 57 CONTINUe: . , 

"" .. 

.... ;. 6~. \1AITe: (3.76)IGRIO(II. "1~ 1011 

'," 
~ • 'H' 

: . 

. . ~ " '" + 1 • 
.'. 65 L " l + 1 
,:, .. no 66 I .. 1. 101 '. 

.6 GRIOel1 :: Al~~ 
'1)0.72 Il .. -I., NUM 

• IF IA~SIVMIN - VIlLI) ~ IYMAX - r~INI.' 100.1'69. ·72.72 
69 IX~ :: 1~1. w IXIIll ~ ~MI~I'I'(XMAX - X~INI + 1.5 
70.GRIDUXPI :: XXXXXIOI 
72 CONTINUE .' . 
71 \~RIT!:: 13.75:) vGRion·ll.IGRIOIII. • ·l.-l~ll 
75 FORMAT 16X.F12.6.2~~101A1t .~ 
76 FOA\1AT 120X. I01Al! :'.... '. 'c' 

c 
c 
c 

1)0 AI) l' b . 1. '- . ....... : •. :. .' ,'. 
THESE FOR"1A r.~. EXH!N!). TH.F.· .a:lAPIoC i'L INESSEy'ONO .·USU.Al. PAGE' OV!RF'-OW •. 
THE lAl 7094 ALLO~/STHIS. aUT OTHER MACHINES"MAV ~EQI.IIRE 
OVERFLOW CONTROL. 
Bn I~RITI;: 11. 41)1 : 

WR IT E I 3 .·A 5 I I XGR I I) Cl ,.. I • 1. 111' • 
85 FOR"1AT 114X. ·11IF9,2.'lXI/1Hll 

'RETURN . 

'. , ,I 
!:t-ll) 

UAtiAO CONST 
C THESE CONSTANTS I SLANK' AND XXXXlO.WR niENIN .r4AP· I:.ANGUASE .•.. 
C ~UST ~E INClU~EO WITH QKPl.OT, . 

ENTRV fllANIC 
. ENTRV XXX XX 

:~lAN~'SAVF . 
.cLi-;'6606060606060 
RETURI.! 9lANK 

XXXXX SAVE .' 
ClA =0676767676767 
RETUR.N xxxx'x 
F.t>jl) 

.' . 
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Sl8FTC GDPLOT LIST,REF 

C 
!;UflROtJTI NF. GI)PLO! ex. y •• It V I 

DIM!:N~ION Xll0M,. Y1100'lI, 1J111l5t)1. VI1050h T1TL.EI121 
CO~~O' ICCPOO~~ XNIN,XMAX,Y~IN,YMAX,CCXMIN,CCX~AX.CCY~IN.CCV~.x 
COMMO' TITLE, FRO, WII)TH, Gl. GX, GY, AZ, AX, AY, ASHFs. HRAMGE. 

1 HMIN, NSLOT, IEXPT. NEXPT 
IFIIPLOTI 10,11,10 

10 NPLOT .. 0 

11 

IPLOT a 0 
CA.I.1. CCRGIIt 
NPLOT = 'PI.OT + l' 
X~IN = HMIN 
XMAX = HMIN,+ ~RANGE 
V~1AX = Vl11 
Y'~I' = Vl11 
no 1 J = ?,NSLOT 
IFIYIJI - YMAXI 5, 5, 6 
Y~~AX = YIJI 
IFIYIJI - YMINI 7, \. ,1 
Y'4IN = VlJI 
(OIltTPH.JE 
YLO .. Y~I' 
YHI = Y~AX ' 
CCX~AX = 1570./1024. 

.'. ,: 

CAI.1. CC~T~IO.,.02.0,2,NPLOT.61 
CA~L CCLTRI.l,.02,O,2.TITLE.481 
CALI. CCGRIOll.15.1.6HNOLAL~.l,10.11 
CA~L CCPLOTIX.Y,MSLOT,4HJOINI 
IFIIEXPTI 16, 15, 16 

16 IFlIltPLOT-11 80, 80, 81 
80 CONTINUE 

76 
75 
77 

\!~IAX = VI 1 I 
V'1IN = Vill 
DO 11 J = 2,NEXPT 
IFIVIJI - VMAXI 75. 75, 76 
V'~AX = VIJI 
IFIVIJI - VMINI 77. 71, 71 
VMIN .. VIJI 

'71 
81 

CONTINUE ~ 
CONTINU:: 

'YMAX = V~AX 
Y"1I"I = V'1IN 
CALL CCP~OTIU,V'NExpr,6HNOJOIN,8'11', 

15 CONTINUE ' , 
CALL CCNEXT 
WRITfl3,1001 NPLOT'TITLE,GZ'FRQ'GX'~~OTH~G,.~LO'AZ.'~I.AX'HMIN' 

1 AY,XMAX,ASHFS,NSI.OT 
100 FORMAT 11~1'A6/1H ,12A6/4H GZ=,F12.4,6X'~H'FRF.Qa.Fl0.41 
. 1 4H GX=,F12.4,6X.7H WIDTH=,F9.4/4H GY •• F12.4,6X.3H '.,F13.61 

2 4H AZ=,F12.4,6X,4H TO,F12.6/4H AX",F12.4.6X,6H HMIN=.F10.41 
3 4H AY=,F12.4,6X.6H HMAX=,Fl0.41 ' 
4 7H ASHFS=,F9.4,6X,11H NUM SLOTS",I41111 

RETURN 
EIltD 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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