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: o ABSTRACT o R
'-in order to stddy the influence of pérphyrin~typell1gands on tﬁe"xﬁ;‘
chemi#try of transitibhimetél 1ons. the héﬁavior of manganese 1n'che- t
vvlates with phthalocyanine, methyl pheophorbide-a etiopornhyrin | ow : gi f
members of three distinct classes of porphyrins -= has been 1nvest1qated\.
Oxfdation and reduction reactions of the methyl pheophorbideﬁg |
and etioborphyrin complexes have been studied both in solutions and "V ‘
in the solid state. The compounds are light sensitive: the'che]ated"; >"
manganese(lll) is reduced to manganese(II) under 1rrad1ation by white R
1ight, (Methyl pheophorbide~a)manganese(1V) has been produced, Itsj,f¢¢ 
" reduction has been studied to learn whether this reaction can serve B
as a model for the mysterious but crucial fole of manganese in photd-:[“
synthetic oxygen evolution. However, no formation of free oxygen was ;-V'.
detected, |
Adducts with pyridine acetic acid, wéter, and other vapors weré j -
studied using a quartz helix microbalance which was designed so that
atmospheré and temperature could be contfolled. One pyridine per
manganese is strongly bound and another weakly adsorbed by u~oxobis
(phthalocyaninomanganese). in agreement with tﬁe structure of this

compound which was determined by VYogt and co-workers (Yoqt, Zalkin



eviiie,

"~ and Templeton, Science, 151, 55‘9‘(1966). Simﬂarly. etioporphyrin 1
lh;*2acetotatomanganese(III). with a single vacant: axial coordination |
;posxtion. forms 1:1 adducts with pyridine, acetic acid, or acetone.‘; ?%ﬁ:°yl
v-Phtha]ocyaninomanganese(II) adds two equiva]ents of pyridine in a’ |

- :reaction whose rate depends on the history of the samp]e. |

The e1ectron paramagnetic resopance of phthalocyaninomanganese(II);ff*{
| f{ the only easily prepared manganese(II) compound\amonq those studied, |

" has been investigated in glasses at 90°K, The manganese appears to IR

be in its rare low-spin state ($;=:1/2) and shows anisotropic hyper- - ffff
s fine'and'spectroscopic splitting tensors: A = 151 x 1b'4‘ B', 25 x ; ;f§},-“

f}_ldf4 cm“; g“'='1.90.‘9L“r2;16 " The Unpaffed e1ectron is pfobab]y‘f““’f o

fl"in the d, xy orbital of manganéke. The energy ordering of levels 1is

:i>?-believed to be dxz' vz < dyy < d 2 < dxz 2.
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I, INTRODUCTION -
Hemogldbih transpbrts oxygen in the b1ood." Ch]orophyl] not

oniy'gives green plants their color, but also traps 1ight erergy 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 piéments. Other members play a

variety of biological roles: Hemes, fron porphyrins related to that

B -in hemoglobin, are the active agents of many of the electron-transfér

- enzymes, Ooporphyrin tints eggshells; turacin colors the wing

feathers of the Turaco bird,

~

Thé porphyrins are important for their inorganic chemistry as

Avwell as for their biological functions, beqause they form square

plahar.coordinationAcomplexes with transition metals.‘ These come ;'
plexes are often ext}emeiy stable; the associatfon conStant of {ron
030.'and‘vanadiuh porphyr{ns have been found in
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 dramatic example is the oxygen=-carrying ability of fron

in hemoglobin, | | |

Manganese too is essential in certéfn biological processes, ale

- though it 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 et al,,
1960), The smallest unit that can perform photosynthesis, known as

the quantasome, contains two manganese atoms (Park and Biqgins, 1964),



. . .2“
{{‘fhe_mangaﬁeSéfappeafs in the {ntractable pfotein fraction, and has
) féi'frustrated all attempts to discover its molecular environment,

2+

‘j-_ Several enzymes are specifical]y activated by Mn We know

'f very 11tt1e'abqut the'surroundings of the manganese in the enzymes ,

. but 1t is almost Certainly chelated (Martell and Calvih, 1952, p. 401

- ff.). Red blood cells incorporate manganese when in the.body,(though
oddly, not in a test tube), binding it very tightly in a compound
which is isolated with crystallized heriin, Borg and Cotzias (1958)

s suggest that the manganese 15 present as a porphyrin comp1ex. but do

not speculate on its function,

Elvidge and Lever in 1959 reported that:a manganese complex of

':f'phthalocyaninea-first cousin to the porphyrins--could-produce oxygen, H

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

‘ 'manganese porphyrins in the Chemical Biodynamics Laboratory (Engelsma
- 22.21:- 19623 Calvin, 1965), Wﬁilé no evidence has been'qund fof‘
‘vquqen formation, even in Elvidgé and Lever's system, we have 1eafned
much abbut the coordination chemistry, redox behavior, and electronic
" structure of these chelates. In this dissertation T wil discuss

"  some progress in each of the areas mentioned.

. STRUCTURE AND NOMENCLATURE OF THE PORPHYRINS

Porphin is a fully conjugated macrocycle which contains four py=

rrole rings (Fig, I-ia). Any compound havinq‘thiﬁ hasic structure is
called a porphyr1n.i Many of these substancesvwere‘discovered in
nature long before their éompositioh was known, and were named for
where they occur (oopofphyrin. fbund in eqqs) or for some property,

particularly color (chlorophyll, 1ight green; rhodoporphyrin, rose



a)"

b)

‘ . XBL 678-6132
Fig. I-1, Pofphins. a) the parent molecule porphin, showing the

numbering system conventionally used for naming porphyrins. The
dashed 1ines indicate po;sib]e hydrogen-bonding; b) etioporphyrin I
manganese(I1). The “I" refers to the alternate ordering of methyl and

ethyl groups around the ring.
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f;jred;‘bofphyfih.-from the Greek *porphyra, purple), The trivial

:names'make it difficult to visualize the relationships among the

" porphyrins, but there is a reason for continuing to use them instead R

~of systematic names. One of the simplest substituted porphyrins, - . ¥

. etfoporphyrin 1 (Fig. I-1b), is properly 2,4,6,8-tetraethyl-

._1.3,5.7-tetramethy1porphin, and more complicated cohpounds have

-*5;.correspondingly fntractable names.

» The substituted, fully unsaturated molecules 1ike those in ey ;i":;"‘
| Fig, I-1 are a class of porphyrins properly called pdrphins,.but" ;’
- often known simply as porphyrins. The most important class of df- -

hydroporphyvrins, Which have a single saturated bond in the ring.jis_;‘?jﬁz;_;f;v_-

L the chlorins., In Fig. 1-2 is shown a wellsknown chlorin: with M nqu fff"

“ f'.  and R = phytyl, the chain of a long organic alcohol, this.is ch]oro-' v:: ‘

'phy11-g, One of the compounds which we have studied, (methyl pheo-

Lo phorbide-a)manganese, is just the same molecule with R = methyl and |

~ M= Mn, As usual, the trivial names conceal the relationship between .-
the compounds. : ) | o
Azaporphyrins'are formed by replacement of one or more of the
‘bridge cafbohs by nitrogens; Tetrabenztetrézaporphin, better known
as phthalpcyﬁnipe. is a synthetié dye with a spectacular blue color,
A manganese(III) complex of phthaloéyanine. in which two of the .
‘planar moeities are Joined by an oxygen atom, is 111ustfated in Fiq, T3,
~ Neutral porphyrins contain two pbotohs attached to the central
hitrogens. possibly with some hydrogen bonding, as indicated in
Flg, I-la, The terms "free-base" ahd "metafnfree" porphyrins are

o ften used to distinquish the pdfphyrins from the metalloporphyrins,

in which the hydrogens are replaced by metal fons, With a few



| N 3 XBL 678-6133
Fig. I-2. Chlorophyll-a; . | M = Mg, R = phytyl (C

(Methyl pheophorbide-g)manganese:' M =‘Mn. R = methyl,

Only one of the possible resonance structures is shown,

201397



N—z—"’i{Mn/'\’{ ]_Mn

I78° 178°

MUB-8465

Fig. I-3. Molecular structure of ;.l-oxobis(phtha]ocyaninomanganese).
(Vogt, Zalkin and Templeton, 1966,.1967).

o




ol
o exceptions, for instance the d1béry111um and di1ithium compounds, a
| single metal 1on'occup1es the. central hole in the borphyrin and is |
- bound equally by all four nitrogens. This important fact is sometimes
masked by the common practice of illustrating a sinqgle resonance form,
as in Fig, I-2., There are sevéral ways of naming metalloporphyrins,
depending ha1nly on the author's orientationS: hemin, iron protopor-
phyrin chloride, (protoporphyrin IX)chloroirdn(I{I) are all the same,
The last style, although more unwieldy than the other#. conforms to
the conventions set by IUPAC for inorganic chemical nomenclature, and'
" makes it clear that we are dealing with a metal coordination compound,
We shall often abbreviate the names of porphyrins under dis
cussion, HZEtp.refers to etioporphyrin I; MnlIEtp, to (etioporphyrin i);
‘manqganese(11); MnIIIEtp(OAc). to (etioporphyrin I)acétatomanganese(!!!j.
Usually we shall include the oxidation state of the metal if it is
_”known. Axial ligands, however, will not always be specified,

Table I-1 1ists the abbreviations used here,

“Table I=1

Abbreviations for the names of porphyrins

Abbreviation ~ Trivial Name | " Fiqure
Etp Etioporphyrin I B B [ |
Pheo Methyl pheophorbide-a 1-2
Pc Phthalocyanine - [-3
PTS Tetrasulfophthalocyaniné -
Hm ' Hematoporphyrin IX | *
p ' ; (general) Porphyrin ' -

*See Loach and Calvin, 1963.
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Robertson (1936) determ1ned the structure of phthalocyanine by

- xoray analysis° in a c1assic triumph for the method of 1somorphous
,ﬁ_frepiacemento So formidab]e was the task that until recently no come
‘ f pléte three-dimensional analysis was accomplished on any porphyrin.“

""" sfnce Robertson reported convincing evidence that phthalocyanine is

‘ ':fffflat, all porphyrins were assumed to be planar, Several studies have

7 now proved that, on the contrary, the porphyrin. skeleton 1s remarkably

‘~f?ﬁf1ex1b1e and wi]] bend or pucker to fit a particular crystal]inezform,“,

| ;.”1Ft;;(webh and"F'leischera 1965; Hamor, Caughey and Hoard, 1965), Even in

'.‘phthamcyaninen the benzene rings can bhend away from the mo!ecular

“fcoplanar with the porphyrin, as the references above show,

The Iiterature in the porphyrin field is vast, scattered, and

o rig  often conflicting. Fortunately it includes some rather thorough com-

| Jf‘pilations; Falk's munograph. Porphyrins ahd Metalloporphyrins (1964), -

'1s'recommended for its coverage of the general chemistry of these sub- B

stances -and of special techniques for handling them in the laboratory,

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

*For the structure in Fig. I-3, each stage of refinement required three
hours on an I10M 7044 computer (Voqt et al,, 1966), <

. plane (Vogt, Zalkin and Templeton, 196€,.1967). Nor'fs the metal ‘aluays

<
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I1. PREPARATIONS

A, ETIOPORPHYRIN I ACETATOMANGANESE(III)

Etioporphyrin I (0.47 g, 1.0 mmole) and manganese(11) acetatet
(0,63 g, 5.5 mmole) were heated for several hours at about 80° in
50 ml glacial acetic acid containing 8 ml acetic anhydride.‘ Comple=
tion of the reaction was coﬁfirmed by the electronic spectrum, which
§howed that all of the etioporphyrin was 1n‘£he form of its hanganese :
~ (I11) complex, The solution was evaborated to dryness and taken up ,J
iﬁ chloroform, The residue, excess manganese acetate, was filtered |
off, and the filtrate was concentrated to a small volume, Concen=
- tration of all ch]oroform'so]utions was accomplished by using a ro-
tary evaporator at room temperature under vaéuum.
| Chromatography of the concentrated chloroform solution on a
. column of activated alumina (Woelm, activity grade 13 or Merck,
~ chromatographic grade) showed at least three distinct bands, one of
which was nearly insoluble in chloroform but soluble 15 pyridine,
The main, chloroform-soluble fraction was further purified‘by ree
moving the solvent and then sﬁb]iming the solid at 350-400°C, in
vacuum, This procedure yie]d;'MnIIEtP°HOAc; impurities and by-
products of the reduction do not sublime with the complex, which |
upon exposure to the atmosphere is oxidized to MnIIIEtp(OAc). Prob-
. - ably the acetic‘acid is 1iberated during the reduction; as MnIIEtp
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 well as some adsorbed acetic

acid,
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;- Calculated or ! TEtp(0nc) C34H39N402Hn° C, 69.1; H, 6.7;
N N, 9.5; 0, 5.4; Mn, 9.3%, Found: C, 68,1; H, 6.65 N, 9.7; 0 (by
| dtfference), 6,1. Mn, 9.5%. (Manganese content was’estfmated as ash,
| assuming that the ash consisted of Mng0, only.) Empirical formula:

, C33H38N402Mn.

B, (METHYL PHEOPHORBIDE-a)CHLOROMANGANESE(TTI)

An early preparation of M1 Tpheo qave a mixture of the chelate

'.,[; and metal-free methyl pheophorbide-a. Since the product was used in |

L‘,several experiments, however, the method 1s descfibed here; About
| . 25 mg of methyl pheophorbide-a was mixed with a tenfold excess of

lfrmanganese acetate in chloroform, The electronic spectrum agreed wfth

©that of methy) pheophorbide-a (Zeiger and Witt, 1961), and did not
;f; 5i ~ change even after long standing and heating. The”501vent was eva-. "
" porated, and the residue dissolved in dimethylformamide to which was = .

T* f‘added some solid NaHC03, ‘Again 11tt1e reaction was observed untfl

the mixture was heated on a steam bath, Water‘ahd benzene were now
added, the plan being to extract the chelate and the unreacted ch\orin ‘

into the benzene layer. Surprisinq1y, only the methyl pheophorbide-a

appeared in the benzene, whereas the water layer exhibited an unfamiliar'a"”'

spectrum, To the eye both layers were the same dark qreen, From the -
water—splub]e fraction the inorganic salts were removed by repeated
evaporation and dissolution in ethanol, The finai alcoholic solution
‘ wa§ used without further purification. The sampie was probably allo-
merized (although no accémpanying spectral shifts were observed), and
the hethyl ester may have been replaced by ethyl. After a more nearly

pure,bétch of MnTHpheo was obtained (see below) 1t was obvious that

<«
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[y ' ) . ‘ : . . ‘]1.

o the‘eiectronic spettrum of this sample represented an approximaté]y

50:50 mixture of complexed and uncomplexed chlorin, ]

A more sa;isfactory methed for breparfng MnYIIPheo was a modifi-
cation of thatvdescribed by Loach and Calvin {1964b), Methyl phéo-
phorbide-a, 110 mg or 0.18 mmole (Fluka AG Chemische Fabrik Buchs)SG,"
Switzerland; “"puriss.®) was dissolved in a 3:2 mixture of acetic acid
and acetone, - MnAc2-4H20, 548 mg or 2.24 mmoles (Matheson Coleman and
Bell, reagent .grade) was a&dedD and the reaction was allowed to
proceed for four days. The solution was then decanted from ﬁhe un-
dissolved manganese acetate, The solvent was removed by freeze- |

drying; the residue was extracted with chloroform, the resulting

__' solut1on'evaborated, and the solid leached with water, The aqueous.}v _'“
:  ; solution was adjusted to pH about 7.35 with KOM and HCI; potassium
~ ‘chloride (Baker and Adams, reagent) was added to about 1 M, Instead
- of the hoped-for tractable precipifate. a colloid was formed, which
o refused to redisso]_vg° The product was extracted into chloroform,

" from which 1t formed an 011 rather than crystals,

In another attempt, the residue was 1eachgd with 95% ethanol

{nstead of water, Leaching was done in small batches, and stopped

‘when the electronic spectrum revealed that no more chelate wasvbeing_

extracted, but only the metal-free pheophorbide-a. The earlier
fract1qns. containing MnIIIPheo, and free of mosf inorganic sa]ts;
were evaporated down, The residue was extracted with chloroform,
thfs solvent removed, and the final residue dissolved in 20%'aqueous
ethanbi, from which it precipitated as small, dark green crystals,
The product gave a spectrum similar to that reported'by Loach and

Cé]ana



nJ '?ff tube as & side-arm, Acetic acid-acctone (3:2) was added and the

«12=
}

€. (METHYL PHEOPHORBIDE-a)MANGANESE(IT): Attempted preparation,

"v"Manganese acetateiand methyl pheophorbide-g.Were placed in a a .

‘1«c0§é£te Simiiar to thosé illustrated in Fig, IV-I.'but with an EPR

*~'{;vésse1 was iﬂass:;sealecl° After 38 days 1n the dark a steady state

%5;[_had been reached; unfortunately the reaction did not qo to completion,

" flask together. A minimum amount of silicone grease was used, . \ith

: . this arrangement, leakage was heg]igible and the solid, friable pro-

a;3 An electrOn paramagnetic resonance spectrum (see Chapfer VI) revealed

' “'unComp?exed Mn2+; any resonance from the chelate was too weak to detect,. ?i{'

t

. D, JETRASULFOPHTHALOCYANINOIRON

-~ This compound was prepared by a modificatidn of'webef and BUséh’s' AR

i?;hethod (1965). Mr. Bill Hart constructed for}ug'a demountable three-
; neck boiling flask of about 300 ml volume (Fig, II=-1), Around each

"f,,half of the flask, near the flanges, was an adjuStabYe hose connectorl‘_’r

,:jito which three springs could be fastened, These springs held the

duct could easily be removed.' To one neck of the flask was fitted a  ¢‘
| condenser; on another was a thermometer; the central neck was used |
rfor adding reagents and the rest of the time was corked.

~ Twenty ml of nitrobenzene was heated in this flask to about 170°¢, . - °
Ammoniuh chloride (2.35 g, 45 mmoie), monosod{um 4-su]fophthaléte | |
. (21,6 g, 81 mﬁole); urea‘(29 g, 490 mmole), ammonium mblybdate (0.37 q, o
0.3 mmole), and ferrous sulfate, FeS0,e7H)0 (6.7 g, 24 mmole) were -
ground together in a mortar, The mixture was added slowly to the hot

nitrobenzene, while the temperature was kept between about 160° and



o | XBL, 678-6126
' Fig. Il-1. Reaction vessel for the preparation of tetrasulfophthalo-

cyanine complexes, The clamps are made from adjustable hose connectors; .

-ﬂmefa]-g]ass contact is prevented by placing asbestos tape under thec]ampé,

it et e A,
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200°, The reaction mixture soon became dark green and viscous, making

‘temperature control rather-difficult, NH Cl tended to clog the cbn-

. denser; ‘the most satisfactory arrangement was to.use a straight con-

" denser and occasiona]ly scrape off the ammonium chloride with a Tong

i glass rod, After cooling, the green~biack, cinder-1ike product was

" removed from the flask and ground in a mortar, then washed with

l,;’*“_methanoi until the odor of nitrobenzene disappeared. The spectrum of‘f'

?“5fbl the green methanol extract had a peak at 660 nm, with inflections ét,'j‘~ :

v?;'630 and 600 nm and huge ultraviolet absorption. The residue was

dissolved in 1 N hydrochloric acid, again giving a green solution;

o sodium chloride was added to salt out the tetrasulfophthancyanino1ron,‘:Q,g;;;ii

| The sbectra of diluted aliquot$ of this solution wére taken for come
4%:”pari90n with‘the known spectrum of FellpTs as }eported by Kobayash{
et al, (1960): 676 and 633 nm in detergent solutfons, The product
: showed a peak at 637 nm with a shoulder at 676 nm; a hroad shoulder _
Y' centered at arounq 520 nm and a very {ntense absorptioh around 325 nm.: :
When this sample was further diluted, three peaks of nearly equal in-

tensity appeared at 678, 637 and 330 nm,

A precipitate. formed upon heating the HCI soiution. was filtered _:

out; an a]iquot of the supernatant diluted in water exhibited a spece

trum similar to that above. The precipitate was dissolved in 0.1 N

sodium‘hydroxide to give a3 veky deep blue solution, whose main spece

tral peak was at 635 nm, with an inflection at about 580 nm aﬁd the

-~ usual u1trav161et peak af 328 nm, There was virtually no sign of any
: ahsorption at 670 nm, although on further di1ution; & shoulder

appeared at that wavelength,
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- The basic solution was heated to 90§ and immediately fiitered.

}VA chocolate-colored precipitate remained on the filter, and was dis;f

cerded. Salt was added to the soiution.' After about two hours some
precipitate had appeared. The solution was again heated to 70-90°"

for about 15 minutes to remove amrnonia0 for which the classic test

(smell) 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 confinned by microscopic 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 aqain

heated, and the extremeiy fine precipitate was fiitered off, The

i-k precipitate was dissolved in 0.1 N NaOH, heated, filtered immediately ,iQ

to remove impurities. then cooled and fiitered. The process was re-

peated twice, &t which point fiitration-beeame_frustratingiy slow, A ." :

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

a beaker and 100 ml1 80% ethanol was added The remaining ppecipitate;e

after washing with more 80% ethanol, was Soxh]et-extracted with absoe

| ~ lute ethanol, Yield, 5.5 g.

Analysis, The'Chemistry Department‘s‘Mic}oanaiyticai Laboratory

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

by me by atomic absorption Spectrophotometry.* The compound is vepy

hygroscopic. Found: C, 34,3; H, 2,9; N, 845 S, 9.6; Fe, 4.2%.

Empirfcal formula, C 18 BBNSSaFe' The compositions (C32N8H]3Na3$4012);»
o Fe°3(C2H50H) and (C32 8 ]ZNa4540]2)re'3(CzH50H) fit the data eqdaiiy

" weighed sample was digested in 17:1 HNO -H0104 and the resulting

solution diluted with water, The final solution was then compared
with standard solutions of iron salts, on the Perkin ETmer: Model 303
Atomic Absorption Spectrophotometer, Measurements were taken at the:.
248 nm iron line,



L vapok) revealed a large amount of water and at least one ethanol/
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Wé11. >fhe»presehée of ethanol, as well as water, was confirmed by

- mass spectrometry: A weighed sample of FePTS was warmed at about
60-80° for an hour, under vacuum; volatile matter was collected at

,‘liqaid nitrogen temperature, A mass sbectrogram of the latter (as.

"~ 10 Fe (estimated by peak area), Unfdrtqnately. it is impossible to

;tell ffom the elemental analysis whether the fron is in the +2 or

. 43 state,

0 E, TETRASULFOPHTHALOCYANINOIRON(II): ‘Attempted preparation,

- evaporated off and 95% ethanol added to dissolve any FellIPTs, which

= 1 _To separate the dark residue from the aqua solution, the mixture

~To an aqueous solution of H,PTS (10=3 - 10°% M) under nitrogén"
, gfdtmosphere was added FeC12°4H20,(1.5 - 2 equivalents), The mixture

was kept and handled under nitrogen. After two weeks, the water was ’x1;~'<'j, %
. Kobayashi and co-workers (1960) report 1s slightly alcoholsso1ub1e.

was»céntrifuged in a nalgene tube with a close-fitting 11d, The
res{due was washed two more times; washings were poured into a
?;-beaker_in the nitrogen box, The product Was n1tkogen-dr1ed. Spect}é
of both product and waéhings, in 50% aQueous ethano1, wére unmise

PTS.

"f takeably that of H,
| When a large excess of‘ferrousﬁsulfate was added to a so1ut10n,
of H,PTS (theAw§§h1ngs from the experiment above), under nitrogen, ._i' | »E
; there was a definite change in the spectrum, presumably representing._ 
.formation of FeIIPTS. fntrdduct1on of air, rather surprisingly,

cahsed no alterationnin spectrum, When potassium hydroxide was

added under nitrogen, the solution turned violet; on exposure to



\ «l7e
air, 1t.returned.fb fts orfiginal blue color, and thereafter ree
mained blue even in the absence of oxygen., A similar effect of

alkalf on FeIIPTS was observed by Glikman and co-workers (1959), \

r
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- f'_ilx. ELECTRONIC MO IVFRARED SPECTRA .

4

OF METALLOPORPHYRINS

Porph1n and ch]or1n complexes of manganese(III) exh1b1t visible

: f”f"and near-u]trav10]et spectra which are quite different from those

':_-_;"characterﬂst1c of'other porphyrin che]ates. The or1g1n of the anoma-

;L75f"lous uMnlIT gspectrum” has worried the writer for some time. It is

- so unusual that we have considered the possibility that the manganese :‘f"‘“

 greatly disturbs the porphyfin ring. The suggest1on was made

(M. Gouterman, pr1vate commun1cat1on) that the "MnIII spectrum"

'ﬂf.:‘m1ght instead be due to a rad1ca1 cation of the porphyr1n,lstab111zed ‘

”"ﬁj{h»somehow by the manganese:  Mn II(P")

If the porphyr1n were a free radical, its bond orders wou]d be

: 7f4d1fferent from those 1n the norma] porphyrin, Then bond lengths and

| ~’§trengths would change as well, resulting in an anomalous infrared

| - (vibration-rotation) spectrum.. But the infrared spectrum of

MnIIIEtp(OAc) is compared in Sectjonlxil-B‘with those of other etio- |
borphyrins; and shows no abnormal features. |

" Another critica]Aexpgriment is the‘é]ectron,paramaénetic reso=
nance of the cpmpdund;”'A°free radical should show a strong resonance.
‘sigha] at g'= 2.00._lHowévéf; neither Mn;IrPﬁéo:nor MnIIIEtp gave -any
signa]'which could be attributed to d‘radiéél (see Section VI-B).

Thfs négative evidence-for the MnII(P+) agrees with Gouternan s

later ca]cu]at1ons, which a]so ru]e out the cation. Another exp]a-
‘nat1on for the anoma]ousvspectrum has been'advanced. It will be
discusﬁed in the next section, along with a general background of the

theory of porphyrin spectra.
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A, ELECTRONIC SPECTRA

|, The porphyrins 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 porhhyrins 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 reqion appear weaker hands (e ca. 1034104)'
thch are sensitive to the symmetry in the center of the molecule:
~ Only two bands (one electronic transition with a vibrational side-
band) arevseenuin this region (Fig.’III-B) for the centrally square,
or D4h._metal]oporphyrins»(see Fig, I11-1), The electronic transi-
~ tion splits in the neutral porphin, which contains two protons in
the center and henée has the lower symmetry D, (Fig, I11-1d)., Of
the four peaks observed, as shown in Fig, II1-2, bands I and III are
‘the 0-0 vibrations of the two electronic transitions, while bands Ii
and 1V are their respective 0-1 vibrational peaks, | | ’
Tﬁe natures of the coqrdinated metal and qf peripheral substi=
tuents affect intensity and energy of the Soret and visible transi-;"v'
tions, but with few excepﬁions do not change the qualitative picture._
Only in manganese(111) porphyrins does the Soret band split widely™™

(see for instance, Fig. IV-2),

" *Following IUPAC convention, we will use the term nanometer (nm)
rather than mu, ' '

**The'Soret band 1s also split in the triplet-triplet spectra and in
the radical ions--both of which are obtained only under special con-
ditions--and to a very small extent in extremely assymetric porphyrins,



~ XBL 677-1531

Fig, III-1, Central Structure in the porphyrins. 1In a), b), and c)
the symMetry is Dgps d) has D2h symmetry, - ’

- a) Metal1oporphyrin.‘_b) Porphyrin di-anion; c¢) Porphyrin di-cation. -

d) Neutral porphyrin molecule,
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Mn2* " Porphin - Mn®*

- XBL 678—6129

‘Fig, 111-4, Energy d1agram for porphin and its manganese(II) and
' manaaneselIII) cheldtes. The solid arrow indicates the Soret transi-

" tion.; the dashed arrow, the resogance transition which occurs in the
- manganese(III) compounds. The Mn°" levels are schematic only (M,
Gouterman, private communication); the others are as calcu]ated by

: Zerner. Gouterman and Kobayashi (1966) Lo ®
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{Ef‘_j»PorphyrinQ cbﬁtain a large pi-electron system which 1s cata=
"-“1_  Ebndensedﬁfrihg# within the ring. The pi electroh§ can move over
thé entire borphyrin ske]éton in molecular orbitals, Transitions .
among these.molecuiar orbitals are responsibTe for the observed -
'velectronic spectra. The complicated nature of the system, the bio- °
logical importance of the hemes, and the wealth of available spectral
data have chalienged theoreticfans to elucidate the e]ectronfc
structure of porphyrins., Successive refinements in the theory have
‘h brought 1t ever closer to the “truth"--that is, to a correct pre-
idiction of the electronic spectra., Early work on the subject is
mainly of.historical interest; recent calculations are highly
o technical and would take more than’the available space to cover
'1# , thoroughly. The most extensive 1nvgsiigation has been made Sy
'ﬂ3fjl":Gouterman and co-workers.* and_their pertinent results will be
’55;ﬂ”Abr1efly summarized below., We must w#rn the reader, as theyvdo.
*f]"that,the théory is still far from perfect, and that the results
: must be takén with‘a grain of salt, |
The_spectral bands are géneral]y due to_transitibns between one |
- of the top two filled orbitals and the two (dedenerate) lowest empty ':
" molecular orbitals, 'Gouterman (1961)_has illustréted and discussed N :
. fhesé orbitals. Suffice it here to say.that the Soret band (ﬁ]u» eg)‘* 1.
involves a movement of electrons toward those atoms nearest a che- |

lated metal (the pyrrole nftrogehs and bridqging 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 Kobayashi, 1966) is also pertinent, although limited
to the iron complexes.

**Symmetries'are those for the D4, point group,



‘ 025-

i

" 'visibIe bands (a2d¢ eg) move electrons away from these atoms, The

calculated ordering of the orbitals is shown in Fig, 111-4, Symme-

i

Xz dyz (eg) orbitals to mix with

try considerations allow the metal d
thé excited porphyrin state. The only other metal orbital with the
proper symmetry and anywhere near the right energy to mix with a
porphyrin pi orbital 1s'4pZ (a2u) whiéh has the same symmetry as the
next-tb-top fil]ed pprphyrin level, There can also be some mixing
between d orbitals and the nitrogen sigma ?fbita1s. but.these are
not close]y co&pléd to the pi system, The eléctroﬁs on~mosf metals
| étudied-ezfnc is an exception--remain fsolated from the porphyrin
System to a surprising degree, | _ _

Thus a-che]ated metal qhiefiy affects the borbhyr1n spectrum
E by making the moiecu]af'center square, while the two hydrogens in
the free porphyrin cause a small distortfon fnto a rhombus, The
spectrum s that of 'a squared porphyrin (compare Fig. 111-1b,c)
slightly perturbed by the presence of the metal, Because the meta]x
orbitals do'not 1nteraci extensively with those of the 1igand, |
they do not affect a qualitative description of the spectrum, We
‘cannot even observe their d-d tranéitions. which 3?°v$° important
in the spectra of many complexes, because the porﬁhyrﬂn bands occur |

in the same energy range and are at least IOOOAtimes'as intense,

- 2. Manganese(111) complexes, Why then does manganese(III) have
such a‘profound effect on the spectrum? According to Gouterman
(private comunication) its uniquenessiseems to stem from the
energy‘of its dxz.yz level, which is of eq symmetry, There are of
course hany‘fiITed pi orbitals in the porphyrin s}stem. some of

which are of 3y, symnetry, as is the next-to-tob f111éd pi level
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?f(Fig. III-4). The transition between the hiqhest a2u orbital and

the excited p1 state e qives rise to the Soret band.» By chance

9

another orbital which we shall call a',, 1s lower than d by an

XZ,yZ

¥

}energy very ciose to that of the Soret transition. Since a* 2u ™
g(dxz.yz) has the same symmetry properties as a2u¢~eg(p1). and the)
| i, transition energies are-neafly equal, a resonance occurs, What-
‘  happens 1s a special case of two accidentally degenérate,States:
v  the states hix and their energies split, 1 am indebted to D, T. ]
, .-t:;Ph1111psxfor the following_phenoﬁénological treatment of the probleﬁ;;i

“Consider two electrons, each of which has two possible states: f't.

~ Location State Enerqy

" Electron 1'in its ground state --- ring q W

o q

Electron 1 in its excited state -~ ring e o

L .Electron 2 ifn its ground state e-- ring - G f ”G
Electron 2 in its excited state === Mn B B We - o

We assume that the energy differences between ground and excited
states are equal:
| | We - Ng"= NE - wG
thent | Ne tU, = We + wq,
so that there are two states of the total system with the same enerqy

--eithér electron 1 or electron 2 excited, and the other in its ground

state. The total wave function is
$=Ci|ek>+C,|e6>+ Cq | of > + ¢, | 6 >

Let the Hamiltonian bg
| H=H,+eH
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v where Hy contains the energies of the single-electron states and ¢ H*
corresponds to some interaction which ;od]d leAd'tb'ehergy exchanae

~ between fhé two electkons. To find'the po;sib1e stétes of thevsys-

. tem, let | | N |
| He = Wg.
Then: | '

Cy | gE >+ (Ngufin) Cy | QG,>'+;ELF2 | Ge > + e Cq | eG'>'1C}‘

= W (Cp | eE>¥Cy ety gE > + ¢, g6 >)

- .

Equating coefficients of each state gives these equations:

' N'C] =

WCp= (g +¥g) o
M Cy = (W + Hg) Cy + e Cy

W.Cy =*(wg‘+,wE) C; +eCy =

" Clearly the double excited state and the double ground state are
éigenstates of energy. The other two eigenstates are:

i =
go=2 V2 (e6>- | gE>),

2712 (| eg >+ gE>)

Their energies are “ANQ + ¢ and wo - € respectivé]y.“-

Thus the accidental resonance can lead to excited'states with an
electron partly on the manganese, bart]yﬂon the ring., That 1is, the‘
states g, and 4_ have Eartié] 1Pt character. This partial charge
~ transfer in the excited state could have interesting éonsequences
for the. chemistry of these compounds, and its imp]ications deserve

further study.

Hgsi o (we.+ NE):CT | eE > + (we +,w¢)'C2 | oG >'4.(Wgt+ WE)XQ."




ﬂ"f?f “that (at least in the absence of axial 1igands) dyy < d

. \ w28~ ‘ ,
| From the observed sp11tt1ng of the Soret band (420 nm 1n MnIIEtp
'-‘to 470 370 nm in MnIIIEtp) vie can estimate € as about 2500 cm*?,
This treatment is oversimplified, of course, since 1t ‘assumes
exact resonance. For the more likely situation in which the enerqy
-9

[differences Wo = Wy and Wg - wG are close but not exactly equal, the
 result is similar but more complicated, In particular, 4, and ¢_

'::'w will no longer be exactly half-and-half mixtures,

3. Manganese(11) complexes, We should mention another feature

- 3]  of Fig, I1I-4, the relative energies predicted for the d levels in

" the manganese(11) porphins.. Gouterman and his co-workers calculate:e

dyz,yz in
energy. They also suggest that the manganese(Il) shou]d be in the

S unusua]lintermedfete spin state 3/2 (3 unpaired electrons), On the k

other hand, they obtain similar results for the iron(I1) complexes
under the same assumptfons (no axial 1igands, metal coplanar with

1iqgand) but find that inclusion of axial liqands and allowing for :

2 nonplanarity can considerably alter the conclusions,

Magnetic susceptibility measurements show that manganese(II)

porphins tend to have S rather than the predicted 3 unpaired elec=

- ~trons. (e.q., Loach and Calvin, 1963), Phtha]ocyaninomanganese(II)

in the solid state may have spin 3/2 (Lever, 1965a; but see Weber 'J
. and Busch, 1965). However, Weber and Busch fihd that MnIIPT§°2H20 :

is low=spin with S = 1/2. Our paramagnetic resonance results des-

" cribed 1n Chapter VI indicate the same spin state for MnPchz, and

< dxy in this compound,

. also a reversal of the energy levels: dxz,yz

*Iron may be as far as 0.5 R out of the porphyrin plane; see Hoard
et al,, 1965.
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Thus ca16ulations'baséd on a simplified mbdé? for manganése(ll)
porphin complexes are not borne out by experiments, The postulated
planar compound may not even exist, and pre11m1néry calculations
(Gouterman. private communication) suggest'that the predictions
could be considerably altered if the manganese is out-of-plane, - The
‘phthalocyaniné offers further complications, Its manganese may be 1n
the plane as was shown for the similar comnound (MhPch)ZO {this
structure, determined by Vogt et al., is 1llustrated in Fig, 1-3),
However, the axial pyridines will_raise the qzz leVel. and the substi-

" tution 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 electrdn1c structure of
madganese(ll) porphyrins, along the lines of that done on the_iron
N complekes by Gouterman's group, would be most useful, Such a study
- should include the effects of nonplanarity, of axial ligands, and of ’

the bridging nitrogen or carbon atoms,

- B. INFRARED SPECTRA OF ETIOPORPHYRIN AND ITS COMPLEXES

.The-infrared spectra of several metal complexes of etioporphyr1n _
and'bf the free porphyrin. were taken under the supervision of Akio‘
Yamamoto. KBr pellets were examined using the Beckman IR7 spectro-
photometer; no attempt was made to shield the samples from afr or
moistu;e while pressing the KBr pellets, A‘Beckman‘IR7 spectrophoto-
meter was used, with a 1/15" mesh placed in the refergnce beam;

Absorption bands of etioporphyrin and its z1n¢(11), nickel(lf). '

cobal;(!!) and manganese(I1I) complexes are.lixtedjfn Table I11-1,
- The spectrum of HzEtp 1s in fair agreement witﬂ thét feported by
" Mason (1958). | o
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}iThe MnEtP(dAc)vpellet contains far mﬁre_water than any of fhe

is a]so_assigned to water, The water is apparently not bound to'thé ‘
~ manganese, since the bands;between about 1000 and 650 cm']. expected
for coordinated water (Nakamoto, 1963; p. 156), are not seen. This
- sample also contains weék]y adsorbed'aceticvacid, és is'indicaiéd
by the band at 1714 en™! {Sidorov and Terenin, 1961). Two bands

~ which appea%_oniy in the aéetatofmanganese complex, at 1594 and =

1338 cmf]. are in the proper regions for the ant{symmetrig,and’sym-ifv 3':

'5,Ametric c0o0 vibratfons, respective1y.'of:acetate (Ibid. ) | Anothef

-1

'unique, but weak, band'at 1695 cm ', has not been ass1gned

‘The unusual electronlc spectrum of manganese(III) porphyr1ns

vifl.(Sectlon III WA) raISes the quest1on of whether the: macrocyc1e is nor-f‘?if
A mal or, say. a radlcal. In the latter case, ve would expect changes ,f "*iffw
ﬂ; in bond lengths and a pecu11ar 1nfrared*spectrum. Some of the v1bra-u’; 'f5.?

¢ tions of the pyrrole rings and of the br1dge CH groups: do vary with

" the metal ion (see Table III-1), However, none of these is excep-
tional for MnIIIEtp(OAc). strongly suggest1ng that the porphyr1n rlng

.1s normal. M, Goqterman.and ?. Offenhartz (private commun1cat1on)

“reach the same conclusion from their molecular orbital calculations. -

‘others, as its strong 3440 cn”! band shows. ‘Another peak at 1630 em™l . . .,




Tabje'III-]

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

1312w

1308w

. HZEtpc A HZEtp ZnEtp NiEtp CoEtp MnEtp(DAc) Assignments
_ 3470wb - 3520wvb 3460ub 3500wvb 3440sb lattice H," (OH stretch)q
3314m 3330w ' ‘ ' _ " NH stretchC
3200vw. 3235vw 3230vw - : '
- ‘ - 3155w 3160w 3180vw c
- 3100w 3100vw - _ : = 3120vw CH deformation
3052w 3075vw . 3050w 3070w 3075w 3060vw CH deformation® (?)
3030w S : : . ' S L . .
3009w - : : . I o c:'
2963s 2975s 2970w - 2960s 2970s 2965vs methyl C-H
2930s 2940m 2930wa 2933sa 2938sa 2925s ' :
2918s 2920wsh , _ - - c
- 2867s 2880w - 2870w 2865m 2875s 2865s methyl C-H d
: i 1714w weakly bound HOAc
. . . . . o 1695w . o _ »
1670w . 1675wb 1670wb 1669wb 1670wb 1665vwsh ' o a
. v . 1625wwb . . - 1630mb lattice H,0 (H-0-H bend)*
1610wb S e : o
. - v _ 1594wb assym, coof
o 157lwb 1568w 1550wb -C=C- pyrro]e (7)
1509w ‘ 1498w © 1493w 1478m .
1467w 1462s 1463msh 1467msh 1460sh -C=N- €
1459 1455mb 1452s 1450s 1454s 1453s .
1408w : v
1400wsh 1386s 1393m 1392s "~ 1392m o
1378n 1373m 1372w 1374m 1377m =C-N- stretch (7)
1348vw 1356wsh 1359vw 1362wsh 1358vw
- ‘ . a . 1338vw sym COO
1316w 1318w -
- 1305vw 1308w 1310w

-lc-



Table T11-1 (Cont.) -

HzEtpc HZEtp InEtp NiEtp CoEtp MnEtp(0DAc) Assignments
1270w 1273w -~ S - - i
1262w 1265w | 1265s 1266s - 1269s 1265m '
1239w 1243w : . B ' e
1221m 1223s 1223s 1233vs. 1236vs 1223m in- p]ane C H deformat1on
1192s 1192s : - B SR N-HC
1143m 1144ub 1150vs 1149s 1151s 1150vs in-plane C<H def.C
" ' 1126w 1132w 1125vw - o o
1115s 1115s . o outaof-phase breathing
1105msh” - 1101s 1107m - 1107m 1104m of opposite pyrroles®
1060s 1061s 1058s 1057s 1059s 1056s S
1035vw 1028vw 1030w 1030vw 1025vw
987m 981m 982vs | 989vs 991vs 9875
981w . - - ' o '
956m. 965s 968msh 974msh - 975m 972m . :
918w 921s - 933s - 935s - 930s ~ :
902m 900m o : e Tee -
885w 888w o o IR o L . S e
837s 837vs 835vs 832vs 836vs  835s: out-of-plane bridge C-H
796w 808w 808w 812w 814w - 808vw : -
760w 768wsh 756s. - 758m 762m 755w
744s 745vs 737m 730m 73% 732m
730w 733msh 731wsh 724m E S S ‘
722w 721w ' L - * N-H deformation® :
708w 713w 712s 1s 710s N1s out-of-phase comb of in=-
. - ‘ AT C p]ane pyrro]e def :
633s 685vs

Intensities:
References:

a, assymetric; b, broad; sh, shoulder; s, strohg, n, medium; w, weak; v, very. '
c, Mason, 1958; d Siderov and Teren1n, 1961, e. Thomas and Harte]], 1959; f, Bellamy;
- g, MNakamoto, 1963 p. 156. -

.~z€-.l "



IV. OXIDATION AND REDUCTION

Thé phdto-oxidation and photoreduction of manganése complexes
with phthalocyanine and.etioporphyrin I and the influence bf solvent
" on the oxidation state of phthalocyaninomanganese were earlier studied
fn this laboratory (Engelsma, Yamamoto, Markham, and Calvin, 1962),
Similar experiments have now been carried out on various manganese
porphyrins, and dark reactiohs with chemfcal oxidants.and reductants

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

oxygen liberated in the reduction of (methyl pheophorhide-a)manganese(1V),

A, EXPERIMENTAL

Reaction Ves§els. The vivid and distinctive colors of borphyrins
Tf‘make it convenient to‘deIOw the course of a reaction speétrophotome-
trically, Therefore; reaétlons have been carried out in cuvettes

- specially designed to allow us to evacuate the sample or expose~1t fo

- a controlled atmdsbhere. and to permit addition of reagents when

necessary, Those cuvettes {11ustrated 1n Fig, IV=1 were the most use-

. ful of several designs. The cuvettes were made'by Bi1l Hart of the
Biodynamicé glass shop. Comﬁercial1y obtained tw04 or four-side;-c]ear
1 cm square Pyrex tubing was used for most cuvettes; quartz cells were
adapted.froﬁ ordinary Beckman 1 cm square quartz cuvettes, Standérd
ground glass joints were fitted to vacuum-type stopcocks; Side-arms
were useful for mixing reagents or when 1t was necessary'to freeze
water, which often breaks an improperly designed vessel as 1t expands,
Attempts to isolate the side-arm from the cuvette by placing a stop-

cock between them proved all too effective; it is well-nigh impossible
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Flg__lv-1 Ce]]s for redox reactions and spectrophotometry. a)
Vacuum-type stopcock. b) Simple cuvette, with neck constricted for
eventual sealing. c¢) Vessel with removah]e 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 aquebus so]utlons. .
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- to pour a liquid'through a narrow opening in an otherwise sealed cone

taiﬁer, For long term storage or unusuai]y careful exclusion of air, | v-'”

vessels were glass-sealed on the vacuum line,

4

Spectrophotometers., Beckman DK-2 and Cary model 14 scanning

‘spectrophotometers were used in the course of this work. To accommo-
.date the vacuum cuvettes, which were ub to about efght 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 ﬁore crowded, and required a more elaborate extension, At first |

. this covefed the entire compartment; however, thg mirrors are sensitivg'

| to dust; fingerprints, and mis-a]ignmént. S0 a new cover was built with.
| a tall box which expanded the sample compartment on]y perpendicularly

" to the light beam, leaving the optics protected b} a flat cover similar 4
to the standard_one.‘

Sample preparation, A solute concentration of around 1073 M was

dictated by the requirement that optfcﬁl density be approx1mate1v 1.
For the usual solution volume of 2-3 ml, a speck of sol1d sample' barely
]arqe enough to see gave the proper concentration.

Some samples, particularly those containing water. were freed of
okygen by bubb]ing nitrogen through the solution, For pyridine solue
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 evaporation in the nitrogen
stream, Such solvents or solutions were de-gassed by freezing, eva-l
cuation fo about ]0'5'torr. and thawing, The process was repeated at

Teast three times for each sample, It was often most convenient to
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| store the air-free solvent on the vacuum line. and vacuum-distil 1t ‘

"fover 1nto a cuvette containing solid’ sample.

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

o methods: A few crystals of an easfly sublimed compound, ‘such as MnPc;'"

‘ ’*twere'pIaced 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 HZPTS. were first dissolved, and the solvent was

{" then slowly vacuum-distilled over into a 11quid nitrogen trap,

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

-

 deseribed above, was illuminated by one of three sources: a) bright

" sunlght, filtered through a glass window; b) a photoflood lamp (RE
RS-2) about one foot from the sample, filtered through water to remove -

- infrared; colored filters could also be used with this lampy 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-

o meter for exposure to light,

Reagents. Oxygen, commercial bleach (NaCl0 contaminated with Clz).

reagent grade potassium ferricyanide, and Ce(.HSO4)4 were used as oxi- |

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

tion, autooxidation and autoreduction occurred in some of the compounds
studied, and possibly the solvents pyridine (or its N-oxide). ethanol

or water participated in some reactions,

B. RESULTS

Etioporphyrin I manganese., In early experiments with this com=

pound, no chemical reductants were added, When a pyridine so]utidn of
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‘ : MnIIIEtp(OAc)'wasvévacuated to remove oxygen, and then 111um1nétgd
with strong white.light. Mn’IEtp was formed, In the dark the complex
- gradually reverted to its oxidized form even in vacuum; the oxidatidn
~was much faster in the presence of'éir. In all cases, the rate of '
~ photoreduction was apparently of first order. The rate varies by more,’.u )
than an order of magnitude (see Table IV-1), but the variétion may wel)
.be due to differences in the intensity of 1ight in the several experi-
ments, Although Engelsma and co-workers (1962) observed that the photo-‘
| reductfon in pyk1d1ne solution of the 620 nm species* of MnPc was much
_ more rapid in the presence of a trace of water, no such dependence has
beén seen for the etioporphyrin complex. | . ‘
The' dark back-reaction was more difficult to chafacterize. Even
in a single sample, two successive re-oxi&ationsAmight vary greatly 1in ."
"pate (Table IV-1), While back-reactions in some éxperimenfs were
apparently first ordér,rone was second order, and another defied ana-
-, lysis, The last was a sample containing 20% water, so tha sparingly
B soluble MnIIEtp may well have aggregatéd during the experimeqt.
Isobestic points (Fig. IV-2), which held throughout the reaction
., in almost evéry case, indicate that only two spécies absorbed in the
visible reg1on. and that their total concentration remained cohstant.
Thus the porphyrin ring remained intact, and oniy reactiqn (1) occurred,
Evidence that the metal rather than the ligand is involved is dischssed
n Chapter IIIl; also, contrast this clean reaction with that of the

less stable pheophorbide-a analog.

*At the time this was identified as MnIVPcO; recent work 1nd16ates,that
it 1s more 1ikely a manganese(III) complex, See Vogt et al, (1966,
1967); Yamamoto, Phillips and Calvin, v
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o Taplem-l o
" Rates of photoreduction and autoxdation

| for manganese porphyrin cdmplexesswaf n;.ff

]5

! k](oiidat1oh); sec; -

‘iLfgahd” ’ Solvent k1(keduction), sec”

10“2 I
10° 7.8 x 10°
10°5 .

04

‘”fEtp I - anhydrous
3 o _pyridine

TR R X X

- _”5;1Apyr1d1ne;¢ ‘.dﬂ'i.g o 3 SIREL
L0015 H0 - 1.6 x 1073

ﬂ | x 10.45 
. pyridine, P

CEtoh 0 @uw2)x 107t 32 x 07y
o 20% aq.e . - PSS T ’ S TR
o EtOH, o a [ gty

_ ‘;i:”pH 9.2 -~ ' ST : O

. a) Insufficient data. L oL T wh
" b) Order uncartain o ’ : _,.Ff___;@  ;.;;l

c) Appérently second order, with ko = 0,13,
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"‘-vFig,'Iy:g, 'Photdreductioh and autoxidation of etioporphyrin I mahganéseti =

IIIEtp(OAc) in pyridine with ] water, evacuated'to
~10-5 torr,

..... '« After 83 min. illumination with a photof]ood 1amp, almost -
complete reduction to nllftp,

iveveneess After 21 hr. in the dark, in vacuum.
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o S yr1d1ne hv R
| MnIIIEtP(OAC) — ety R O}

v ‘When etioporphyrin I acetatomanganese(l!!) is sub11med 1n vacuum, iA

most of the compound is reduced to etioporphyrin:1I manganese(II) The

‘acetic actd group may remain coordinated (see Sectfon IIT), Air fmme-

diately oxidizes such a sublimed film to MnlXIEtp (Fig. 1v-3). vater

"~ vapor does not alter the.spectrum of this film; pyridine, on the other o

- hand, shifts the 360 nm absorption band to about 345 nm, and a new
| shoulder appears at about 400 nm, The ﬁreSenCe of both pykidine and -
water enhances the 400 nm shoulder.,

The MnIIIEtp film was illuminated under the various conditions

above. When no gas was present, very slow and barely detectable photoft'”
 reduction occurred. MNo photoreaction could be seen in the presence of
["f water alone; with pyridine and water vapors tdgether. the reaction was.

again very sfow. More extensive photoreduction took place when pyridine

alone was present, although even then the effect was too small for-
quantitative studies. Whenever the compound was reduced, there was
;eventual]y an autoxidation, which may have been due to an air 1eék.
' - Though the data‘from this and similar experimedts are.rather poor, it
'1s interesting that the reactions'which are well characterized in
_ sofﬁtfon can also occur,in the solid state,
| Preliminary attempts to chemically reduce of oxidize MnIIIEtp were
unsuccessful, even'under conditions siﬁiiar to those in which the com-
pound {s photoreduce&. or 1n'which other manganese porphyrins react |
with the reagents used. There was no reaction W1th solid Na,5,04, in
pyridine or dioxane solution and under inert 5tmosphere (nitrogen);

nor was any spectral change apparent when efther sodium thiosulfate
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3 orfaséorb161éc1d was added to a solution in absolute ethanol, also

~ under nitrogen atmosphere. Undiluted bleach did not bring about the

" hoped-for oxidation to MnIVEtp in either pyridine or ethanol solution._'  r  f5

(There was no sign of ring destruction,

{Methyl pheophorbide-a)manganese, As with other manganese por-

phyrins, the stable oxidation state in air for this chelate is Mn'll

Phed;: '

 When oxygen is absent, dithionite effects reduction to the manganese(I1) ,??7:" B

complex in several solvents; ascorbic acid usually causes only incom-
plete reduction. In 20% aqueous ethandl, reduction By dithionité will

proceed to some extent even in air, Three distinct feactions'arej

fj{"'observed: | .
- e | N -
MnIIIPhepﬁ;;::::::fE mn!Ipheo o : (2)
~ Ring destruction - e
BRI § S " a R 1 T

Extensive ring:destruction'did not always, take place, and with
luck and cdre to aQoid excess reductant, a sample coy]d be reduced and’
re-oxidized sevéral times. Howévef, the manganese-containing pheophor-
bide-a ring system 1s far less stable than {is etioporphyrin, at least
under the conditions studied. On the other hand, metal-free methyl
pheophorbide-a in 95% ethanol did not react with efther ascorhic acid
or dithfonite. |

111

I attempted to measure the rate of reduction of MnII- to Mn " Pheo,

Under the conditions used by Loach (1964h) for this reaction (20%



‘. -aqueous ethanol, 10~3 M complex, tftrated with'jo%z H sodium dithionite
v'_ in the'dark) , reaction is,Compjete within 15 séqonds. ‘This upper
‘1imit was set by the time required for mixingvthé}saMble and reductant,
Spectral characteristics of the manganese(Il) and manqanese(III) species
(Fig, IV-4) are similar to those observed by Loach.

Upon addition of sodium dithionite, Nazszod. and in nitrogen
‘atmosphere, a solution of MnIIIPheo~ in ethanol exhibited spectral
changes corrésponding to formation of ﬁnIIPheo (Fig, 1V-5), Hhen‘aif :

- was again admﬁttéd'to the solution, the'reSUIting spectrum was slightly'.
~ different from that of the original sample (Fig, iv-s. curve/3). A
similar dffference in spectrum can be obtained if Ha25204 is added to
such a sample in the presence of air; dithionite alone in ethanol is
transparent in the visible-region, and\tﬁe meta]-free'methyi pheophore

bide-g_shows no spectral change under the §ame conditions, The data

are consistent with reaction (4), with association constant K =

l - 4 x 107 12mo1~2 (see Table IV-2),

MnIXIPheo {s photoreduced to MnIIPheo very slnwly by strong white |
1ight (sun or spotlight), in absolute or 95% ethanol, or 1n.20% aquedus
ethanol buffered at pH 9.2, ' A pseudo-first ofder raﬁe constant has
been observed (Table iv-l). In 95% or unbufferedbzoz ethanol, almost
no reduction occurred on 111uﬁination by a 100-watt high pressure mer-
cury lYamp, which produced most of its intensity at_365 nm, Only a
smail fraction of the compound was reduced yhén a low=pressure mer=
cury lamp was used, either unfiltered or filtered to éelect the 436 nm
1ine, Perhaps the red transitions are responsible for the photoreaction,
since they involve lowering porphyrin electron density in the vicinity

of the metal ion (see Chapter 11I),



Mn Pheophorbide-a .| -
in 20% aqueous EtoH

MUB-3150 . .

)

’F'Ig. Iv-4, . Electronic spectra of the thrée"bxida‘tioh states of -

h  '* ) (methyl pheopﬁorbide-i)manganese in 20%'aqueous ethanol ..'With
T 0.05 M borate buffér. pH 9.2, . Concentrations of MnPheo species ..

" are nearly but not precisely equal, and are about 10‘5,&.‘
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“"_' atmosphere. The difference spectrum is that of MnIIPheo vs r

ef'Pheo._ 3) After re- -oxidation of sample by aur. ?”'

“"'. i s

Mn Pheo-— c‘i""'Me
Reochons wnh dnhlomte

2

2 'ff;F1g. Iv-5. React1ons of (methyl pheophorb1de-a)manganese with
_i;sod1um dlth1on1te. Reference cell contalned an; ethano] so]utlon e

='-_'i_of MnIIIPheo, in air. ]) Samp]c 1dent1ca] wwth reference,

2) After add1t1on of solid Na25204 to samp]e, andfunder n1troqen o
III el
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4 Table IV-2 |
Comp]éxatioh,of dithionite with (methyl pheophorb1dé-g)manganese(III).’_.,
" Results were calculated at a peak (668 nm) ‘and a minimum (365 nm) in

_ the difference spectrum of adduct vs. MnII!Pheo. in ethanot.”

[5,0,"1, Ma0® Adduct / Mnl1Ipheo ol w7k,
: 668 nm 365 nm - Average o :
0.21 0,33 0,27 0 L
0.77 0.21 - 0.3 027 .  3.48 4,55
122 0.41 0.45 043 3,5 :_'- 288
162 063 . 144 oo 63 fa,gifsﬁf..il3¥
o199 093 165 < 29 ;6.482'1 326
232 136 2.5  ‘:1,98ﬁVﬁ';nf?8.4ﬁl.'Jv' 3,65
232 3300 336 335 1050 6.2
' Averaqé | . ‘ o - ; '_.* S 4,08

*After standing,
[(MnPheo-S,0,4)"]

* " - fkmol'l‘.

K] =

[(MnPheo*25,0,)%1 ,
K, » ' n 5 1 mol 5
[MnPheo ][5204 1 -




R |

" Pﬁotoreduct1on’wa$ geﬁefa11y followed by a back-reacfion in the
dqu. Thelrate of this back-reaction could be measured in two cases_'
(Table IV=1), and was of apparent first order, _

An account of the chemical and photo}eductions of ch]orophy111h1g
and chlorin-a has been given by Oster et al, (1964), Red light sensi=
tizes the reduction of chlorophylliin by ascorbic acid in 6%'aqueous
pyridine, at pH 7 (phosphate'buffer). Blue 1ight qave:a quantum'
yield (7 x 10’4) Tower by a factor of five than thatqur red 1ight,
These authors claimed that their photoproduct did not depend on the
presence of magnesium, althouqh the product 1t5e1f was nefther 1so-
lated nor identified. ' |

Similar experiments with Mnl1Ipheo also resulted fn réduétion of
| the ring rather than the metal, >Unger the COnditions-above and an |
| inert atmosphere, reduction to the unidénttfied'brodﬁtt was acce]eréted
somewhat by white light. The visible absorption peaks associated with
MnPheo compounds. at 370 and 420 nm, decreased; on exposure to air
new peaks grew in at 350 and 400 nm (Fiq., IV=6). Further investigatfon
of this type of reaction might be of va]ue in a study of the chlorin

ring system. : ‘ p
| Reduction of MnIIIPheo by ascorbic acid in 20% etﬁano]. which
" produced Mn!! Pheo, was not affected by whité light,

. Loach and Calvin (1963) have shown that the stability of hemafo~=
porphyrinmanganese(1V) depends strongly onn pH. The potential at
half-reduction to n'!hm, € , is only 0.28 v. at pif 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/MnIIIPheo couple should

v

have a reduction potential 100-200 mv higher than that for Mn ‘Hm,
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' Fig. IV-6. 'Reqctionf0f~(methy1 pheophorbide-a)manganese(11I) with. .

" ascorbic acid in 6% pyridine. The ascorbic acid was 1073 M; the pH .

U was adjusted to 7 with phoSphate buffer. a) Immediately after pre-

paration; evacuated to 10'4 torr. b) and'c) After illumination by

white~]ight,' d) After standing overnight in the:dark;‘ e) After

exposure to air,

P
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‘;Loach (19649) was unable to obtain MnIVPhep}beéause the manga-
nese(1I1) complex suffered major, irreversible changes in alkaline
solution. In the present experiments no such changes were observed
although the spectrum of MnIIIPheo is affected by pH (Fig, IV-7).

" Loss of a proton from & coordinated water molecule, forming MnI;IPheo- '
(0H) at high pH, may cause the spectral change.

~(Methyl pheophorbide-a)manganese(111) éan be oxidized by commer-
) cial bleach (NaCl0) or by ferricyanide 1n‘a1kalfne solutions, Speetral
changes (Fig. IV-4) are reminiscent of those which,occuf in the hemato-
porphyrin complexes (ng. IV-8), indicating that the metal and not the
ring is oxidized. Mn!VPheo 1s unstable 1n 20% ELOI (pH 9.2) in the
Hpresence of bleach. A large excess of bleach destrdys the ring,

: whf]e when no'excéss oxidant is ﬁresent the manganese revefts to the

I11

+3 state., Since the final Mn product is 1nd1<t1nqaishab1e spectro-ﬂ

v .scopically from MnIIIPheo. it is possible that one of the two carboxyIic ;

acid substituents on pheonhorbide-a has bezn converte“ to a per-acid
as {s the case ‘'with hematoporphyrinmanganese (Loach and Calvin, 19643).'
| Since both carboxylates are isolated from the pl system, their reactions |
‘ ;would noﬁ be expected to affect the spectrum, |
| If carried out with care, the oxidation of Mn!1Ipheo by.bleaéh'
was spectroscopically reversible either in aqueous KOH; pH 11,5
(Fig., IV=9), or in 20% aqueous'pyrjdfne. adjusted to pH 11,7 with KOH
(Fig, IV-10; note the effect of pyridine on the spectra), |

In contrast to its manganese salt, metal-free methyl phéophorbide-g
was destroyed by bleach in 95% ethanol, with ﬁo qualitative spectral

change,
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Fig. Iv-7. Effect of pH on (methyl pheophorbide-a)manganese(111),

The so]yent was 20% aqueous ethanol; pH was adjusted by addition of

HCY or KOH, PH 6,15 =mmmmmmemnn plf 12,7,
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i "_'F'ig‘. 'Iv_-9".., ‘Oxidation of (methyl -phéophorbi.de-_q_)manganeSe(III) to the

. manganese(IV) species by bleach. Aqueous KOH, pH 11.5. Hote the

Alisbbes‘tic points, which show that only two compounds absorb visible L .
. v | - |

light.  _ MnHIPheo;'__,____'__;!‘dn Pheo.
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Fig, IV-10. Oxidation of;(methy1 pheophorbide-a)manganese(111) by
bleach in 20% aqueous pyridine. The pH was adjusted to -11.7 by K04,

_Initial spectrum; _ After addition of a small
amount of bleach; “==e=eecan- “After more bleach was added.
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Potassium ferricyanide was added to a solution of MnIIIPheo 1n .

- dilute ‘aqueous ethanol' there was a little pigment destruction but no
" other reaction, However, when KOH was added to this solution, mn1V.

v Phgo was formed. This'reaction was studfed in aqueous solution, wi th

varying concentrations of KOH., At pH 8,2, almost no oxidation occurred;:¢nnff

’ ~ above pH 12, the manganese(IV) complex was relétive]y stable. It could

be further stabi?ized by maintaining a constant oxidation potential

with a mixture of ferro- and ferricyanide. - This method was used to

estimate the'poténtial of the MnIII/MnIVPheo couple, Potential measure-'?ﬂj}f

B ments were taken on a Beckman pH meter, using a platinum foil electrode
" with a saturated calomel reference electrode, The pH meter was cali-

bratéd with soTut{ons of quinhydrone in Beckman standard buffers of :

‘J:“ pH 4 and 7, and in 0.1 N HCI. Relative concentrations of the mangan-
_ese(Ill) and manganese(IV) species were estimated from their peaks at = S

- 656 and 602 nm, respect1vely. Results are shown in Table IV-3,

Note that under these rather alkaline cond1t1ons‘the'potentfals
for the MnIV/MnI¥[Pheo couple are not much higher than those for the

MnIV/MnIIIHm couple, This does not necessarily contradict Calvin's '

'“,:'prediction for the behavior of the former in neutral medium; a more

thorougn study of the pH dependence of this_reaction would be most
. interesting, | : _

" In 0.1 N KOH, one-half equivolant of K3Fe(CN)6 was added to a
2 x 1073 M solution of I Ipheo, fhe oxidation was stoichiometric
and fast, Autoreduction of the-MnIVPheo formed, was followed spectro-
photometrically (Fig. IV-11) and was apparent second order, kz ]
4 x 102 sec']. On addition of another half equivalent of ferricyanide,

the expected oxidation occurred, but more slowly than hefore (half-time
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© 0 pH 13, =-mem-ue- Mn ' Pheo, initial solution; - After

fvaddition ofvferricyanide: a 50-50 mixture of the MnIII anq_MnIV

- most of thé-Complex had reverted to MnIIIPheo.

04

. XBL678-4581 . .

‘ fiﬂ:-l!:ll:”‘A“f°”ed“¢ti°h‘°f;(methy1 Phé0phorbideﬁé)méhgahése(IV),étf’*ﬂ;f-ﬁ”"

o IIT

species.  ____ _A few miriutes later. After about 1 hour,

s s o S ot 4 mte o s |
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Tab]e IV=3

'Reduction potentials of (methy] pheophorb1de-a)manganese(IV)

in aqueous alka11

12.1 L 13.0

0.36 0,37,

0042 . . ‘0035
.0.45 )

039 T 033

'Interpolated from Table VI in Loach and'Calvin,_1963.-

\
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about 2 min); thé'rate Qf the subsequent autoreduction also decreased:
ky.® 57.5 sec”), The reduction seemed to be Cata1yzed by white 1ight,
No satisfactory reaction scheme has been devised to explain these

data,

Attempts to detect Oé formationf Loach's potential measurements
(Loach and Calvin, 1963) show that theMnI”/MnII couple of the por-
phyrin chelates cannot ox1dize water, Therefore, if we are to find
any model among them for the direct rofe of ‘manganese in photosynthetic
oxygen production, we must invoke a different couple, such as MnIV/'
MnIII or MnIV/MnII. This 1dea.lof course,liﬁ'not new;lit was dis-
Acussed during earlier,work on phthalocyaninomanganese (see for example
Engelsma gg.gl,. 1962). 1In that study, unsuccessful attempts wére
made to detect moleculér'okygen from the reaction

pyridiha o I

2 Mn1Vpc0 wmememea - 2. Mn

Pc + 02 [ A ' N (5)
heat : ‘ N

Mass spectrometric measurements did not show any evolution of free
~ oxygen, These authors also failed to demonstrate that exchange of
180 between oxygen gas. and lso-enriched water'could be catalyzed by

a mixture of MnIII

- and MnIVPc.* Th; chfef.so1vent in both these
experiments was pyridihe, and the suggestion was made that the pyris
" dine might be oxidized to pyridine N-oxide. Since pyridine N-oxfde
is obtained by- the reaction of pyridine with beroxides or peracids,

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

*The compound previously identified as MnIVPcO is, in the solid state,
(MnPc),0 (Voqt et al., 1966); in solution it is probably, but not
certainly. also a manganese(I1I) species,
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:  dporphyr1n (Loach and Ca1v1n. 1964a). the reduction of manganese(IV)

: "{'1n a porphyrin-type chelate 1s 1inked with the formation of a perox- '

- {de. Unfortunately, so far no evidence has been found for the

presence of the N-okide,

Since the desired reaction is the soTitt1nq of water, water-

;fsolubIe compounds seem desirable for such experiments, Loach and
'Calvin, however, showed that when the water-soluble MnIVim 1s reduced.
~ the porphyrin's carboxylic acid substituents are converted to per=

v‘_acids; no free oxygen can be detected;

In the present study, the dependence of MnIv

was utilized in an attempt to produce molecular oxygen. Into a doub1c§5;§fﬁﬂgi?}

Pheo stability on pH»iu5v

" necked vessel* were placed 0.9 micromole K3Fe(CN)6. 1.9 mg MnIIIPheoCI,;"-v '

| :(2.8 nicromole); and l.l»milwater enriched in 180 (30.2% ”2 ’80). A ”

~ concentrated solution of KOH was made up in ordinary water, .One drop ﬂ :f';u1f

" of this solution from a No, 26 hypodermic needle, diluted to 1,1 ml,

gave pH 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 ac1d was also evacuated. then distilled under';;r'f

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

the MnTVPheo. The vessel was glass sealed, Had the reaction boen

+ 6 H0 (6)

4 tn'Vpheo(0H), + 4H* weeuez- 4 1T TPheo + 0,

the oxygen pressure in the vessel would have been 0.6 torr, and the~
3202/3402 ratto would have been 4:1; background fs approximately 200:1,

A mass spectrogram revealed no significant deviation from the background

fOne neck had a breakaway seal for mass spectroscopy; the other was
eventually glass-sealed,
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N fatio. Thus, as ékpected from the arguments above but contrary to

- hopes, Qe must conclude that (methyl phebphorbideng)manganese will

- not produce free oxygen.

On the other hand, in many cases reactions which occur with
impunity 1Q;V1Vo cannot be duplicated in vitro. We should not lose
~ sight of the fact that the models studied here are at best great

~oversimplifications of their biological counterparts,
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. V. COORDINATION OF AXTAL LIGANDS

"T;ﬁorpbyiihs éct as tetradehtéte 1gands which'forcé chelated .
 } metals 1nto a square-planar confiquration. ! Nany of the meta1 1ons
_i which form stab\e porphyrin complexes tend to be six- rather than o
; "": four=coordinated, and wiil readily pick up two more (monodentate)
| f’.ligands té become néarly octahedral. The Stébiiity of the ﬁdducfs‘ ’
CV.'é'varies wide1y. depending on both the metal 1on and the added base';‘-:*&”

:1‘usua11y the formation of further complexes is reversible. In some - -

2 f cases five-coordinate, pyramidal complexes occur.‘part1cu1ar1y wheh  153;'jf°
Lf :vthe_metal fs in the 3+ or higher‘oxidation state and therefore re- -
 f:-qu1re§ a counter=1ion, | | ‘ |
Ef"ff_{iu Axial ligandé can have important éffects oﬁ‘fhe behavidr of the_“>.';‘
‘v" ‘ent1re combIex: The metal ion may dndergo a chemical reaction with an‘sz;,?
:57..ax1al 1i1gand; we have descfibed in Chapter IV the reduction of,manga-f v

A;}nese in MnIIIPheo by coordinated dithionite.' A Y{qand may affect the .

reactions of the metal with a second axial ligand or another compound,

'or it may stabilize a particu]ar oxidation state of the metal; for 1n-hf”

stance, pyridine pronotes the aerial oxidation of MnIIPc. There may

even be interactions between axial 1igands and the coordinated pore

phyrin, apparently ;hrough the metal's d orbitals which interact with

both{ thus, pyridine affects the visibje spectra of manganese pbrphyriné.
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 sl1ght pyramidal distortion: the metal may be as-
far as 0.5 R along the z axis from the plane of the surrounding nitro-
gens (Hoard et al,, 1965).
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;oxfdizeﬂ form of phthalocyaninomanganese shows that it contains one
- coordinated pyridine and oﬁe pyridine of crystq111zation per manga-
! nese, So another aépect of thehstddy of_ax1é? 1igands is confirma-
tion of these results. - _' |
The addition of pyridine to tetraphényiporph1ns and tetraphenyl-
‘ chlor1ns in benzene solution has been studied by Miller and Dorough
': (1952), Théy found that the chelates of divalent Zn, Cd, Hg, and Cu

formed monopyridinates; that of T

- dipyridinate. |
The electronic spectra of solid phtha?ocyaninomanganese(II) or .
étfoborphyrin I manganese(Il) change in the presence 6f pyridine vapor -
f(Yémamofo. Phil]iﬁs.and Cé'lvin)o The coordination of pyridine to
“.f'Mﬁ‘rEtb causes an overgll intensity increase and slight shifts in the
bands, most markedly a shift of the Soret band from 402 nm to 442 nm
(Fig. V=1). Pyridine also shifts the Soret band of MnIlTEtp(0Ac) from
' 360nm to 345 nm, aﬁd a new shoulder apbears at about 400 nm, In con-
trast, the spectrum of sub]iméd metal-free etioporphyrin is altered
very 1ittle by pyridine vapof. supporting the contention that the basé
{s bound to the metal rather than to the porphyrin ring,

The §1mp1est means for measuring the stoichiometry of reactions
giving a solid product is gravimetry., In the case of gas~solid
reactions, this method is esbecié]ly appropriate. IWe have measured
the weight changes of so]fd manganese porphyrins when exposed to
potential Tigands 1nlthe vapor phase, The chanqges in weight are

~ directly related to the stoicmometry9 while the conditions under
which thgy occur and their 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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Fig. V-1, Effect of pyridine vapor on ‘a sublimed fi]m of etlopor-'

phyrin I (acet1c ac1d)manganese(II)
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A, QUARTZ HELIX MICROBALANCE: APPARATUS D METHOD'

Sampies can be exposed to vacuum or to various qases while on

o .the balance shown in Fig, V-2; temperature as well as pressure can be

. contr011ed.‘ The samples are between 1 and 10 mg in weight; ba1ance

extensfon can be read to about 0,002 cm, or 2 ug, Various systematic
'_eérors which we will Qention 1atér Yower thevprecfsion to abdut 10 ug,

" The balance, obtained from Microchemical Specialties Company in
Berkeley, California, consists of an extremely fine quartz fiber_wound
into. the shape of a helix (k, Fig, V=2}, whose extension 1s measuréq
by observing the bosition.of the crossbar (1). The helix terminates
in a straight fiber (m)'ca11ed_the hanqdov;n9 with a hook on the end on
which a pénholdér(lodp (p) 1s hung. A shallow pan made of aluminum
foil rests on the loop of (p), and holds the powdefed sample, The
referencg rod'(j)'ektendé through the center of the helix; fts Tower
tip serves as the reference point (this was present only on the balance
used for the most recent ekpgriments).

The balance 1s enélosed in a cy]indrica] glass case connected to

a vacuum system through an outlet in 1ts main portion (d). A ground
glass joint kf.h) allows tﬁe Tower portion of the case (i) td be re-
movedvfor loading abd unloading the baIancé. With the balance com-
pletely unloaded, only the loop (n) is below the jdint. Thé hangdown
1slloﬁg‘enough so that even with the heaviest load permitted (about
12 mg) the delicate helix 1s completely enclosed by (d). To avoid
getting stopcock grease on the fiber and sample, a short length of
glass tubing (g) extends through the joint (f,h)., The cap (a), from

which the balance hangs, can also be removed when necessary, providing
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Fig. V-2. Quartz helix balance and case., The case:. Into the cap (a)
1s fused a hook (b) from which the balance hangs by its hook (b'). The
main portion of the case (d) is joined to (a) and the lower section (i) -
by qround glass joints. Springs between the ears (e,e) sunport (i).
The balance includes the helix (k) and concentric reference rod (j) and
hangdown (m). The panholder loop (p) is suspenced below (m) by hooks
(n), (n').  An aluminum foil pan, not showm, fits on the loop of (n).
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. access to the entire balance. Rings of conductive paint near the

regions (c);'(g); and (h) help reduce the violently disruptive effeéts o

of statfc electricity (see below).
In early experiments, spring extension was read on a simple ’
~ scale with a mirror to prevent parallax error. Later, accuracy was

- fnereased by using a cathetometer. The reference has also been ime

prdyed: at first the initial reading was used as the only reference -

‘point, relying on the immobility of the appar‘atus° Then crossed hairs
held in place on the balance case provided a reference which could
¢orréct for any jarring of the cétﬁetpmeter. Finally the reference

*rod.was tonstru;téd as anxintegral part of the ba?anée of itself, .

"'f,bThe'interna1 reference remains accurate even if the case is tiited.w'

- which may happen during sample changes.

| . The extensibn 6f the helix is 11néar to +0,2 percent over the .
' range 0-15 mg. The'balances'used have ﬁad extensfons about 1 cm/mg;
':the final one stretches 0,980 + 0.002 cm/mg° Mr. T. S, ﬁ?ssen.(AA

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

.'M' tolerance weights for the calibration,

| | The sample can be heated by a tube furnacé which surroundsthe

lower part of the balance case, Températuke {s read from a thermo=-

couple junction taped or gluéd to the outside of the case at about

" the hefght of the sample.

Pitfalls of the method. The hazards and sources of systematic

- error in microbaiance. techniques are well-known (Katz, 1961; Waters,
1965). Those particularly appropriate to the present study will be

discussed here,
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Since the quartz balance is a nonconductor of electricity and

fesensitive to forces on the order of a few micrograms. 1t 1s very
'¥'>suscept1b1e to static electricity. The balance may cling to the
“‘fside of the case, so thet its extension cannot be read, More - B ; v,i;5f'15:§
" ';serious1y. it may be suddenly attracted or repelled by some charqed el
::'if object, and the resulting violent motion will usua]]y spill the :
"'sample and dislodge the pan and panholder ioop, When handling the'; .

~ ~balance, one must carefully oroundvthe ba\ance.'case. oneself, and sof;ﬂé

l3,on' but especially on a dry day, this precaution has only limited
© effect, The prob]em was ameliorated by enlarging the case from 1" to'irfffjfjlf;

;fié“_diameter. Since there can be no potential- qradient 1ns1de a cone

75 duccfn9 Shell. conductive'rings were Dainted aroundvthe'inside of the - '"":'HJT
:C? case at'sensitive.oloces. especially near the qround 301nts (regions

;’Lc,*g,'and h'in'Fig. V-2)‘ Rings about an’ inch wide, or narrow rings ; ';.§o;f  ?
';RConnected by conductive paint, seem equally effective, UﬂfO”tU"Gte]Y.;eﬂi-} ;{'f
. 5“51;the ideal, .. 1nert paint ha;.not yet been found, Depositeo siiver ; ..: ; ffei
“i~1jﬂf»‘s far too.fragile- Silver paint (Henovia) tende to flake off

e ; (possibly due to amalgamation with traces of mercury from the diffu=
"A.Ausion pump)'and is slightly soluble in the solvents used.for cleaninq."
;Conductive epoxy (silver “solder“ No, 3022, Epoxy Products Inc,) fis

. only slightly more durable. Occasionally the helix must be cleaned. '-:“ v£»,:¢.

2 gife}ﬂ~;1f,, ~ Dust and vacuum grease, the most usual contaminents. can be removed
‘ by qently spraying with a solvenc such as uylene, thle touching the
‘helix with a tissue, Of course the operation must be performed .
delicately and without rubbing or pinching the quartz fiber,v Pan-
..holder Toops are cleaned in the same way, with a?solvehtvappropriate '5

for the sample. ' | }
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Small pressure gradients, such as thosé caused by a vigbrous.wavé of
the hand, may send the unproteéteq hangdoﬁn careening to the sidé of
“{ts case, -lLarge presshre gradients, caused Qy too-sudden evacuation
or introduction of gases, have been fatal to one entire balance and
several hangdowns, This problem was~1ess severe in tﬁe eﬁ1arged,case. 
but remains a severe hazard. An important Eu1e 1s-that15topcocks mustl
operate with absofute smoothﬁéss, and be opened with agonizing
slowness, | .; | ‘ .

The reference rod (j, Fig. V-2) as supplied by the'manufactufer .‘A :
' pérsisféntly twisted itself around the hangdown; to eliminate the
v.twisfing'the reference rod had to be shortened, The balance was
,Toaded wi;h an empty sample pan, and the rod ambutated at a point_}ust.‘”.
be]owllevel with the bottom of'the€h§11x._‘Th1§ length has proved
satisfactory. .Sudden pressure changes.11n addition to thefr other .

- effects, invariably.make the réferencé fod pkotrude through the coils
of the helix; it is disengaged by gently pulling the spring down’ '
" (using cork-tipped tweezers) until the rod is freed,

Errors in weighing may arise from such obvi&ué sources as tangling
of the helix; transient pressure gradients (even when small); or con-
tamination., Temperature gradients cause less spectacular but equally
~ annoying disturbances (Honig.‘1961; Czanderna, 1961), Unforfunately. i
| experiments often call for operating at pressures in the Knudson
‘ range, approximately 1073 to 20 torr, At these pressures the maan
free path is long enough for many gaé molecules to strike the sample
from regions of different temperatures (different kinetic enerqies),
and the number of molecules is great enough for them to have consider-

able cumulative force, The balance is not thermostatted; neither has



any ser1ous attempt been made to p]ace the sample at the therma] cen- i

-ter of the tube furnace, . since there are qenera]!y weight changes

(hence posftion changes) during heating.' 1 have assumed that at roomffé L l;,}
"temperature the balance fs in equi]ibrium with the room air. and thatf:f7f::f
thermal gradients are neg]igible. However. discrepancies of around

-10 micrograms occasionally occur during an experiment. probably be-

cause of temperatﬂre gradients, . - o L

Some gases, pyridine and water for 1nstance. are adsorbed on both I hf,;A-_i

'ffjfi££ f a,balunce and pan; such effects are taken into account by exposure to e
i vih::fthe gas with no sample present.- Some of these blank runs are shown

AT Fig. V-7b and V-10. True buoyancy corrcctions are neg]igible-sinCelf*fff"

*lhthe sample volume is very small. This was verified by exposing a - e

?Viéample'of MnPc to nitrogen, which 1s not absorbed on the sample. At lfi§?;i".' |
L pressures of 18.5 and 159 torr, the apparent wefght was the same as:

“. in vacuum,

U Ba RESULTS o . | B
| '1. Pyridine sorption. Pyridine has a profound effect on both the

1 spectrum and the. chemistny of phthalocyaninomanganese (Yamamoto, |

'"’;1? :f Phillips and Ca]vin; Engelsma-et al., 1962), It is a good so]vent

for this compound as well as for etioporphyrin 1 manganese, and many SR
of our.chemical and EPR studies have been carried out in pyridine

" solutfon. We have therefore focussed our investigation of the addi-
_tion of vapor-phase 1igands by solid metalloporphyrins mainly on -

pyridine.

a. p—Oxobis(phthalocyaninopyridinemannanese)-bispyuidine.

(MnPch)ZO-ZPy.’has the novel binuclear structure shown in Fig., 1-3.
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It contains two pyridines. one coordinated to each manganese fon s0
o'that the metal is surrounded by six ligands in a distorted octahedron.fo;fiv.
““%Two other pyridine molecules fi11 holes in the crystal but are not
.odirectly bonoed‘to the complex (Vogt et al., 1966;-1967). .The'coor-
:dinated pyrid%ne can be remnoved only by heating in vacuum; the pyri-
dine of crystallization is gradually lost even in air at room teme
'~perature. We have studied the absorotion and desorption of pyr1d1ne’
on (MnPc) 0.-and our resdlts agfee with Vogt's observations and with o
his formulation for the compound, | .
(MnPch)zo 2:15 produced by aerial oxidation of MnIIPc in pyr1
:dina solution. The crysta]s used in ear]y work were prepared by ‘
oA; Yamamoto; their pyfidine_content depended on how rigofous]y they
were dried (Yamamoto, Phi}]ipo and'co1vini;"A sample of the materfal’
. used for the X-ray‘étructurul determinationﬁo(vogt.vZalkfn'and.Temp1eton.
' 1967) was kindly provided by L. H., Vogt, Jr.; his preparation differeo |
| from Yamamoto's mainly in that pains were taken to prevent it from
: drying.
In a typioal experiment, the loss of pykidine i{s measured in
vacuum, first at room temperaiure and then at 60-140°C, After the
. sample has cooled to about 23° again, pyridine vapor is admitted to
the system and its absorption is followed. An experiment using crye
'stals .prepared by Yamamoto (I) and one using Vogt's preparation (1I)
are compared in Table V-1, They are 11lustrated graphically in
Figures V-3 and V-4, |
The interstitial pyrioines are held so teouously that Yoqt found
1t necessary to seal his crystal in a capillary tube contéininq pyri-

“dine; otherwise the X-ray diffraction pattern showed crystalline
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and its resorption. The ¢Ompound after evacuation is (MnPch)ZO;

after heating, (MnP¢)éO;; [, initial behavior; the sample was kept

in air 80 days before evacuation, and was observed in vacuum 21 days

before heating. Other symbols represent subsequent cycles, in which

Pyridine pressure during sorp’tion cycle was 13,5-16 torr.

 the samp]é was not exposed to air, and was evacuated for 1-3 days.
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Pyridine adducts of

u-oxob1s(phthalocyaninomanganese) ‘-"i.'i"'f {
.ijﬁsﬁiéeé.jgl““d'Vogii o - ot j;"Yaméﬁbtd ‘
' Treatment ,. P . Molar . |. ) Tf‘eatment : o Molar :
) | D ratiod | . - ratio? -
: CIndtial . o lo3ss | o]
. .In air 3 hours . 3.45 In alr : 3.84
o 4'_:lIn air .80 days -, ... . | - 3.21 [ S e T N |
¢, In. vacuum 3 days .. .| ‘2.06.. .m'In‘vécuum~1 day .. | 2.85 i
v In vacuum 21 days cf 1.9 j _‘;_ ‘. RN
Heated 7 hours fn’ | {0} Heated 8 hours in’ | (0) :
o+ vacuum, to 116°. 0. b . vacuum, - to 60° P :
.t iPyridine @tWOSPheFesév»A:§;98c : Pyr1d1ne atmosphere . 3.94. B
"ﬂ“ﬂ;:lﬁ hours . in vatuum‘;, 1.99% . f_=1 hour:in vacuum - .| 2,35- ,iq
B f;d“fﬂfféfiﬂy,;;ineated.in vacuum ' | 0.27°. | . Heated in vacuum 0,05 .
Cogmee M (to about 110°) ’ Lto 116° L

- o ‘fj'a :ﬁ. Py/(MnPc) 0-

Bb Crystals prepared from MnPc by oxidation 1n pyridine were washed s
- with pyridine and diethyl ether and dried in afr,

" ¢. Averages for four cycles.
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diSordef. However, ‘the loss can be very s!ow: after 80 days in-still
air, 11 stin contained 3.2 moles pyridine per mole of the binuclear  :1€
complex (Téb1é\FI) Even in vacuum {107° torr) many days were re- R
vquired to reach the composition (MnPch)ZO.; I behaves in the same h
.way (Yamamoto, Phillips and Calvin) a]though typically only 1 fo 3
days were allowed for evacﬁatioﬁ, so that thé product often contained
an intermediate amount of pyridine. |
. The coordinated pyridine canvbe'removed by heating to 90-100°.
~or more slowly at 60°, If the (MnPc)ZO is then exposed to pyridine B
| vﬁpor at room temperatire, there is rapid absorption Qp to about-the’
"composition (MnPch)zo-Py;"after which the‘we1ght gain is s]owef;
On evacuation, the pyridines of crystallization are lost more readilyJ': .
thén before, The}coordinated pyridinés. on. the other hand, are s
desorbed in the same way-on the first and second heatings. ’
The‘cyCie of sorption, évaéuat1on, and'hea£1ng was repéated four -
tines for II, and was reproducible (Fig, V-4), The difference be=
"tween initlal and subsequent rates of loss of interstitial pyridine
may be explained by a Change in crystal structufe. which is not sur-. : .
prising in view of Vogt's observation that removal of pyridine leads
to crystalline disorder.

b, In phthalocyaninomanganese(I11), both of the mgta]'s axial

coordination pousitions are empty, so that it should be able to add two
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 heating in vacuum (Yamamoto;

Phi1lips and Calvin),
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;MnIIPc 1tse1f 1s stable in air; its pyridine complex. however. is

‘our studies on the sorption of pyridine by solid MnIIPc were always :jf:

‘___carried out in the absence of air, .. L

The results were not reproducib]e. in particular. the rate of ;_;’“ e

| by heating for a given sample. We are dealing with two. distinct

.-as diffusion 1nto the crystal, or changes in crystal packing to pro-'f“fjiv?
t:fﬁ vide large enough holes for the add1t10na] 11qands' and physical

;Zc'eTfsorption, which 1argely depends on surface characteristics. Thus N

jeven when kinetics can be obtained they must be taken w1th a gra1n

»a~eof salt,. Certain]y their dependence on the sample s history s not’

”,;; surpr131"9°* We have found in one case that results were determined
“. by the force used fn grinding a sample, However,, no correlation with
°§’ﬁi_..the phase of the moon has yet been observed,

. In Fig, V- 5’ a typical experiment is shown, The MnIIPc powder S

aiwas exnosed to pyridtne vapor in the absence of a1r (staqe I) Ad-

‘VSHjsorbed pyridine. was removed in vacuum at room temperature (staqe II).‘

ﬁ';while coordinated pyridine was lost only after heating to 50-60°C
:(stage I11). - The sample behaved different]y in a second cycle
'1“(stages IV-VI), Note that the chemisorbed pyridine in the first
cycle was,l.l7’equivafents; fn the second, 1.74; and in a third
cycle (notvshown). 2,05 equivalents, which was the amount'expected,
within experimental error. |
An estimate of the coordinated pyridine can be made for a sorp~

~tion run if the weight change levels off, as in Fig, V-5, stage IV,

.feasily oxfdiznd either in the so]id state or in solution, Therefore j?e5'* ‘

N A .o

e sorption'varied tremendously‘fromucamp1e to sample, and was 1ncreased 'ffﬁﬁi;ﬁ '

' ;e_:phenomena: chemisorption, whose rate will be limited by such factorsi?ff%1 t
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- Fig., V-5. Sorption of pyridine vapor on phthalocyaninomanganese(11)
pouder. I, IV, Sorption of pyridine vapor (P = 15 torr). II, V.
" Evacuation at room temperature (ca. 107° torr). 11I, VI. Heating

in vacuum: temperature increased at the rate of 1°/min,




'”?fifi”j to ]/2 indicating that the reaction f

of these two iines then provides a rough estimate of the amount of

", adduct formed Severai sampies were subjected to qraduaiiy in-'r

creasing pressures of pyridine vapor, and the observations piotted

‘on a iog-log graph (Fig. V-G) For each series, the 510pe is close 'fff X

MnPc.+ 2 Py = MnPcPy (7);

2..,.

, One specimen of MnPc (Vogt, sublimed) absorbed pyridine very -
Lsiowly. When pyridine (13-16 torr) was admitted to the system, there
tfwas an immediate jump in weight of about 0.12 equivaient* then weiqht

i'. “hours, On evacuation, not all the pyridine was iost.,showing that

:;"during each run there was some chemisorptibn; 1f the new weight 1in

| -vacuum was taken as the zero point on the thph. the phenomenon was

| remarkabiy repeatab]e (Fig. v-7), At the end of saven cycles, a -
totai of 1.65 equivaients of pyridine had been chemisorbed (Fig. V-B)

If we assume that reaction (7) occurs during exposure to pyridine

| -.i vapor, but is not reversed by evacuation at.room temperature. then

we obtain an apparent rate constant first order in (MnPc), k; =
2 x 10'5 sac ]. We note that the rate of physicai sorption in this .
experiment is independent of MnPc concentration.v

¢, Although etioporphyrin I acetatomanqanese(l!!) wili take up -

a large amount of pyridine (Fig, V-9), oniy one equivaient is strongiy

u,we assume that the final sdope is due to physicai adsorption oniy. '

and the initial slope chiefly due to chemisorption, The 1ntersection 3&;:"‘

et 12 e

occurs. The equilibrium constant° K= (MnPchz) / (MnPc)(Py)z. uhere azjfiﬁ:.“
(Py) is expressed as pressure. 15 (2.0 #.1.5) x 103 atm™ 2 . "7. }f

?vgain was linear with time for the rest of the run, up to neariy four j::iffil
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- Fig, Veﬁ; Effect of pyridine'preséure on the chemisorption of pyri-

dine by phtha]bcyaninomanganese(lI). The slope of each 1ine.

Pp =Py - ]/2 corresponds to the reaétibn‘MnPc + 2 Py X
- Ratioz-Ratio] SRR . ' .

'_'MnPchz{ For the samp]es‘iIIustrated here, the équi]ibri&m constantsﬁ .

- are calculated as: o | ,
Csymbol: . O AN v : g
. , ' . .

2 2 25x10°  45x10

Keatn? 3.5 x10° 7.0 %10

of - . 1 - 100 .
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'PYRIDINE SORBED,

Ee
™

13_, L ' L 'i ' 1.'.'| "-l'-f f} {-1f4|' L | I
' - TIME, hours . . Residue .-
L .  XBL677-4525

--'Ejgé_!;Zg,' Physical and chemical sorption of pyridine by one samp1e"

IIPc. Amounts shown above are fhe increments for each cycle;

. of Mn
"Residue" refers to the pyridine remaining after evacuation to 1073

torr, and thus represents chemisorption.
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Fig. V-7b, Blank runs: pyr1d1ne sorptwon on ba]ance and aluminum

res1due of p/r1d1ne remains on the empty ba]ance in vacuum._

sample pan, normaTized‘to correspond to the sample in Fig., V-7a,

One equivaTeht'is 0.9 mg pyridine.

Note that th‘e blank adsorption

is considerably less than sorpt1on by the sample, and that no
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' Figf‘V-S. Pyridine chemisorbed by MnPc during the'eXperiment‘illus--
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.trated in Fig. V-7, The symbols correépohd'to tﬁose}ih'Fig. V-7a.

The total residuc is plotted against time of axposure to pvridine

yépd?;(approx. 15 torr). -
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- Fig: V-9, Sorption and desorpiion‘of pyridine by etioporphyrin I

acetatomanganese(III). Molar ratio after sorptibn and evacuation, -

- in subsequent experiments: 1,01, 1,00 (stage II).

-I. Sorption of pyridine vapor (P = 18 torr). II, Evacuation at

~room temperature, III, Heating in vacuum.

My.28213




.‘j | .: ‘ '82'- .

| absorbed. correspond1ng to the sing1e ax1a1 positfon available for :?h‘~ :

: coordination'

0= (':fCH

3 .

: AThe rate of surface adsorption, 1n excess of the chem1sorbed pyridine.

‘”x75v:wi;var1es among samp]e5° however. both the approximate rate and . the "_
i fjustoichiometry of . the. chemica] absorption are reproducib]e. As with

';figj'the phtha]ocyanine complexcs, the coordinateﬂ pyridine can be re-

, g}moyed_by heating (Yamamoto, Ph111ips and Calvin).

*ivproduction of oxygen from'water.Awe have looked for fermation of

“further complexes with water.

One sample of MnIIIEtp(OAc) absorbed i.]jequﬁvalent'of water

2':«uilabove the blank (Fig. v-9), which howevei came off immediately on

R evacuation. A second sample absorbed no water at all, even after

Zle 43 hours of exposure to water (P = ca. 23 torr). suggesting that the

- process {s a surface phenomenon and 1nvolves no chemica] bonding,

(Dimethylhematoporphyrin IX)chloromanganese(III) did not ab-

'f sorb water,

v MnPc sorbed water in amounts which tended to increase with the
' pressure of the water vapor, although there waé}ho;sﬁra1ghtforward

pressure dependence, ~ The sorbed water was released in vacuum, A

T )

2.. Sorption of water. Since the'manganese,porphyr1ns have heen -

=" proposed as modal ‘conpounds for those -involved fin the photosynthetic '13

"~ water adducts with these chelates, However, we have found no stable. L



‘ 83w

sample prépared by Végt and pur1fied by sublimation, on the'other

hand, sorbed 1ittle water above that observed for the balance and

. empty pan, Again we must conclude that there was no chemisorption. ey

3._'Sorpt1on of other gases. In contrast to its behavior with

- water, Vogt's sample of MnPc repeatedly gained (and lost on evacua- °

tion) about one equivalent of acetfc acid above the b]ank,'ih an

-atmosphere of HOAc. Toluene,_howevera‘was not absorbed at'aii.

A specimen of MnPc was exposed to nitrogen gaé at 18.5 and at

159 torr, at foom temperature. There was no gain in weight,
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V1, ELECTRON PARAMAGNETIC RESONANCE

4 -TThe ;oin of an electron in a magnetic field can take oo.on1y‘two’

'-?_.voluesé +1/2, "up"; or -1/2, "down”. The énergies of these two states
depend strongly on‘the {mmediate environment of the electron, as welll
~as on any external magnetic field, In many casos transitions between

the spin states can be induced by a small magnetic field rotatinq at

o microwave frequencies, giving rise’ to the phenomenon known as electron -

. paramagnetic resonance (EPR), or alternatjve]y. as electron spin reso-
nance (ESR). Because the transitioo energy is so sensitive to the
‘electron's surroundings. EPR 1s 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 deqeneracy fn’
' spin states resolvable only by,external magnetic field.” This degene-_?
racy quarantees that in convénienf magnetic fields, fhe transition in :
;Vsuch systems will occur in the microwaue eoergy region.” For a.‘free

.‘v‘electron in a magnetic'field of 3210 gauss, the transition energy is

- 0,3 cm"l or 9000 mc/sec.

‘Since manganese(II) contains five d electrons, it can be studied -
‘ " by this technique. 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, antiferro-

*For a general background on the theory and practice of EPR, the reader
?ay w;sh to refer to a book such as Pake (1962)or Bersohn and Baird
1966
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'ff,magnefic:interactiens between manganeee 1ons Broaden the resonance in
Sl solld compounds.*A Thus after several vain attempts in this laboratory
_.to observe the EPR of phthalocyaninomanganese(1l), the prodect was
~ abandoned. | |
| Earlier resonance studies of metal phthaloeyanlnes are summarlzed‘ :

- by Lever (1965a). vApparently the only report on MnPc 1s that by |

Ingram and Bennett {1954), who reported slmply that a powdered samnle
, gave a 500 ‘gauss wide signal at g = 2.0,

In an experimental survey of the paramagnetlc resonance of various 'ff}

metallophthalocyanlnes An pyridlne at liquud nitroqen temperature
| '}=;-(Makslm and Phillips, 1964). Miss Ann Maks im 1nadvertantly 1ncluded o
:le MnIIPc. A unique and complex spectrum appeared (Fiqure V1-2a). Thev”E':sh
.lt:'ifl_”several months of fascinating research recorded in this chapter stemmed
"directly from Miss Maksim' s-serendipity. | |
Since the paramagnetlc resonance spectrum of MnPc is so compli- 'll"l
cated we have developed a computer proqram whlch generates slmulated if’l
EPR spectra., The calculations 1nvolve a semi-emplrlcal spin Hamiltonlan )
l‘ which assumes S = 1/2, The agreement between actual and simulated
'speetra 1ndicates that the manganese(II) 1s in 1ts rare sp1n-pa1red :
state, | | . _" ‘ d
He have obserued the resonance signals of several other metal
phthalocyanines; and our experimental flndjngs are included in this
'f chapter. The paramagnetic compounds and NiPc have been studied by
'ofhers. and We snall.compare our results with theirs, Although‘

earlier workers have seen a free-radical signal in various impure

*Factors which influence the observability of spin transitions in
general, and those of manganese in particular, are discussed by Ross
(19663 p, 73ff, 86ff).
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'diamagnatic bhthalotyanines,,we have fohndlahother signal as well,
i;;”-which may be thatlof the phthalocyanine'fadicél 1tself,

h Sulfonated derivatives of ﬁhe mangﬁnéée and 1roh gompoﬁndsiwere
-~ looked at; differences between the spectra of the sulfonated and un-
iVﬂ;'substifuted chelates should be chiefly solvent e?fects;

Spectra of two manganese porphyrins are discussed briefly,

A EXPERIMENTAL | ,

© An X-band spectrometer-which operated ﬁear 9060 Mc/sec was used } 
| '_fdr all EPR Spectra, Thé sample waslplaced-{n é quartz tube (3 om

u::; bores 1n’the rectangulgr'TEIdz cavity (Varian V4531); The sample in

the cavity could be cooled to about 90°K by a fTow of cold nitrogen

o gaé through a quartz cooling system (Varian V4547), The derfvative

: ~ of the absorption, obtained by phase-sensitive detection with 100-kc/sec

o -‘,fie1d modulation, was recorded as a function of magnetic field, The

field was measured by a gaussmeter and further checked by crystailine ‘
diphenylpicrylhydrazyl‘(DPPH). which gives an 1ntgnse EPR signal at
g = 2,0036. |

Adaptations of sample tubes were similar to those on cuvetltes
for visible spectrophofometry (Section IV-A). FEasily-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 thén a day were stored in the dark; other-
wise, no special precautions were taken to shield them from light.
~ Although these compounds are light-sensftive (Chapter 1V), there is

little reaction unless the illumination is intense,

RO
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'v'stored over Linde molecular sieves which had been dried at 650°Cs .

| a-proline was distilled from KOH,. Dioxane was distilled 1mmediate1y

,before use. Reagent grade to]uene was stored over dried molecular

sieves but was not purified further,

~ B. RESULTS

~ The six lines in the EPR spectrum of &queous Mt (F1g. V1-1b) L;e&fife o

"-‘are due to interactions between the électrons and the °°Mn nucleus :j; i
vwhich has spin 5/2. At 100°K, the spectrum of Mn(HZO)ﬁ' ina qTasse;e;f{fﬂ )

: ;. reveals additional structure: between each pafr of hyperfine lines (;; i

: T”{l are two less intense peaks. which can be attributed to simultaneous E

 nuclear. and electron spin transitions (Fig., VI=-la), Characteristi-
- cally, the paramagnetic resonance of an is symmetric about the
jl:espectroscopic sp]itting factor g = 2 (c]ose to the free-e]ectron
V  “value), with hyperfine splitting A = 0,009 cm ], or about 95 gauss
- (Pake, 1962; pp. 1834185); |

Phthalocyaninomanganese(I1), MaPc dissolves sparingly at best

in most solvents, and tends to precipitate out at the low tempera-
_ tures at which paramagnetic resonance is observable, . Spectra in

frozen pyridine solution (Fig. VI-2a) exhibited bands with non-

reproducible intensities and widths, vhich varied W1th concentration

" of MnPc and with rapidity of freezing, This is a symptom of solute

aggregation during cooling (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 following solvents were

hard to distinguish from noise: benzene, a-chloronaphthalene, acetone,

Pyridine (B&A. reagent grade) was dist111ed from BaO or KOH and




ff a) Aqueous solution at 100°K 25 vol 4 methanol added to the water
R to prevent aggregation of the solyte

'xﬁ.b).Aqueouslsolution‘at room temberature.

XBL 678- -4687

“’T'Figure Vi-1, Paramagnetic resonance spectra of Mn(H 0)62*. Figuresl,
from Ross (1966),
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Figure VI-2, Phthalocyaninomanganese(II) paramagnetic resonance,

Samples were under vacuum, and at about 90°K,
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" modulation 5 gauss,
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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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- tetrahydrofuran. 91ycer1ne. dimethylsu1fox1de. or a DMSO-qucerine f""*“
ﬂ -g]ass., A 60:40 ‘mixture of pyrfdine or p-picoline with toluene forms |
a glass at low temperature5° formation of a satisfactory g]ass is
aided by coo1ing rapidly, direct]y in 11quid nitrogen., In these ' )
N media phthalocyaninomanganese(II) showed a reproducible, well-resolved
spectrum; similar to the clearest in pyridine alone (Fig, VI-2b.c).
Obviously in this compound manganese(II) is far from its usual

"state. the anisotropy of both g and A va]ues is we11 outside the

vnormal range for this fon, Data are summarized in Table VI-1,

- Table VI-1

in various solvents '

b -1

. - . Solvent | o G g9 Ayy cm A‘n‘ém-] Remarks
‘Pyridine 1.90 2.16 2.07 151x10°%  25x10~4
.;ggg{;«fv‘:fff_ Pyridine- | . 4 -4
A toluene ~ 1,90 2.16 2,07 151x]0f 25x10 (a)
*48-P1coline§ . ca. -4 N ca.;4'z
. toluene 1.89 2,17 2,08 162x107" _28x10 '
. : l . '. cao - v
w0 Dioxane SR8 - ca,’ -4 poor
REPERE A S , : ' :'37x10 ~ resolution
o _ Acetone o 2 : S . single peak, .. -
@' ' : -width, 250 gauss -
Pyridine~ L S " poor

water, 1:1 1.95 2.16 2,09 o resolution

(a) Values confirmed by computer analysis (see Section Vi-C).

(b) § = -‘;(29, g,

}'_ﬁaramagnetic resonance'parametérs of phthalocyan1ﬁomanganese(Ii)‘ ?"?fﬁjff~r: [,i



«93-

"

'1'0n,gxpdsure to air.'the mn!lpc signal gré&ugl]y disappears, A

‘“:‘sq)gtjon.of'(MnPc)ZO (Sourcg: A. Yamamoto). in pyridine, in air, gave

»'7;f_pp'detectab1e sfgna]; On the other hand, a few of the samples of

éianlec dissolved in pyridine-toluene (60:40) under vacuum revealed
hf}?:;ftﬁo extra peaks: one at gic 1.89~1,91, the other at about g = 4.3,
:'x?*f'The Iattgr_tended to be quite broad and fntense. These peaks be- "
| “fJ 5‘haved differently from those of MnIIPC° on oxidation, thefr intensity .

' f5rema1ned constant or even 1ncreased as the MnIIPc signal faded

L (Rgova) - |

_ | (MnPc) 0 (source' L. Vogt) in pyridine-toluene under nitrogen
’?fjfatmosphere exhibited both' the phthalocyaninomanganese(I1) EPR spec-
’5:'trum and the two additional peaks (Fig, Vi-4), when the so1ution
;Qiﬁww‘”ifj-fi“;;: was exposed to air, the MnIIPc signa] vanished wh11e the others de=~
F "creased. It 1s curious that this supposedly oxidized species. when

'1’:;fdissolved under an inert atmosphare. apparently contains & substan~

”Qi i”tia] amount of.thg manganese(11) Species. The solution was blue~
'iaggreen rather than the true blue expected; at 100°K its color was

'  ;7;.gréeﬁ. Electronic spectra of a similar solutfon (Fig, VI- 5) showed
"5 that in air the 716 nm and 620 nm specfes (and no other) were prpsent.
o . the former decreasing and the latter increasing with time,” |

A Iow-field EPR peak has been observed in other compounds

“iif;fi?{:fistudied' etioporphyrin I manganese(I11), (methy]phe°p"°rbide'a)ma"ga'
E 'ﬁ?i;nese(lll). metal-free phthalocyanine, and an oxidized form of etio-

pOrbhyrin I zipc. Its cause is unknown., Nor has any explanation

*See Engelsma et al., 1962; Yamamoto, Phillips and Calvin, - The pro=
cess may be ox1aation or dimerization. . ‘
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" nese sampie on qxidation by air. Spectraiwgre taken at liquid
‘;pjtrqgen ﬁembgrafure;asémple_wasiwarmgd‘t6'20°C'to al]ow thé’react1on
Altd'bfoceed. The soi?ént was pyridine-foluene. Modulation 5 gauss.

| o . So]utionsfresh]y prepared in vacuum, -----Q--- ..After
.“'  oxidatidn.i:The peak-at_g“=‘4.3 (cf. Fig;;v1-4) remained constant in
vijjintensity.' ST L | |
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y ngu?e VI-3; ‘Behavior of "extra® EPR peaks in a phthalocyaninomanga= fif;g‘J I
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_ Figure VI”-4." EPR spectruni of u-oxobis(phthélqcyaninomanganese) in
. pyridine-toluene glass. Temperature, 133°K; modulation, 3 gauss.
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cyaninomanganese) in 60:40 pyridine-toluene, at room temperature,
The solution was prepared in air, and’'a series of spectra were
. taken at invervals of a few minutes. .

8

XBL 678-4589

_Fiqure VI=5, Electronic spectra of a solution of u-bxobis(phthaIOé;,.
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| been found for the peék at § = 1.9, which has been seen only for
: ~phthalocyaninomanganese complexes dissolved in‘pyridinento1uene. ’

Tetrasulfophthalocyaninomanganese, This compound, examined in

. afr, was almost certainly in its oxidized form, vSolutions in water
(2 M in LiClz; blue color)and‘ihllzl water=ethanol (greeq) showed,“:'i
}:'fno EPR signal between 1000 and 4000 gauss, A sample freshly disf.
solved in 25% aqueous ethahdl-exhibited a weak spectrum of at Ieasf |
16 resdlved lihes. wifh spacing about 50 gauss. Yamamoto (private
communication)'hés obsérvgd a some#haf simf1ar spectrum--even at

room temperature--for powdered “MnPc0°2Py" (probably (MnPch)zo).

.. The intensity for Yamémoto‘s sample as compared with that of a

known concentration of aquédus manganese2+. was only 1/200 of that

expected, - The appearance of similar resonances for these two come

| plexes suggests that the signal must be that of either the oxidized

_phthalocyaninomangaﬁesa moiety‘or a.commen impurity, The spectrum
| is unlike that for high-spin or low-spin manganese(II) or for MnIIPc;
it is not due to the phthalocyanine free radical (see below), It is
reproduce& here in the hope that some reader may come up with a
plausible explanation (Fig. VI-6a,b).
Phthalocyanine radical. An EPR sjgna] at q = 2,0 has been ob-

served in powdered samplgs of various phthalocyanines, usually those
purified by sublimation (Ingram and Bennett, 1954; Lever, 19G5a).

" The line has been attributed to a free radical, caused by decomposi-
tion of the phthalocyanine ring during sublimation or due to absorp-
tion of oxygen (Harrison and Assour, 1964). Apparently previous
investigators have seen only the single peak, which we shall refer

to as I,
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phtha]ocyanindmanganese species,.

”f{wa) Powdered (MnPch) 0 (Yamamoto. work done in this laboratony)
» b) Tetrasulfophthalocyan1nomanganese in 25% ethanol. in air, 90°K

(oxidation state unknown) ,

- Figure VI-6; ,Electron bafamagnetic resonahée'§peétrafbf‘oxidized"gffa"l

Frinm i
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ilf!h:add{t1oﬁ to the very strong %reenrédiqaigpedﬁ. we have found
1anser1es‘of at least 15 much4weaker'lines also centered aboui,g =2,
| with spacing approximately 15-19 gaucs (Fig. VI-7). The spectrum
‘ appears in the twé diamagnetic compounds studied: phtha]ocyaninozinc-

. and metal free phthalecyanine., The Splitting is the right magnitude

o for hyperfine structure of a radical containing nitrogen; if all

eight nitrogens in the molecule were equwvalent. we would expect

21+1 = 17 hyperfine lines, . Relattve 1ntensit1es of the absorption

1ines should correspond to the appropriate coefficients in the bi«

nomial expansion, The disagreement of the intensities of these
derfvative peaks with any reasonable péttenn (including the possibie«

; lity that the groups above and below g-= 2 arise -from separate tran- R

“gitions) may be due to distortion by the overwhelming peak (D).

_ Thus the spectrum in Fig. VI-Z.ﬁexﬁ]ugjnélthe intense peak, 1is

) tentatively consideréd that of the. true phfhalocyanine radical.

- Phtha]ocyaninocobiit(ll) The EPR spectrum of a. pyridine so]uc'

tion of COIIPC at liquid nitrogen temperature (Maksim and Phi]lips.
.'1964) is rich in structure (Fig, VI~83). There are eight lines
arisihg from hyperfine interaction with the 59¢o nucleus (1 = 7/2)%
on each of these is superimposed five extrahyperfine lines from the
nitrogens (I=1) on two axial pjridines. As with MnIIPc. g, ¥ 9.
e estinate gu = 2.03, 9, = 2.24; A, = T4, A, = 61, A = 12 x 107
'cm']. | | |

When the CoPc solution was allowed to stand in air, the signal
appeared to coalesce into a single band of about 150 gauss width,
much greater in intensity., The change is probably caused by oxidation

to ColIIPc, which should be diamagnetic; the intense siqgnal is the
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Figure VI-7..'Phthalocyaninozinc(ll). crystalline, sublimed, Tempera-

ture about 90°K; modulation 5 gauss (optimum for the weaker signal),
The intense peak at g = 2.0 is referred to'invthe text as. (1); the

‘other lines may be due to a phthalocyanine free radical,
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‘Figure VI 8. Phthalocyan1nocoba]t(ll) paramagnetlc resonance spectra
at about 90°K, | |

- a) Pyridine solution. modulation 3 gauss.

b) Tetrahydrofuran solution. modulation 10 gauss,
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.'free radical (1) discussed above° o | o
.A The phthaiocyaninocobalt(ll) spectrum in pyridine agrees with i{”ﬁ e
-:rthat reported by Assour (1965c). It is surprisingly like that of

~"?uf4coenzyme Byo (reduced form) in water at 108°k: g, = 2.2, g, = ]'9é'j£‘

L (Hogenkamp 22.2155 1963). Normal coenzyme By, contains cobalt(111);
S the EPR signal vanishes, on oxidation. The oxidized form s diamag; e
'liinetic. . | | ) L
Since the unpaired electron in CoIIPc fs in the’ d. 22 orbital.
*ﬂf, (A550ur. 1965c). its paramagnetic resonance is affected by the '
’3{i7soivent.e This is dramatically illustrated by the difference be-_{fiﬁf**
~€;tween SPéCtra in pyridine and in tetrahydrofuran (Fig. VI-8a,b). nf'f

 The latter is So complicated that we have not even guessed at the_; L

. usual parameters. Ana]ysis of the spectrum in THF would be a real =

"' 'test for the computer program which will be described in Section VI~C.,;_:;ffl;;'.

'.ré""The signal disappears on oxidation by atr,

Phthaiocyaninonickei(II). This diamagnetic compound gave only S
;v,the free radical signal (I) ‘The sample was a pyridine colution.

Phthaioqyaninocopper(ll) in pyridine dispiayed a singie broad,

“ assymetric band, width about 120 gauss peak- to-peak in the deriva-
L ; tive presentation. at approximately qg= 2 04 Since an earlier re-jf

port (Maksim and Phillips, 1964) erroneousiy inc]uded the signal of =

['”F . an _internal DPPH standard as part of the CuPc spectrum, the correctg:m

' spectrum 1s reproduced in Fig, VI—9. It is rather surprising that
‘we observed no-hyperfine etructuro from either the Cu (I = 3/2) or
{ts surrounding nitrogens. The hyperfine-structure is we]i-resoivede o
when CuPc is dissolved in sulfuric acid or diluted in "ch crystals;

it has been thoroughly discussed by Harrison and Assour (1964),

R . B IS e ATt
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Figure VI-9. EPR speqtrum of phtha]ocyaninbcqppér,.brobébiy polymeric,.ih'pyridiﬁé .a"tiab'quv‘ii':_f;f-‘__~
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"t?irf 55-}2)‘; ’f . f: -104. : . | ,
'The complex 1s on1y slightly solub]e in pyridine' the Iack of structureihi”ﬁ .
. 71n the EPR spectrum indicates that the pyridine so]ution may '’ contain .;ffil7;hf

hf-polymers rather than monomers. : o - N

Phthalocyaninochloroiron(}II)9 as a pyridine: so1ut1on exhibited L;__fi_}
u':f; two structured peaks near g=2 (Fig. Vi- 10) Because 9OFe has no "ir ‘
L hr;nuclear moment the: structure is. unexpected The‘intensities ereJ"fi
");:such that earlier (Maksim and Phillips, 1964) we assigned ‘qu = 2.2,
| g, = 2.0. However, the perpendicular va]ue must be represented by
*?J_fa peak found at g rOugh]y 4, The latter appeared more intense in a.¥%;
:fo;sample from which afr had been remoVed;' | '
o Our, resu]ts, though surprising, agree with the observation of .
 "Ingram and Bennett (1954) that. iron phtha]ocyanine gives a broad
1i4'fabsorption with ¢ = 3.8 and 2.0, with weaker side }1nes.
| Tetrasulfophthalocyaninoiron(III), in a 25%-Mehﬁ solution pre-

".pared in a1r. had an EPR spectrum rather 51m11ar to that of FePcCl,
z”f with the low-field peak at g = 4 3, and a main high-fie]d peak at .

« g = 2,0 plus some structure including a small peak at g about 2,2 . R

En;(1‘5e3!§ff*_ﬁ-'.(Fig. Vi-11a), After 16 days the spectrum of this sample had not -

- changed,

[

| Powdered-Fe;IIPTS (the anfon was probebly‘hydrokide) under

| nitrogen gave no EPR signal. When thevsame'sanple was dissolyed'ﬁn‘ :

| (stil1"under nitrogen atmosphere) in Zsz-methanOI. esspectrum
similar to that above appeared, fhe following day two new peaks
had growntin at apbroximate!y g =2.11 and 2,17, The only imme-
diate effect of exposuretto air was to decrease the 1ntenstty of
the Tow-field peak; after ten days in air, however, both originell

peaks had diminished and the neu_ones predominated (Fig, VI-T]h),
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Fiqure VI-10. Frozen pyridine solution of phthalocyaninoch]oroiron(III). - EPR spectrum iq~thé

region aporoximately 2700-3700 gauss. Modulation 3 gays%s. f
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" Figure VI-11, Paramagnétic resonance spectra of two different sémp]es
of tetrasulfophthalocyaninoiron(III), in water-methanol glass,

a) Sample I. When freshly prepared, Sample II showed a similar but
less well-resolved spectrum. The peak at g = 4,3 is not shown.

b) Sanle IT, after long exposure to air, Modulation in each case,
0 gauss. ' ,




. showed a very weak Mn

""f: - s o .107. |
1§ 111

(Methy1 pheophorbide-a)manganese. In the Mn® orlthe Mn

form. th1s compound ylelded either no EPR signal or that of uncom-
,plexed manganese (Fig. VI-1b), However. in one sample which
" exhibited che an* signal. there was 1n addition a poak at g = 4, 4~
chv the solvent was CDC13-C0300 (70: 30) for this sample, No ev1dence
lziwas seen” for a signal unambiguously due to MnIIPheo. nor for a
free radical connected with MnIIIPheo.__: |

- (Etioporphyrin I)manqanese(lll)x.n syrupv phosphoric acid
2+

stgnal, and an intense, broad signal at low'
f,field, with a.minimumlat 1670 gauss, Again, no free radical signal -

7 'was seen, (For a discussion of the reasons the free radical éional'

was sought, see Section 1II-A,)

C. ANALYSIS OF DATA o |

o The effective magnetic‘fie1df§een by‘antoleccron'in o,molecule i
~ depends on the molecule's,orjéntation witn respect to the external
‘magnetic field, Energics of tne electron spfn states, ano hence
thot,of the observed transition.'are'proponiional to the éffectine' 
field. Substances whose transitions are strongly orientation-

dependent'(anisotropic),have traditionally been studied in Single

crystals which can be positioned at will, In contrast, our investis

gations have been on glasses, in which the molecules are randomly
oriented, The -same information is present'fn efther case, even

though the EPR spectrum from a glass is an average over all possible

*As we mentioned at the beginning of this chapter, the paramagnetic
resonance of manganese(1l) is often broadene? in high-spin complexes,
Thus the lack of a signal attributable to MnlIPheo-~which is prabably
high-spin (see Section IlI-A,3)--is not surprising.
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;noieeolar'orientetions. and so ‘may be more difficuit and tedious

to interpret.  Experimentally, the easier method is often the glass. ;]ﬁ:ﬁffi,
'Phthalocyanine can be thought of as a square surrounding the o
‘metal fon in the x,y plane (Fig. VI-12), The effective field should *7 7+

" be the same for any direction within the x.v plane, while its value

o :Y~_ along the normai z may be far different, .We Speak of "perpendicular,_”?ffi
and “parallel” transitions. referring to the angle between z' |
(external field H) and'the molecuiar axis z. Because X and‘x_are
equivalent, the intensity observed for perpendicular transitions is ,‘}j{

| greater than that for paraiie] transitions. Thus in Fig. VI~:2 we.

.vi can immediate]y see that the lower-field iines are associated with

fi the perpendicu]ar orientation. 3 _ | ‘ |

The theory of paramagnetic resonance of transition metal fons 3

has been discussed extensively (see, for examp]e. Pake, 1962;

o Abragam and Pryce, 1951). It is convenient to analyze EPR spectra n¥£} -

by a phenomenoiogical spin Hamiltonian

H(spin)=sgsu+u-s+nl S (1)

N .
8(9x X Hx + gy Sy iy + gz.sz.uz) + 0(5 - 1/3 S(S + ])) .

X X X y* y

- Here the first term is related to the‘effect of the external

5 P magnetic field on the energy of an electron with spin "up” or “down"; .
“if#i”vv_"_ in a 3210-gauss field, the S = 1/2 state of a free electron is raised
’ and the S = -1/2 state 1s lowered by 0.15 cm ]. so that the transi-

" tion between them occurs at 0,3 cm'}. The second term is the spin-

*pure solvents seldom form glasses, and the solute may tend to crystale
lize during freezing. The extra hash in Fig, VI-2a is due to non-
random orientation of the MnPc.
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u F1gure VI 12. Coordinate system for a metal phthalocyanine or por-

.phyrin complex 1n an external magnetic field.' x.y.z are the molecular
’,coordinates; x .y ',2' are fixed 1n the laboratory. with magnetic
field H nlong 2,




- "momenta. 1n equation (d). it is expanded to second order in the
. parameters D and E used to describe crystal f1e1ds of lower than -

"77}octahedra1 symmetry. A s more or less constant for a given ifon,-

. ;5f-dff'pounds.'g is usually less than 0,04'cm“], and E, less than 0,01 cm

h "l. .’ '...' . . | N -]]0. .‘

orb1t 1nteraction--coup11ng between the spin and orbital angular

J' Vot e el

For free Mn2*, A = 347 e~ (Griffith, 1961); in manganese(11!) com= - S
N

" and often too small to be observed (Pake, 1962, P, 183“5)'*.'The

,hyper‘ﬁne Split'tingp Ol‘: 1nteraction betlw‘een the é1éctr0n1C and
7 nuclear spins, comprises the third term; for manganese(ll); |Al is

“5f:'ord1nari1y near 0.009 Cn

N e

-1 and isotropic (Pake, op, cit, ) A :ifgqp. R

:similar term can be 1nc1uded to describe 1nteraction of ‘the e]ectron'
5;~spin with another nuc]eus~ extrahyperf1ne splitting, Other effects. ¥
ff such as quadrupole coupling between nucleus and electrons, miqht be 1;;
j;'expected to contribute to the Ham11ton1an. However. the obhserved
L;'phthalocyaninomanganese(II) spectra can be wel] fitted by equation (l)u_
"_1nd1cat1ng efther that further terms are smaller than the experimentelu';,_;é;;'b

. resolution.'ebout 4. x 10'4 cm“lg or that transitions arising from

- them have very Tow intensity. | :
The paramagnetic resonance of MnIIPc was analyzed by ca]cuIatinQ ”'“:.'
" a spectrum from the spin Hamnltonian. and comparing th1s ith the _.:
observed spectrum. We assumed that S = 1/2 so that terms in D and'E t;jf_'-
" do not-occur, = Angular averaging over the first and third.termguin R N

equation (2) gives (Bleaney, 1951):

'*Often_the sign of A cannot be directly determined from experiments.

“*Rlthough the relative sizes of D and E depend on the coordinate sys-
tem, usually coordinates are chosen so that 0>>f,
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hv = g8 H + Kmg + : [I(I+1) - my 21

4gsH
- 2,2 | L
Aw- = A 9,9 - "
+ ! (“ l ) Z‘ sinze cosze mI2 ' ©(3)
2B, N K R T
2 2 2 2.2

where g,” = 9, €os" ¢ +-gy sin ¢

2l 2e a2y
A, "3 (A + A, ) -
o Kzgz.n Auzguzco.sze +A4294_251n26 I

and ¢° = g, cos“e + g “sine ,

., The last term 1n equation (3)‘13 fmpoftaﬁt.pn1y for strongly; R

anisotropic A values, sﬁch as those fouhd'1n thé metal phthalocya=~

~n1nes. where it may become very large, _ ‘ |
A computer program (Phi]lips, Ross. and Blumberg. 1965) using

equation (3).is included.as an Appendix., The pa]culatgd values

which best fit the data for Mnilpc are: .

9, = 1.90 A, =151 x 1074 cm
g, = 2.16 A, = 25 x 107% cm

D. DISCUSSION -

Phthalocyaninomanganese(11). Sihcévmahganese(ll) possesseé a
half—filied d shell, {ts electron distribution in the ground state
1s'spher1cally symmetric: orbital angular momentum t. = 0, The five '
unpaired electrons lead to a mdltiplicity of 25 + 1 = 6, hence the

ground state is GSL To first order, L*S = 0, su that there should
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be no spin-orbit coupling.‘ In fact. the 0 value for an 1n

(NH4)27H(504)?-6H20 fs only 0,024 ™!, while that for N12* fn the ,ﬁ*f?f° G

same salt fs «2.24 ¢n”!, The electrons are supposed to be 1n pure fu'“  -

" d orbitals, which heve nodes at the nucleus; thus coupling between’ '[}?af°?l‘
Jév_u: electron spins and the 55Mn nuclear spin of 5/2 should also be sma]]
| The fam°"9 ‘anomalous' h.VPerfino snlitting seen in the experimental

(R
D .

o EPR spectrum (Fig° Vi-1) is explained qua11tat1ve1y (1f not quanti-lljg

tative]y) by spin polarization of the s electrons by the unpaired d s

"71 electrons.- Note that the g_and A tensors are very nearly {sotropic :ff

SUSTC T
.

and that g {s close to the free-electron'value--prOperties of almost

Hi;ﬁ all mangenese(ll) compounds for which they have been measured,

Instead of the characteristic lsotropy,,fhe EPR of Mn”Pc dis-, . -

. plays two separate groups of lines. each group having its own g and 4”;W:v
jﬂ%f; 5.931ues. . Just as surprising, the spectrum agrees with one generated; f;ﬁf:\
'?;5'}“fby equation (3) and shown in Fig, VI-2d, wnich'fnéiudesonly terms
'”*.15 Q;and A. There is no need to include terms in D or E, though e o
their effects are often observab]e in high-spin an | ' f{ri7é" f:4 !
‘ 0bv1ously, the environment of the manganese 1s highly tetrae - f];;jf{f5j i
gonal’ that is, the phthalocyanine plane is very different from the "wf:;ij: 5‘iff

‘g;direction. This we could surmise from mo]ecu]ar structure; but 1t

o is also clear from the magnetic anisotropy. However, -a spin 6§/2 fon

in a strong tetragonal field should have gi = 6 (Griffith. 1957). a
' spin 3/2 ion . should haye gy = 4, both with g, about 2. FEither wou]d

lead to an EPR spectrum entirely different from the one seen.*

*The EPR signal w1th gs = 4.3, = 1,9, which is occasional]y seen
(Fig, VI=3, VI-4) may well be that of a spin 3/2 spec¢ies, Lack of
hyperfine structure indicates, however, that manganese is not res-
ponsible. Possibly 1ron(III) is present as a contaminant,
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 ”Andther‘factor'to consider is the magnetic susceptibility.

" Thfs has never been measured for phthalocyaninomanganese(I1) in

o f pyridine solution, but Weber-and Busch {1965) have reported that

tetrasulfophthalocyaninomanganese(II) in water has a single unpairéd

- electron, Baff ® 1.94 B.M, With the more strongly<bonding axial

: ligand pyridine, spin-pairing is also likely.
Thus the eyideﬁce points to low=-spin maﬁganese(}l). thch onlj
.'the most powerfuT-ligaﬁds, for instance cyén%de; can produce, |
.Soiid MnIIPc apparently has three unpaired electrons (Lever, 1965a),
'1‘,‘56 that~perhaps'axia] ligands in additfon to the phthalocyanine are }
1‘requ1red for full spin-pairing, Theoretical considerations '
(Gouterman. private Cmemnicatfon) suggest thayvstructural changes
- may be involved, with the manganese in the ph;ha1ocyan1ne.p1ane in
one spin state, but'not the other, |
. Khere is the unpaired electron of MnIIPc?‘ Thg;tetragona}
Iigand field imposed by phthalocyanine will split the manganese d
orbitals so that only the d,,, dy, orbitals remain:degenerate. The
| dxz_yz orbital, withlits densest regions glose to the bpnding pyrrole   ,
nitrogens, is expected to be highest in enerqy. Ordering of the
~other levels cannot be determined a priori; 1t may vary with the
axfal 1igands, and depends on such éffects as pi-bonding between
metal and ligands. The bridge nitrogens (see Fig, I-3) lie along

the lobes of. the d,, orbital, at 3.38 R; the pyridines are 2.15 R

Y

from the manganese, along the dz2 orbital, Only d dyz are of

XzZ*®

the proper symmetry (Eg) to participate in pi-bonding with certain

phthalocyanine molecular orbitals.,
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i_fEither of two orderings of energy 1evels seems reasonable-

; ——— 2% 22 | h
| | e xzyz Xy
. FRIRS T O , (b)
%%;QV ?ff;f:of'f;ﬂeriffith has proposed (1961) that scheme (a) holds for a]] porphyrin e

"'7ifand phthalocyanine complexes.- The relative energy of d 2 will depend Ei.‘-

Zf!;on the axia1 1igands. Griffith add‘a note of caution: "...1t is

fi'a]most 1mpossible to produce a logdca11y compe111nq interpretation |
[of resonance data on these compounds] because there are so many- un- fio{"' -
i f%'known parameters in: the theony," | ‘ | :

“1f the levels 1n nnPc follow scheme (a), there must be either 47333'1"

’ “three or one electrons in dy,, dyz --the latter if dz2 falls below  :1‘

‘ "i ,. d

xz¢ dyz in energy. The spatial deqeneracy leads fo_g~va1ues'near'“
g, =4, g = 0. Thus our exper1menta] resu]ts ru]e out this scheme;'
If'dxz, dy, e 1owest the ordering of d y and d 5 1s again a - G

,f{  quest1on. A singlo electron in either of these orbita]s will have fff

L% aﬁd g, near 2, as observed. Phthalocyaninocoba]t(ll). with 1ts A

unpaired electron: 10c«ted ind 420 exhibits nicely resolved extra-

hyperfine 1nteraction with solvent nitrogens (Fig. VI-8a). Its g
:f and A values are quite sensitive to solvent: in pyridine g, = 2,268,
in g~picoline, 2.326--a shift of about 75 gauss. A, is usually

gréatér than A, .
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‘at the most 2.6 x 10

“fine. splitting due to the nitrogen-on the strongly electron-attracting‘:“

;orbital, For in

The EPR spectra of vanadyl porphyrins. on the other hand. are |

rather indifferent to solvent or diluent A" is larger. than Ags and -:‘:,.;ff

' extrahyperfine 1ntera¢tions with the surrounding nitrogen nuclei are

'4 m~', below our limits of resolution (Kivelson |

-1

and Lee, 1964). The low-spin Mn(CN)SNOZ"_hasﬁA“f=r1513cm'ﬁ;rAiaé4'

36.2 cm". which are close to the valués f§und for Hch, éTthough

this compound also shows quadrupole effects of 551n. and extrahyper= | -

N0+. In both YOPc and Mn(CN)SNOZ'.the unpaired é]ectron'is assigned

to dxy‘ according to Fortman 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 well as two other parameters: K, the

...Fermi contact term.,dgpends on the electron density at the nucleus;

p fs a dipole coupling term.__ 2B eNx <r 3>. a and BN are the

Bohr and nuclear magnetons raspectively, ¥ is the magnetic moment

of the nucleus-dhere’SSMn--and <35 is_taken over the occupied

2+, K is experimentally near 0,6 (Abragam and Pryce,

1951); Fortman and Hayes find for Ma(CN)GNOZ* that P is 0.0126 cn™'.
Fol]owingvAsstr‘and co~workers (19653,9) we use for the une

paired electron in the dzg level:

.. 12
-9, =9, = 3P

L 2
g =g, +a(-)-s(*)
4 18 A

e P ¥ e P el

l(7 K-=5%)

2 51 A

"P - e W

AL (-3 K, 7% )




‘,“hiae 1f{';1; "( - e | -116- o | L |
) where A is ‘the energy difference. E(zz) - E(xz.yz) g .2.6023;'and"}7ff:tf‘

2+

A is the spin-orbit coupling of Mn" , for\which the free-ion value- N

o is -350 cm ]..

Xy orbital, o T

=g, (- [0’ E/m,])

For a sing]y occupied d

9, = 9, (1 - 1% 62/n,0) -

RS LR S AR 1 o)

| g‘i’_;A'w(é‘:szex %—}['-91)

:rf‘."'uhere A . E(xy) ~£(x -y ). °1d E(xy) E(xz.yZ)z and o a, 8. § are’
al XZy
-"the bonding coefficients of d 2= 2Arespective1y. A bonding coeffi--?,

*Hicient of 1 signifies that the electron {s 1solated 1n the metal d

"fiﬁiorbjtal Assour and co-workers estimate « = 0,85, and 8 = 1 in the '1
phthalecyanine complexes. 5 may ‘be considerab]y less than l. showing

1nto the pi system. ‘
11, '

“{:.de10calizationﬂof dyze dy;

' From'the values observed for Mn""Pc in pyridine-toluene (Table

;“4. VI-]). and'recalline‘that the’éigns of A, and l\_L are unknown. we :
| 1

" obtain for the unpaired electron in d ,2 the result that A = 5340 e’ .

that is, d 22 will as required 1ie above dxz,yz However. ) a i;ffi_f _3.ﬁ

S P =+ ,0472 cm -1, K = 097 for A, and Ay of the same sign;
'"'t Be P e+ ,066 cm -} s K= .]9 for A, and A, of different signs, 3

The values of P and K seem unreasonab]e. , o
If the electron is in dxy,,then A, ® -19;800 and A, = 4430‘Cm-] o ' i
(the value of 4, will be reduced if §<1),

P=7%.,0128 cm‘], K= .58 for A, and A, hoth {28



-
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4

P ¥ .0173 cm ’ K ~_.27 for A, and A, of opposite signs,

Not on]y do we calculate thau as ant1c1pafeu. d Iie lower fn '

' energy than dyys while d 2ny? lies higher. but for A and A, of the -

5_ same sign, the values of P and K are just those found in other
manqanese(ll) compounds. ' |

Thus from the lack of extrahyperfine splitting, the values of

A, and A, and their 1nsensitiv1ty to so?vent. and the sizes of de-, "'

.rived parameters. we conclude that 1n VnIIPc the occupation and

approximate energies of the manganese d orbitals are:

2 2

P
- 1980 ‘ o
‘*a;: ’ S | -‘xy.l'
R g 4400‘ PO R
'-.: S TR TN - 2 .

" We must;ghﬁiion hgainét'aSsuming that the ordering found in"

phthélocyaﬁinomangahese holds also for the manganese porphins and-

chlorins. For these, a simplified thebretiéalAmodel predicts difs

"~ farent ordering; as discussed in Section IIIeA.B.

*only upper 1imits can be found for the energy differences both be=
cause of the uncertainty in &, and because a is likely to he smaller
than its free-ion value which was used in the calculations,

s o -
S A VR Y



- ";e1ectron paramagnetic resonance.»
'""?Aconditions. be oxid1zed or reduced either by chem1ca1 agents or

' fohcompounds the manganese has been observed 1in 1ts-2+,-3+. and 4+

CUVIT, SUMMARY'

we have explored some aspects of the redox and coordination

“properties and’ the e!ectronic structure of manganese porphyrin A'fi R

)

- comp]exes. The technlquos used have ranged from a simple quartz

spring balance, through v1sib1e and infrared spectrophotometry. to ;f""

The manganese 1on within the complex can° under the proper

by exposure to light, without destruction of the 11qand.. In someklif}v

l,f_oxidation states; the most stable state is generally 3+ for these

e 1 complexes. The methyl pheophorbide-a chelate was studied as'a

S --possible model -for photosynthetic oxygen production. but no for- :

- mation of free oxygen was seen.

Because of the geometry of the porphyr1ns their metal che«:
lates must be nearly square planar, The tendency of manganese

~ fons to onn'ootahedraf'ou near-octahedral complexes is shown by. .

" {ts ready coordination of additional 1igands in the axial positions, L

- This further coordination has been examined mainly by measuring

_ weight changes of the solid manganese porphyrin complexes on expo- o

sure to ligends in the gas phase. The stoichiometry agrees with
proposed oxidation states and structures of the various species.

| Paramagnet1c resonance spectra have been observed for several
'phthalocyanine derivatives, of which the most 1nterest1ng'1s

MnIIPc. "Data on this compound has been analyzed by ihe aid of
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'*Tﬁ;manqanese.

-

L e
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specia??y developed computer program, and has enab?ed us to dee

'Vﬁiitermine the spin state and probab!e electronic structure of the

r

Some insight has been gained as wei! into the electronic flu;. 1;' |
"?“;?;fstructure of the manganese porphin and chiorin complexes, The - |
b similarity of the {nfrared spectrum af etioporphyrin I manganese(IIY)

S to those of other etioporphyrin I derivatives, and the absence of

1881 111,

a free radica% EPR signal 1n Mn Pheo or Mn " "Etp, are in accord

ka;f with theoretical calculations which 1ndicéte,that this species is
* not a stable porphyrin radical, The "resonance" explanation ad-
5ffvanced by Gouterman to explain the anomalous eIectronic spectra of

: these compounds might have interesting 1mp]1cations for their redox

behavior, The area deserves further study,
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. APPENDIX

o n conpum PROGRAM FOR SIMULATING GLASS ”® POMDER EPR spacm

T

Electron paramagnetlc resonance spectra are generally obta*ned

j';3j by inspection may become 1mposslble., Overlappiné'absorption bands -
ifnglve unusual relatlve intensities of derivatlve:bands, and even

fifspurlous peaks. Second-order effects may cause variable hyperfine |

l' ff_The computer program described here (Philllps Ross. and Blumberq. '

Jl1965) was written to aid in analyzing such. complicated spectra.

This program 1s partlcularly appllcable to spln l/2 transition

' r?.of nuclear sp1n. The spectrum is averaged over all anqles. corres-

7'ponding to powdered or glassy materials the angular 1ntegral is

0

_;u;;‘ average was used, but the infinite serles converges rather slowly so -

that small spurious peaks appear when only 90 values of o are included,
For nonequivalent X and y axes, 300 values of 6, ¢ are taken.

The variable parameters are Oy s gy,.gz; the components of the

~ hyperfine interaction tensor Ay, Ay. A3 extrahyperfine splittings and
o ,amplitudes; and line width. In practice these parameters are estimated

from the experlmental'spectrum, tnen'varied by the programner to give

”'L,ln derivative form. For a. transition metal 1on_w1th,nuclear spin, j" Dl

AL polycrystalline or glassy sample; interpretation of the spectra . -, "

'ffhi splittings, particularly 1f the crystal fleld 1s strongly anlsotroplc.;vv:ail”

' '.approximated by a finite sum. In the axial case (x and v axes equlva- ?.‘

,“ lent) 500 values of 6 are taken in the averaging. Oriqinally a 90-point 2

i*:fﬁ}metal 1ons in an axlal or nearly axfal env1ronment and with any value ‘;?j}j,:?..ii
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 'the best output spectrum“.. Abeorption-bands are assumed to be -
‘ gaussian. The primary output is in derivative form. but an option is.
brovided,for absorption curves as well, Output js always in the form‘,n‘
of.a graph.';A plot_on the regular output paper is provtded for users
wherre impatient and who expect slowlyhverying. uncomplicated -
| spectra; others may choose an elegant Cal-Comp plot.
~ The phenomenologica} Hamiltoniun, by.whjoh‘transition energ%es are-v'
fouod. is defined in equation (3), Chepter'vf.:‘lt imposes several resé,'
Jtricttons: total eleotrohic spin isllimited to' 1/2, MNuclear quadrupole
interaction is not considered, nor is‘1nteraction betueeu two para-
magnetic centers;,' . | ‘ _
The program was written in Fortran IV for the I18M 7024 computer :
”'pfﬁm;jL’,v ’: at the Lawrence Radiation Laboratory. University of California, Berkeley.»l
The program MAGRES consists of the main deck ESR and three sub-
70 routines: GOPLOT, QKPLOT, and: CONST, |
"f*;fm:?if - NKPLOT compresses field and amplitude into a 100 x 50 grid, with
';;ﬂll f .~ field running across the page. AmpIitude 1s norma]ized CONST defines - .
| N o the graph symbols and must be 1ncluded with QKPLOT, CONST is written '
'1n MAP languago rather than Fortreo. It should be fairly easy to sub-_'
{ stitute for these suoprograms alvertical plot (H running down one - |

page and onto the next) without touching the main deck, However, the -

~ user should remember the label and ‘normalization contained in QKPLOT
as well as various COMMON variables which must be inc]uded. I would
1ike to know ebout any improvements the reader may make in QKPLOT,
since 1tvis not very useful in its present form,
GNPLOT normalizes spectral inteosity and produces a titled Cal-

Comp graph and printed label, Under option IEXPT, data points are
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Th9 f°T‘°Wf"9 data dards are needed, n the order 1istedrd}f ., _
, ‘r1.’ TITLE--72 characters a]]owed .',;'ﬂ:‘ o ;; DTN

,.vuf*‘:ifz.T“HRANGE HMIN, HFINE, xsxpr IQK. IGD JABSOR. INUCL ISHFSZ |

' (Format 2F6.0, F7.1, 15, 516)." B

f.v:“fifFv3r;TJSHFS(I). I'=1,24 (Formt 24 13). This card shou]d be present‘al

- 0__1. if ISHFS 15 nonzero. | FRE
.; NEXPT. HINC, (FMT(I). I =1 9) (Format 16. Fé6, 2. 6X 9A6) 'Thig fx:ft;fff?’*
. card {s 1nc1uded ﬂ1z if IEXPT is nonzero. T

A set of cards containing experimental data' NEXPT data points
' taken at magnetic f1e1d increments HINC. Data is punchedlff;;??iy

} fn format FMT. f '4 o o |
GZ 6X, GY, AZ, AX, AY, NIDTH FRQ, ASHFS (Format 6 F12.4; 2 cards)‘?;rr.ge

’ . i

' Parameters beq1nning with I denote program options. when the -

,3' option 1s used the parameter 1s nonzero; otherwise 1t 1s zero.

Parameterv o ' d‘ Qggigﬂ ’ ) _ L | ;A i
IEXPT . ~ Experimental po1nts will be plotted on same scale : -“f“““*-'f

as calculated spectrum, Thi; option requires -
“cards (4), (5). ' BT

IQK o fA crude derivative plot will be executed by the "15j';,.a; “?
¢

printer, IQK must be <10,000,

. 16D o A Cal- Comp plot will be provided (spectrum in
o o ‘derivative form), If desired, both 16D and
IQK may be chosen.

IABSOR . An absorption spectrum will be provided, either .. i
“good" or "quick" as chosen, '

INUCL tiuclear spin. TIHUCL should be the actual nuclear
spin, in units of 1/2. For instance, given
a nucleus of spin 5/2, INUCL = 5. This is
the only option whose value has a meaning.
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’ ;1ISHFS"ﬂ fl: Extrahyperfine interaction Wil be 1nc1uded in the

calculation., Cholice of this option requires
card (3), which gives the relative ampiitudes
. of the extrahyperfine l1ines. ASHFS must be
" included on card (6): 1t is the isotropic
“SHF splitting. T

T The meanings of the remaininq parameters are as foilows'

HRANGE is the range of magnetic field examined, with minvmum f%e?d

:;}_-HMlN. The computation increment §s HFINE, If a trans1tion falls outm

o side the permitted field range, an overflow message is printed,

. 'JSHFS(I) are the relative amp1itudes of extrahyperf1ne peaks, For

kexamp\e. 1nteraction with two nitrogens {each 1.= 1, Itotal = 2} requires

" the OSHFS vector 1, 4, 6, 4, 1. Up to Iygea) = }1 can be handled,

62, GX, GY; AZ, AX, AY, ASHFS are the spectroscopic and hyperfine

‘f‘fsp11ttfngs_est1ﬁat¢d from experiment. The A parameteré are in megacycles,

WIDTH is linewidth, in gauss, FRQ 1s the measured microwave free

‘quency of the resonance. in megacycles/sec°

Cards (6) ONLY may be repeated as many times as wished, so that

the effect of varying g,and A parameters and wxdth can be studied° A

: new computation and plot will be done for each card set (6) 1nc1uded'
“ two cards per set, Although the plot {tself, is allowed only one title

- per run, a numbered Iabei is printed for each Cai-Comp graph,

Figurd VI-2d, drawn by Cal-Comp, has the fbliowing parameters:

6= 1.9000  AZ = 452.0 FRQ = 9050.0  HMIN = 2700

GX = 2,1610 AX =..76,0 WIDTH = 8.0  HRANGE = 1500
GY = 2,1610 AY =

76.0 : HFINE = 2,0

ASHFS -0,
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e PO'YCRVSTA!LIN: ESK. FOR SPIN 12 o P
T . DIMENSION, EXDATA(L0501,- EXGAUS(1050), DISTRI1000), ABSORP({1000),

coMMOn /CCPUOUL/ XMINoXMAX.YMlN'YHAXoCCXM[ﬂ'CCXMAX'CCYMlN’CCYHAX-
- COMMUN TITLEy FRO, WINDTH, GLy GXyo GY, ALy AXe AY, ASHFS, HRANGE,
1 HMIN, NSLOC(, [EXPT, NEXPT :
e READ (2,1001) (TITLE(I),I=1,412)
AR L L0001 FORMAT (12A4) ' - . . -
o . 2o READ (2,1000) HRANGE, HMIN, HFINE' TEXPT, 10K, ‘GD' IABSOR'
L INUCL, ISHFS :
1000 FORMAT (2F6.04,FT7.1415,516)
THS NECIMAL POINTS OF H PARAMETERS A&E IN 6512,18, THE I' PARAMETERS
ARE IN 24,30,36,42,48,454.

CREMENT, THE | PARAMETERS ARE NON ZERO 1F THESE OPTIONS ARE TO BE
USED, INUCL IS IN UNITS OF SPIN 1/2,
BRI SRR “IFULISHFS) 6, Sy 6
R READ (2410041 (JSHFS(I)el=1424)
e 1004 FORMAF (2413)

a1 a2

. € THE JUSHFS ARE [HE SUPERHYPERFINE LINE AMPLlTuurs.
- C  SHFS AMPLITUDES’ END IN 31619' ETC,
$°  CONTINUE
C IFCIEXPT) 1,y 10, 1 - . .
1 READ (241002) NEXPT, HINCy (FMT([)s1=1,9)
. 1002 FORMAT (16, F6.2y 6Xs 946) . : ’
- € NEXPT IS NUMBER OF POINTS [0 BE READ ENDING IN 6. HINC ls rne
27 € INCREMENS WITH DECIMAL [N 10, FMT BEGINS IN 19,
U READ (2,FMT) (EXDATA(I)'[ LoNEXPT) = - :
DN 2 1=1,NEXPT
Fl1 = 1
EXGAUS({I) = HMIN + HINC*F1 . .
2 CONT INUF : . ‘ N
c ECHI CHECK : ' = :
WRITE (3,1005) (I'EXGAUS(I).EXDArAlll' I = lvNEK?T)

L F12.5,10X))) ) )

IF(IQK) 3' by 3 ' -

-3 CALL QKPLOT (EXGAUS, &onrA) B

T4 CONTINUE . S '

. C . NDW PRNCSED TO HAMlerNIAN. - o : . T
lo READ (2,1003) GZ, GXy GY, AZy AXy AYy. NIDTH.'FRQ.‘ASHFS' -
L0003 FORMAS (6FL12.4)

C A PARAMETERS AND FRQ ARE IN MEZGACYCLES. NlDTH IS 1IN GAUSS,
: NSLOT = HRANGE/HF [NE
'C HRANGE/HFINE MUST BE LESS THAN 1001,
IR _(NSLOT - 1000) 9, 9y 68

9 IHYP = INUCL + 1 - )
NO 41 M=1,1000 . ‘ -
o .- DISTRIM) = O, S .
g 41 NERIVIM) = O, I ' o

IMAX = [HYP . : X
ND 11 M=, 1HYP A .
M = 4 -
) TO2CHMP s {2MAX = 14)/2 = FM ¢+ 1.
101 1F (GX=GY) 13, L4, 13 _ '
14 " 1F (AX=AY) 13, 15 13- . . : i
15 . NpPHT = | '
NTHETA = 600
ANGINS = 0415

1 BROAD(200)y DERIVI1000), GAUSS{1000), TITLE(12)y FMT(9)4JSHFS(24) -

HRANGE IS RANGE OF FIELD FROM HMIN UP. HFINE [S THE.COMPUTATION [N-

1005 FORMAT (1H '213X'1Hlo4XpéHEXGAUSv5X'6HEXbATA'13X)I(lH }ZtlbgFlo.lgf/

"C THESE HAVE DECIMAL POINTS [N 6918+30,42954,66 AND 6+18,30 ON NEXT co;"‘

- .
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‘THETA = 0,075 .. . -~ - ' ! o L
GO TQ s o ’ ' o

NPHI = 20
_ NTHETA = 15

ANGINC = 0,298

THETA = 0.3 e o T

‘CONT INUE ) L Lo

-RTHETA = THETA#Q, 0174533

"€ THETA IS THE INCLINATION ANGLE [N ﬂrbREESe”

PO 12 I=1,NTHETA

na 17 l-l,NPH[

Fl, = 1

PHI = 9.*AHS(FL°llo)
RPHI = PHI*0,0174533

¢ PHI IS THE AZIMUTHAL ANGLE IN DEGREES.

201

STHETA = SIN(RTHETA)

CTHETA = CUS(RTHETA)

6IC = GZ¥CTHETA

GXC = GX*STHETA%COS(RPHI) -

GYC = GY*STHETASSIN(KPHI)

GEFF = SORT(GIC*GIC + GXC¥GXC + cvctcvca

" IF(INUCL) 200, 201, 200

CONT INUE
FEELD = FRQ/1.4/GEFF

GO TO 202

200 CONTINUE
C HYPERFINS CALCULATION

AGEFF = SQRT(AZ¥A2¥GIC¥GIC ¢ AX*AX*GXC*GXC + AY#AY*GVC‘GVCI

TROUBIL =(AZ%AZ = 0.5%(AX®AX + AY®AY))/({AGEFF/GEFF) .
FIELD = FRO/L1.4/GEFF = LCUMPSAGEFF/GEFF#%2/1,4. :

L ~{{2HAX#%2 = 1,)/4. = ZCOMPR&2) 4 (AX¥AX + AVRAY)¥ -
2 (AZHAZXGEFF*%2/AGEFF%%2 + 1,)/111.2%FRO%GEFF) | -
3-TROUBL %92/ (2, B%FRAFGEFF )5S THETAS#25CTHET A% %25 ZCUNP 492

<€ THE 'TROUBL' TERM [S IMPORTANT ONLY WHEN Al - APERP IS LARGE.

Lo 202

18

“CONT ENUE

IF(ISHFS) 184 19, 18
D0 20 K=1,24

L n o € SUPERHYPERFINE CALCULAT ION

| 21
e 20
L 22

25
98

TF{JSHES(K)) 21, 22, 21
KMAX = K .

CONT INUE .
CONTINUE ‘ ‘ : ,
HSHES = ASHFS/I, 4/GEFF - o
FKMAX = KMAX ‘ '

. DO 23 K=1,KMAX

FK = K . Lo R
FSHES. = JSHFS(K) ' '
J = (FIELD + HSHPS*((FKMAX#loDIZ.-FK) = HMIN)}/HFINE
IF (J) 98,98,25
IF{J ~ NSLOT) 26, 26, 98
WRITE (3,1010) J

"€ PRINT ERROR MESSAGE. J INDICATES FfELD POSITION OF UNPLOTTED .
C TRANSITION,

P R " : 1010 FORMAT (47H TRANSITION OUTSIDE - ESTIMA'ED FIELD RANGE,  Js
- Jo o : GO TO 24
26 IF (L~ 1) 29,29,28
28 EF (L = 1) 21429,27
v 2T DISTR{J) = DISTR{J) + FSHFESH*STHETA
‘29 'OISTR{J) = D!STK‘J) + FSHPS‘STHPFA
24 CONT INUE
23 CONT INUE

I5)
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S V60 Ta 40 : ’ o [
A9 T J = (FLELD - HHlNl/HFlNE ‘ P S SO
1F (J} 99,99,35 . T
735, IF (J = NSLOT) 36436, 99 - L
.99  WRITE (3,1010) J i ' T
B U A GO T0 34 : . :
LUy 38 IF (L= 1) 39,39,38 R
oo L U380 IR L = 1L) 37,39,31 oot
37 DISTR{J) = DISTR(J) + STHrfA ;
39 DISTRIJ) = OISTR(J) + STHETA
34  CONTINUE
40  CONTINUE I S c :
" THETA = THEFA + ANG[NC : T
. RTHETA = rneero ,0174533 ST P
“ 20T CONTINUE oo T,
12 CONTINUE oo e N 3

M1l CONTINUE .o . . . :

C NOW PROCZED :TO THE CONVOLUTION. RESULT 1S THE DERIVATIVE

“C  OF A GAUSSIAN p o
NBROAD= 23 (NSLOT/LO) ¢ 1

€ THE MAXIMUM BREADTH CALCULATED FOR ANY ONE " SPIN 1S 1/5 HRANGE,

- NMID = NBROAD/2 +1 : ) o ‘
AROAD(NMID) = 0. '
ALPHA = HFINE/WIDTH
NN 50 [=2,NMID

Fl = 0 - 1 Lo L S
K =1 + NMID = 1- ' Co
"BROAD(K) = -Fl#EXP(-.693°FI°FI°ALPHAtALPNA)

J = N4ID = [ + 1 .
BROAD(J) = ~AROAD(K)
P IF (BROAD(J) + 0L} 51451450 . '
- €. THE BROADENING FUNCTION lS COMPUTED TO 0l OF nAxluun uencnr.
. 80 CONTINUE
51 - CONTINUE .
00 52 J = 1, NSLOT o
FJd = J ' . . .
. GAUSS{J)} = HFINESFJ + HMIN A : ‘ L - .
" 00 53 I=1,NBROAD Lol _ oo S
RIS IF(BROAD{1)) 54, 53, 54 - s s S : : PR
Lo 5% K = J + NMID -1 - S S e Do
. IF{K}) 53, 53, 55 ' ' v TR
55 IF(K - NSLOT) 56, 564 53 , 5 N
86 IF(DISTRIK)) %3, 53, 57 :
- 7. . DERIV(J) = DERIVIJ) + DlSIR(K)‘BkOAD(l) !
- 83 CONTINUE .
$2 ~ CONTINUE
. IF{1A4SOR) 59, 61, 59 : R
"€ INTEGRATE DERIV TO GET ABSORP, : e
59  ABSORP(1l) = O, :
D0 60 J=2,NSLOT “
ABSORP(J) = ABSORP(J=1) + OERIV(J-ID
60  CONTINUE .
61 CONTINUE i
C COMPUTATION I$ FINISHED, P&oceeu 10 der.'
IFIIQK) 62, 63, 62
62  CALL QKPLOT(GAUSS, DERIV) ) T I
IF (1ARSOR) k4, 63, 64 .- ’ o S P
64  CALL QKPLOT{GAUSS, AﬂSORP) . ' L A o
53 " CONTINUE ' : : e '
IFLIGN) 65, 664 65 : S . o
65  CALL GDPLOT (GAUSS, DERIV, EXGAUS, Exonrnl L .

16 (1ABSOR) 67, 56, 67.
67  CALL GDPLUT (GAUSS, ABSORP. exsnus. EXOATA)‘.
66  CONTINUE
s o ) “IF(IQK-10000) 10, 68, 68
s . 68 .STOP °
o o . END
£ND

©
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SIRFTC QKPLOT LIST REF
, SUSRONT INE nKPLOT(?in '
€ THIS SURHOUTINF WiLL COMPRESS THE MAIN Paoeﬂaw ARRAY (PsQ)o
C DIMENSIONS UP TO 1750' X 1050: INTO A 1IN0 X 50 GRID.
€ ONLY SLOWLY VARYING FUNCTIONS ARE HANDLED WSlLbe
C ’ -
DIMENSION P11 oQ{1)eXGRIDITLIoYGRINILIT)SGRIDIIALIWTITLELL2)
1 X{1057),Y(1059)
T . . COMMON /CCPOOL/ XMINXMAX o YMINS YMAX s COXMIN o CCXMAX 9 CCYMIN ; CCYMAY
R T " COMMON TITLEs FRQs WINTH, GZy GXo GYo AZs AXe AYs ASHFSs HRANGT,
'> S .1 HMINs NSLOT, IEXPTy NEXPT - :
P . IFLISTART) 30143024301
e e T T 301 ISTART = 0 : o .
T s IF{IEXPT) 31043110310 ' : .
e e 310 ITETLE = )
R o G0 TO 312
302 CONTINUE
‘331 ITITLE = O
312 CONTINUE . ,
IFLITITLE) 15141514150 : . :
150 WRITE (3+123) TITLE
123 FORMAT (141+12A6/20H EXPERIMENTAL CURVE )
'€ TITLE AND CURVE DESIGNATION waL 3E WRITTFN AT THE TOP OF THE PAGE.
NUM = NEXOT _ ,
. GO TO 153
151 WRITE {3+128) TITLEs GZ» GXe GYs AZs AKs AYs WIDTHs FRQe ASHFS
128 FORMAT (1H1512A6/6X02HG2613X s 2HGX p 30X 0 2HGY s 10X s 2HAZ e 1N X 9 2HAK 5 10X ¢ 2H
1AY»9X s 5HUIDTHe5X s 9HFREQUENCY 95X 9 5K ASHFS/1H s 9F12064//) :
NUM = NSLOT ‘
1%3 CONTINUE
XMIN = HMIN
XVAX = HMIN 4+ HRANGE
'C THE ARRAY 1P,Q) IS DUPLICATED 8Y (x;Yxc WHICH 1S THEN SORTED
C 1IN CRDER OF DESCENDING Yo
; DO 205 M = 1y NUM
C S o X{M) = P(M) o
LS T YiM) = QM)
R 205 CONTINUE
- . . : MM = NUM - ]
BETTNE : _ N0 15 J = 19 NM
R o IND = 0 :
€ 3 NUM =
RO 172 I = 1y K
1€ (Y(1)eGEoY(1+1)) GO T0 10
S = YL

Voo e 10 CONTIMUE :
o e ’ o ©IF (11!D.EQ¢D) GO TO 20
S ‘ ' 15 CONTINUE .
RPN ' : : .20 TL = (XMAX = XMIN) / 10 o
YMAX = Y(1} :
YMIM = Y(INUM)
S . o T2 = (YHMAX = YMIM) / 104
[ e o XGRIN(L) = XMIN -
e YGRID(1) = YMAX
PO 29 1 a 2¢ 11 .
XGRID(I) = XGRID{!
T ... 25 YGRID(I) 3 YGRID(1
poenoe T ' _ ALNK = BLANK(D)
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NO 4N T1.= 142 o
"WRITE (3¢ 45) ; :
FORMAT (20X - lHla 10(9x. IH*)D
Moa i ' ’ ‘ oL T A
N0 65 X m 110 : CE
R no SA T = 1 101 T,
80 GRIN(T) =2 ALNK ’ , _ .
e L T RLoaTi . R
S T e T 0 a (YMAX # (S1e = A) 4+ YMIN. @ (A - 1.i|/ so.; du.ﬁ-qs-, , T
St e e T e N0 5% TL = 1o NiM. . ) Lt coL
: IF (A3S4Q - Y(IL)) - (YMAX = YMIN} / 1004) 41p:530 53 e 4 PR
T 41 IXP a 179 * (X{IL) = xmrn) /7 UXMAX = x%lN! + 1.5 Lo
51 GRIN(IXD) = XXXXX(D). - o S S
JT7 83 CONTINUE , T R
W 52 WRITE (3+75). YGQID(L).(GR!D(X)- 1 a i, 101) R A . I
ON"a M o+ '
‘M= N+
nO AN Y
. DO 55 1
55.GRID(T)

\ . T I
Ns M ' ’
10 101 -~ , . T —— T
“3LNK St e : S : Coe
A = FLOAT(J)} - - R L Ce A EREE
@ s TIYMAX B (51, = A) + YMIN # (A = 1.)1/ 504
ND ST IL = 1y NUM '
S IF (ABS(Q.= Y(IL)} = (YMAX = YMIN} / 100.) 46y 57. 51
T 46 1XP = 100, # [X(IL) = XMIN) / (XMAX = XWIN) + 1.5-
.- 56 GRID(IXP) = XXXXX{D) .
“* "8T7 CONTINUE '
- 6% WRITE (3.76)(GR10(1). 1 o 1. 101) : P o , o]
MoaMael ° o T Lo e
, DO 66 1 a 1» 101 .. = . RV T T
66 GRID(L) = BLNK o o SR R
- PO .72 IL =1y NUM ) ' -"A.‘,P*' .
o 1F (ASSIYMIN = Y{IL)) = (Ywa - vwxn» Y 100.) 69. 72, 12 T e
69 1xP = 1179, # (X{IL) = XMIN) /- IXMAX - xmxwt + 1.5 .
70 GRID(IXPY = XXXXX(D], -
72 CONTINUE : ) :
71 WRITE (3+75) YGR!D(II) (GRID{1)s 1 = loiloli g
75 FORMAT (6x.F12.5.zx.101A1+ et
76 FORMAT (20Xe 101A1} |
DO ARY 1'% 1,2 D _
THESE FORMATS. EXTEND. THE swAPH LlNes 5evo~o USUAL PAGE ov=aFLow.
THE LRL 7096 ALLOWS THISy BUT orucn MACHINES MAY. REQUIRE L
OVERFLOYW CONTROL ' o , L N S
B0 WRITE (3s 45) : _ ' o 4“, a ‘ : e
-~ WRITE (3+85) (XGRIN(TNs 1 & 1o 113 °. . ., A S s
. 85 FORMAT (14Xs . 11(59.2. 1X)/ZWHYY - T o S A
- RETURN . ' S R S
: END
-~ $IAMA® CONST
C THESE CONSTANTS (SLANK AND XXXXX). waxrrsn IN MAP’ LAVGUAJEO
(€ MUST BE INCLUDED WITH QKPLOTs * - .
ENTRY BLANK S
, _ ENTRY XXXXX T
ApLANK"SAVF . : '
' CLA -oaosoeosoeoeo ’ oo
© RETURN SLANK g o
XXXXX - SAVE o h ‘. N s ‘ e
CLA =0676767676767 T ST : SR oy,
RETURN XXXXX R i .- o . o
FND S,

0Hoow e

‘a . B
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SIBFTC GDPLOT LISTREF |
SUAROUTINE GDPLOT (XOYOUOV)
<

DIMENSTON X(1000)s Y{1000)s 4(1050)s vtloso). TITLE(12) ,
COMMON /CCPOOL/ XMIN» XMAX s YMIN YMAX s CCXMIN s COXMAX #CCYMIN ) CCYMAX
COMMON TITLE, FROs WINTHy GZs GXs GY9s AZ» AXs AYs ASHF%. HRANGFo‘
1 HMINy NSLOT, IEXPTs NEXPT :
. ° IF(IPLOT) 10, '11y 10
10 NPLOT = O .
© {PLOT a3 0 _ M : ’
. CALL CCRGN SR :
" .11 NPLOT = NPLOT + 1~
' XMIN = HMIN .
XMAX = HMIN 4 HRANGE
YMAX = Y(1} :
YMIN = V(1) _
ND 1 J = 24NSLOT
e IF(Y(J) = YMAX) S 59 6
YMAX = Y(J) ‘
TFIY(J) = YMIN) 7» 1o } - I
YMIN = Y(J) 4 ,
CONTINUE
: o YLO = YMIN ' S
: YHI 3 YMAX ' :
CCXMAX = 15704/10244 :
CALL CGLTR(O.aoOZoO-ZpNPLOToG! 5 S
o . " CALL CCLTR{e29002+002sTITLEWA8) . o
' 7T CALL CCGRIND(1515s196HNOLALS» 191001}
o ' CALL CCPLOT(X.Y.NSLOTQ#HJOIN) ‘

-

- guno

i IF{IEXPT) 164 15, 16
16 . IF(NPLOT=~1) 80s 80s 81
80  CONTINUE
yMAX = V(1)
VMIN = V(1) ,
PO 71 J = 2sNEXPT f
IFIVIJ) = VMAX) 755 79y 76 o -
76 VMAX = V{J) ' ' i o
75 IFIV(J) = VMIN} 7T 710 71 i - o
77 VMIN = V(J) '
“71  CONTINUE
81 CONTINUE
TYMAX .= VYMAX
YMIN = VMIN ‘ S
CALL CC°L0T(UoVoNEXPf.6HN0JO!N08ll).v AN
15  CONTINUE K -
CALL CCNEXT
-WRITE(3,100) NPLOT’TlTLEoGZ:FRQoGXoHlDTHoGY.YLO.AZ.YHIoAXoHMINo
1 AY 9 XMAX s ASHFSsNSLOT :
100 FORMAT (1H19A6/1H s12A674H G2=9F1240 06X s6H - FRFoﬂoF10o4/
1 4H GX=9F124496XsTH WIDTH=oFOeb/bH GYZsF126%96Xs3H Y2 9F1306/
2 4H AZ=34F124496Xs4H  TOIF1246/4H AXZ9F120406X96H HMIN=)F1044/
3 4H AY39F124696Xs6H HMAX24F1044/
4 TH ASHFS=1F94416Xs11H NUM SLOTSas14//7)
RETURN A
END
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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

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.








