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Far—Infrared Magnetic Resonance in ) )
Fe(III) and Mn(III) Porphyrins, Myoglobin, Hemoglobin,
Ferrichrome A, and Fe(III) Dithiocarbamates

* %

Department of Physics,'University of California
and
Inorganic Materials Research Division,
Lawrence Radiation Laboratory,
Berkeley, California 94720

ABSTRACT

Far infrared spectroscopié techniques are used to study
the magnetic resonance of Fe(IIi) and Mn(III) ions in molecu-
lar sites with 1arge axiél and rhombic fields5 bMeaéuremenﬁgf_
of transmission spéctra over the range‘é—loo cm—luafe_diécussed .
fOr a group of polyecrystalline compéunds, inciuding sevefal.bio—
logical compleies, at témperatures Between 1,3 éndv50°K énd_in
applied magnetic field§ up>t§ 50 kdel The spectra éhow magne-
tic resonance éﬁsorptions which are consistentbwith a hgmber
of cases of the épin Hamiltdniaﬁ formulation; and the spin.
Hamiltonian parametérs (D,E > 1 cmfl)'are_Qireétly obtaiﬁed:r -
from the spectra. The dbSefvﬁtibnvQf.féébnances aﬁe;to high:“

spin Mn(TII) and to the ferrqmagnetic_éesonancéyof ((C§H5)2NCSQY5

Fé(II1)C1 is reported. Thésé‘meas@rements shéwvthat‘present

far-infrared techniques offer a direct method for the investi-.

cgation of the effedts of large lipand fields on paramagetic

“ions in molecules.:
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I. INTRODUCTION

A number of powerful techniques have been applied to the investigation

o'

of the electronic properties of paramagnetic iqns in méleéules.‘ Consider-
p able information has been obtained from speétrdscopic measurémehts in the
microwave, near infrared, visible, and ultraviolét regions of the electro—
magnetic spectrum, and from Massbauer resonance at highér frequehcies.
Although the detailed structure-of ﬁhe electronic spectruﬁ‘is cémpléi;'
it has frequently been found that the magnetic propérﬁiéé of the’ground
tefm could be adequately described byfa simple ‘Hamiltonian firét~broposed‘
by Abragam and Pryce-l in 1950. The simp1i¢ity]of theldéscription reSults
from the interaction of the ion‘with'thé surfoundiﬁg.ligands, .Tﬁe ligand
field splits the mulfiply-degenerate ffée—ion ground sﬁaté,'ghd the néw  
ground term, which is often an orbital sinélet éﬁd spin mg}tipiet,‘is furf
.ther split by second-order‘séinforbit éoupling;.‘The groﬁﬁd térm.mayxtbén

be described by the spin Hamilfonian

HrgS + 08, - 8(s41)/3] + B, -9 ] (1)

. where H is the applied magnetic field, g is the g-tensor, § the eléc—

- tronic spin, and D and E are paramétefs which deééribé_the effects of

axial and rhombic ligand'fields,_reépeétively._
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' Conventional electron paramagnetic resonance techniques have been
widely used to investigate ions whose ground terms are approximateiy
described by Eq. (1). Such measurements, on compounds for which the
values of the ligand field parameters correspond to microwave fre-
quencies, have demonstrated that this descriptionbis often adequate,
and heve obtained accurate values for D and E. However; there‘is a
large class of interesting compounds wﬁere the values of the s?in

B _l .
Hamiltonian parameters are considerably larger (D, E >1 cm ). This

class of compounds contains many extensively-studied biologieal molecules,
the most well-known of which are various_defivatives of the'hemoproteins,
such as myoglobin and hemoglobin. In eddition, it also ineludes a8 number"
of metal-organic compleies, such as the traosition—metal porphyrihs; Micro-
wave measurements on these coﬁpounds have been inferpreted in terme of Eq_'(l),
but although the observed resonahces can be used to obﬁain eetimefes of the’
spin Hamiltonian parameters,‘they only depend upon D in second order, and
are relatlvely 1nsen51t1ve to the effects of small modlflcatlons of the
spin Hamiltonian. However, higher‘frequency'magneticfresonance measurements,
using far—ihfrared'speetroscoﬁic»techniouee, cen obtain’deteiled iofofﬁation ’
on the spin Hamiltonien for sﬁbstances iﬁ:thie:oless._ |
We have measured the fer;infrared traosmiesion spectra of’a'grouﬁ

of such compounds containing Fe(III) and Mn(III). The”measurements

-1

- were made over the frequency inﬁervai.3—100_cm Y The samples were

polycfystalline powders or'frozennsolutionsfet temperatures between

1.3 and 50°K, and in-magnetic”fields'upbto 52'k0e. The -

_spectra show magnetlc fleld dependent absorptlons due to magneflc.

dlpole tran51tlons between states of the paramagnetlc ground multlolet

" Our experlments may be thought of as hlgh frequency, hlgh fleld elec—v
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tron paramagnetic resonance, with the exception that a continuous
range of both frequency and field is available. The measurements have
enabled us to investigate the validity of the spin Hamiltonian approxi—‘
mation, and to obtain directly values for the parameter D (and occasional=-
ly E). |
In this paper, we shall present results for ferricﬁrome A, tris

(pyrrolidyl dithiocarbamato) Fe(III), and certein complexes of
ferrimyoglobin, ferrihemoglobin, Fe(ITI) porphyrins, Mn(III) porphyrins,
~and bis Fe(TII) dithiocarbaﬁates. This group ef compoﬁnds‘is _ |
particularly well suited for such a general study because it eontains
illustrative examples for a varie£y of cases of Eq. (1). ln tefms'of

the spin Hamiltonian parameters, the cases-investigated include:

S=3/2, 2, aﬁd 5/2; D > 0 and D <;O; E/D <<'l,vand'E/ﬁ=O.25; aﬁd‘

guBH/D << 1 tq.ngH/D >> 1., In additlon,’one:of'the eoﬁ?oeeAS,
((CQH5)2NC32)2FE(III)01 is:ferfomageetic; and several show spectra with'
strong magnetic fleld—lndependent absorptlons which may be due to low—
frequency molecular Vlbratlon modes. Our experlments on the manganese
porphyrlns have obtained the flrst magnetlc resonance data for these
complexes which can def1n1tely be attrlbuted to Mn(III) Finally, the

results for myoglobin, hemoglobln, and ferrlchrome A indicate that

detalled 1nformdtlon on the effects of the llgand fleld can be obtalned from



-

more general forms of the spin Hamiltonian

Vgiven by Weissbluth.

5. : ~ UCRL-19622

investigation of intact biological molecules in the far—infrared region.

The organization of this paper is as follows: Section II includes

a discussion of the relevant cases.of the spianamiltoniap of Eq. (1) and
brief comments on the calculation methods used to analyze.the;data;
Section III contains an outline of the experimental techniques. employed; .
-Section IV presénts our experimental results for each compound |

together with some discussion.

ITI. THEORY

A. The Spin Hamiltonian

2,3

Excellent discussions of crystal or ligand field fheory'- and of

>’ are available, and a com-

plete derivation of the spin Hamiltonian for férrihemoglobin'has‘been '

5

‘In this section, we shall confine our discussion

to the cases of the spin Hamiltonian Of'Eq--(l) wvhich are applicable to
our study. Although the general theory is widely_understood, the de- .

tails of the predictions of Eq. (1) for specific cases may be unfamiliar.

We shall consider a simpler'fbrm of Eq.L(l) iWhich is sﬁfficient to

analyze Qur.polycrystaiiing spectra:

=g Hes 4 opls? - s(s41)/3) + BISS - 821 (2)

In Eg. (2), the g tensor has been replaced by én'isqtrbpic*g—factbf'

~ .

with the free spin value g:2{00. Our results also do not,reéuire the
small quartic terms ip the spih operatdrs Which ére Qcéasionélly

included6 in Eq. (1).
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B. Eigenvalues and Eigenfunctions
The energy-level spectrum of Eq. (2) is distinguished by two general

characteristics:

(i) In zero magnetic field, the eigenvaiues of Eq. (2) are separated
by "zero-field splittings", which are functions of the parameters
D and E. For S=3/2 and S=5/2, the .states are Kramers deublets-3‘For
5=2, the states are all singlets except in'the case E=0 where theredafe’
two doublets and a singlet,

(ii) In a magnetic field, the eigenvalues are further split by
the Zeeman interaction, and'they.are strongly‘depemdentuon both the
magnitude and direction of the applied field.

The behavior of the spin Hamiltbnian spectrum fof‘eachvspin value
can be most easily imvestigated in termseof the dimemsionless parametefs

X=E/D and H'=guBH/D. Departures from ax1al symmetry are indicated.
by the value of A. . The range 0 < 1/3 descrlbes all of the -

dlstlnct phy51ca1 p0581b11t1es, for A > 1/3, a new set of coordlnate
axes may be chosen7 in which the spln Hamlltonlan has new parameters D'

and E' and a value A' < 1/3.

We have calculated the Varlatlon of the elgenvalues and elgenfunc—
tlons as a function of H' and A for S= 3/2 2, and 5/2 AlthOugh the
deta11ed_behav1or is complex; a few simple comments can be made whieh'
are very useful in the interpretation ef'our.experimental sbectra; ‘fn
d the fol;owing discussion, we shall useethe eigenetatee'of'SZvaa:a‘basie

set.

The variation of the Zeroffield eigenvalues‘for each S as a
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function of X is given in Fig. 1. For A=0 (E=0), the eigenfunctions of
Eq. (2) are eigenstates of § with Kramers doublets characterized’by the
value of Imsl. The zero field splittings are integer multiplés of

the axial crystal field parameter, D. For D > 0, the ground state iz
given by the minimum value of imsl; for D < 0, the level system is

~

) gl
inverted. If A is non-zero, the term E[S;

- S;] coupleé stateé differing
by Ams = 2. The eigenfunctions are no longer pure eigenstates 6f Sé and
this admixture is reflected in a shift of the Kramers doublets for

S = 3/2 and S = 5/2, and a splitting for S = 2 (Kramers'.théorem does

not hold for ions with an even number of electrons.) The zero—fiéld N

splittings are therefore a fun¢tion of A, and this dependence can be used
to obtain a valué of A as‘discusséd below.

The éigenvalue spectrum as a functioh of H' for Eq. (2) Qith A=0 is
given forveach S'in FPig. 2. a The eigenvalues dependupoﬁ thex
magnitude.and orientatibn of thé external field H with
respect to.the coordinate syétemAin which the spiﬁ Hamiltonian is
written. For A=0, only thé polar aﬁgle GH of the field with respéct
to the z-axis is fequired to determine the spectfum, énd we‘havé'given
curves for BH’=_O and ﬂ/2. (For A # 0; ,v' the spéctrﬁm also.depénds
ﬁpén the azimuthalvangleiQH, and.éah différ markedly from the curves -
shown, although thé Qualifative charécteristiés remain thezsémea).

For g}"'; (QH = 0), the_eiéenfunctions of Eq. (2) are ?igeﬁstgtes of
5, and theiZeeman splitting is linear in H'. For H Ly (QH_=‘w/2);'
the Zéemén te;m1guB §f§iﬂixes sfa@e§ differing'by'Ams ; i 1. For
H' << 1, this admixture produCes’a‘lihear'splitﬁing Qf thé zefo.fiéld

m,o= +.1/2 doublet for S = 3/2 and 5/2,with an effective g-vaius which
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depends upon S (for 5=3/2, gl=h; forVS=5/2, gi=6); The remajniﬁg doublets,
for each S5, split quadratically. For H' ~ 1, the eigenfunctions are miz-
turéé of all eigenstates of Sz’ and the variatibn of the eigenvalues

with H' is complex. However, for large H', the eigenfunqtions are nearly
pure eigenstates of SH, the projegtion of § ontp the magnetic field'g, and
the variation of all eigenvalues with H' then_becomes_linear. This behavior |

is completely analogous to the Zeeman'effect in atomic multiplets split by the

spin-orbit interaction, and the high field limit correspohds to the
Paschen-Back effect. The limiting values of m_ and m, for HIl z and

H1l z respectively are indicated on the figuresvfof the case D > 0

for D < 0, the signs of m_ and My

‘'should be reVersed.

The most important featufe of the speétrﬁm forﬂpowdef,spectroscopy
is the large variation of the eigenvalﬁes and eigenfuhctions with .
the'orientationkof the applied magngtié field. in pfaéﬁiéeg-this
results in broad, éomplex absorbtion lineéhapes. |

C.» PblyérystaliinenAbsofption :

The transmission spectra of éamples contaiﬁing paramagnetic ions.
‘Whose.grpund‘mulﬁipief is_déScribed'by.Eq.v(2).éhéw_absqrptions‘dué ﬁo‘még; '
netic dipole fransifions betwegﬁ the states discussed in the préviou;.
section. The oﬁservedispectrﬁm for a Single.cfyéfallite can be'&eséfi5ea
by an absorpﬁion chfficiént d(v), which is, in generéL a funétiop of* D,
E, H, OH, and ¢H,'as well as of the direction of. propégatipn‘ahd pélari—
zation of the incident radiatioh; For a given traﬁsition h bétWeen1
initial state Iinv> and final:state:[fn'), thé abégfbtithéoéffiéiént

may bevwritten9
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hﬂzezN
o

23

a (v) =
n hnm ¢

. la) ~ . 2
v plv-v )¢ fnlk xm e 8li )| - (3)

where No is the concentration of paramagnetic ions, p is a lineshape

~
”~ ~

function, k and 7 are unit ve;tors in the direction of propagation and
electric fiéld polarization respectively of the incident radiation, §
is the spin operator, and Vn is the fréquency correépondiﬁg ﬁo‘the'
difference of the eigenvalues of the in;tial and final states. In
addition; at a given temperature T, the absorption coefficient must be
multiblied by Pn(T), the differénce in‘the thermal population‘of the
two states. The total absorption coefficient for a singlévcrystallite

is then

av) =] a(vr () W
n ' ' ’

n

where the sum is over allvtransitioﬁs within tﬁe ground multiplet{.'Thev
spectrﬁm thus described will show a series Qf.absorptidn:linés; oné
for each transition° | |

The transmission spectrum of a polycf&stalline specimen’in a
fixed magnetic field may'be obfained by ayéraging EqQ (L) over éll'crystallits
orientations. In our experiments, fhe incident radiétion was unpblafiied
and was strongly scattered wiﬁhin thg_éample, which wasvplaced:wiﬁhin a
low-Q transmission cavity.‘ Under;theée conditions; the éverage'over>,

crystallite orientations reduces to three independent averages Qver the

~ A

: directionsvof_polafization'ﬁ, propagatioﬁ'k,'and magnetic field.ﬁ: In'
genefal,‘the first two avérages may be carfied out analytically, but the
last must be.perfbrmed numerically. (Later, we shall briefly diécﬁss:

the important case 1) >0, inwhieh Lhe absorption coefticient may be
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obtained in closed form.) ' After the averages over polarization and the

direction of propagation have been calculated, the eXpressioﬁ for the

9

average of Eq. (4) may be written

N e V)
a(v) O Jﬂ (V- vn) Pn(T) wn]dQH - (5)

where

dQH_= 51n6Hd6Hd¢H

= 1/3v{l<sX )n|2 + |<sy )nl2 + f(sz >q|2}‘
and
s, >n[? = [ce |s i 0 ]%.
The integral over the orientation of g ;n Eq. (5):i5-most easily.celcu—
1eted by numefical methdds because Wn and.vn are.ih general‘not;simple
functions of the parametefs of the sPin_Hamiltonian 6f Eq..(2). |
The results of'ascalculatien of. a depend upon. a few simple'bropefties
of the'infegrand in Eq. (5).  The'faetor-of v,vwhichvappea?s beéaﬁse o

@ is defined as the powef absorbed per unit length, enhances hlgh

frequency»transitions. 'The term Pn(T) strongly suppresses tran51t10ns
from states elevated more thans; kT abqve-the_ground'state. ‘Further-
more,»at.high temperatﬁfes; ﬁhen D/kT.<< 1 P‘(T)"is vefy'small for all‘
transitions. The. magnetlc dlpole transition probability W only allows

transitions with Am =.t 1,Q;‘ Flnally, the solid angle dQH strongly :
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enhances transitions corresponding to H l_z.

As an example of the effécts of Pn(T) and wn, we consider thé
absorption coefficient for S = 5/2 in zero applied field. For low
temperatures, only transitions from the ground state will contribute
appreciably. If A = 0, only the transifion from the ground staﬁe to
the first excited state is allowed by the selection rules.éf wn, and o
will show only one péak. However, if A # O; the admixture of states
described previously wiil allow a transition to the second excited state.
The stfengthvof this seéond:tfaﬁsitidnincreases~rapidly with A; and for
A > 0.1, two strong peaks will appear. The frequencies éf the two corres--
ponding experimental absorptions are sufficient to measure both D and A

If the temperature is sufficiently high to populate the first
| excited state, a4 third peak dﬁe to the trénsition between the first énd'J
second excifed states Vili appeaf iﬁ'& for any_valﬁexof x; in particuiar,
for small A? the positions of thé firét and third peaks can be uéea to
obtain D and A. Therefére, the zero—field spectrum is sufficieﬁt,in
principle to determine the ﬁaramétérs of ﬁhe spin Hamiitonian; We shall
iater discuss specific éxémpléé of theéé twé,cases. 'Simiiar observa- |
" tions may be made for.the zero*field séectrum in the caSe S % &}with |
the exception that the splittiﬁg‘df the dout;ets with X ﬁrovidgé_addiﬁicﬁal
informaﬁion. However, for S =43/23 measurémenﬁvof.thé:zefé—fiéld'éﬁsorﬁf‘
tion coefficient is not suffiéieht to obtaiﬁ value; for»D.énd'X, and if iéu_
neéessary to.measure the absofption.séectfumiiﬁ an éppiiea;ffelg;f |

In order to compare our'e#periméntal spectrévfbr's =.3féf;ith #ﬁé
predictioné of the spin»Hamiitonian;‘We ha§e Writteﬁ ajprogramg {d cél—

. culate a(V) for a spécifiede,-E, H, T, and linewidth. A Gaussian.
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lineshape function, due to site inhomogeneities, was assumed, and the
linewidth was chosen to fit the zero field spectrum. An exgmple of .

the results of this calculation for D < 0,|D|/kT= 0.8, and a small
value of A are shown for several values of H' = guBH/D in Fig. 3. The

upper graph shows the contributions of the various transitions to the

total lineshape, and the lower diagram is a composite plot of the

variation of o with H'. These curves illustrate the cbmplex nature of
the powder.lineshape. We shall compare these calculatidns with experi—f
ment in a later section. | |
For H' >> 1, the bare polycfystalline absofption coefficient _
(calculated assuming p(v-vn)‘= S(v—vn)) can be obtained in closed form,9
because the quantities Vn and Wn.can be expressed as simple fuﬁctions_ 
of the spin Hamilfonian parame%eré and the angles specifyingvthe.'
orientation of H. Thié-can be seen by writing Eq{_(?)”in a éoordinéte
systemv{x'y'z'} where.H fI z;,féna éhoosiﬁg_thé eigensfatés Of'sé' és,
a basis set. 1In this system,bofffdiagonél termé méy Bé négléctéd}’
since the eigenfunctions are very négrly eigénstaﬁes bf SH E'SZ,. »Th¢ v‘~
magnetic dipole transition probability Wn‘is.large only fqr traﬁsitiohs
between adjacent levels, and the transition frequengieé}éiUétér about
v o= ngH with a spreéd that is a diffefenﬁ lineér fﬁnction ovaZand‘X“)'
for eachrtfanéition.’vThe lineshape_for‘eéchbtrénsition caﬁ>be éaléu;
latéd by‘expreésing thé.solid aﬁgle dQH"whichVié a;fﬁhqtion of two
apgles, in terms of»the.tfdnsifion freQﬁency'énd 6ne ﬁngie)using.a
Jacobian determiﬁant.’ Thé d6ﬁ£1e-iﬁ£égTal in-Eq.‘(S)'theﬁ ?educéé_to7
a singie ihtegral which can 56 expreéséd in terms of ﬁhé complete
ellipfic iﬁteéral Qf‘the firét kind._,Thé‘reéﬁitjng individual;lineshape§

can then be multiplied‘by-the.apbrmpriuhm ructmrx Pr(T)'umd‘w.,’mmu‘
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added to give the total bare absorpfion coefficient. We shall compare
the results of this calculation for S = 5/2 with our experimental ‘ ’ »
results for ferrichrome A in a later section of the paper.

ITT. EXPERIMENTAL TECHNIQUES. |

Our spectra were obtained using the techniques of far~iﬁfrafed
Fourier transform spectroscopy.lo The Michelson interferometer,:
sample dewar, and detection system employed have been recently described '
'élsewhere.ll' Although the results obtained are analogous to those of
electron paramagneticbresonance, there.are.a number of significant
differences. Our spectra were measured for samples‘in fixéa'magnefic
fields over a continuous range of frequencies roughly‘determined ﬁy
the spectral bandpass of the sample, and the experimental meﬁhods used
more nearly resemble those of near infréfed épéctroscopy than coU&entional
microwave techniquesi in addition,»the lack_of intense b?oad~bahd
farfinfrared séurces placésAsevere restrictions'uﬁénvthe applicéfion
_ of far—infrared spectroscopy to problémsxéf the type diséﬁsSed in tﬁisl
paper. Sinée‘these restricfions do‘ﬁot generally apply‘to othér mégneticz.
resonance methods, we shall‘briéfly discﬁss them. | o

The most widély—used far infrared soﬁrcé is thé Rayleigh-Jeané
région of the black body épecfrum emitted by a high preésure mercury arc
lamp. The-iﬁtensity of the radiétion'emitted’by tﬁe.iampbvariés'appro#if
métely as vg? and the totél power rédiated ﬁy the 1amp.used in our s
?xperiments inté_the‘f:l,S éptics of.the:Michelson.interferpmegerjiﬁ
thé region 0-100 cm_l is ~ 2 x 10_5 W. . | Our_experimeﬁﬁs were ﬁYpicﬁily

made over the smaller spectral range 0-30 cmfl,.wheré.the‘powér‘falliﬁg
8y

‘onkthe detector,with'ﬁo Samplefin place,is of the order;df 10
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This very small power requires the use of high sensitivity, low fempera—
ture detectors; the Ge bolometér12 used in our éxperiments has a noise
equivalent power of ~ 10_12W//ﬁ;; and it is the limiting source of
noise in our detection system. The methods of Fourier transform spec-
troscopy are especially suitedlo to this situation. However, in practice
the small available source intensity means that:
(i} Spectral features in the sample which absorb less'than.S per
cent of the incident radiation cannot be aécurately measured. |
.(ii) Spectral regions in which the sample vtransmission
is léss than 1% are virtually inaccessible to oﬁr-présent tecﬁniqﬁes.
These two practical limitations have several impliéations for the
present study. For example, accurate measuremepts of magﬁetic‘diﬁole
lineshapes in the far inffared require samplesbwhich cohtain'in excess’

of ~ 1019

spins: for comﬁounds such as myoglobin where the pgramag—'
netic ion concentration isvvery dilﬁte, é typicalvéample’cdhéﬁéts_éf,
1 gram of material. Mahy largevﬁiolégicél mc1eculesbére difficulf‘tof'
obtain in sﬁch quantities. In‘addition, tﬁe-sample temperatufe m§st bé:
low enough so that there‘is én appreciable'Bqlthaﬁn popdlation differehée
Pn(T). For values of D on”tﬁg Qrderiof'é few cm_l,»liéuidLhélium tempéra{
tures are négessary. Low tempefatures are also required bécéﬁse_the‘.f
thermal population of higher frequehcyiexéitatidns in.the sémp1e,»
such as vibrational modes, may substgntially reduce the‘iow_frequgncyu.;
transmission, and becausé magnetic resogancefling&idﬁﬁs;géneraliy.ihéreaée'
.rapidly with températuré.' | - | B

Wé haye alsé-obsefved.stfbgg broaa~bénd aﬁéorﬁtibﬁ.at’higﬁ‘fregﬁéhcieé'

(SR

in all of the compounds'invesﬁigated. This abéorption; which'may.*n
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due to low-lying vibrational modes, has an onset which varies roughly
inversely with molecular weight, and it essentially creates a low
frequency spectral window which limits thevfrequency range in which
our measurements may be verformed. For example, the available frequency
range for our measuremenfs of myoglqbin and hemoglobin was apprbzimately
3.5-16 em™l.  The low frequency limit is approximately the Samé.for all
samples, and is due to the small source intensity at low frequencies.

Within the restrictions outlined above, however, far ipfrared
magnetic resonance has several advantages overvothervtechniqges, The
major advantage is that both frequencyland field information can be
obtained over relatively Widebranges;_in pérticﬁlar, léfgé zero fiéld
splittings for polycrystalline samples ﬁéy be directly méasuréd. The
observed spectra clearly show -the Variaﬁion of ﬁﬁeftransitioﬁ'ﬁreqﬁenqiesl*
with field, and the individual.t;ansitigns are easilyvideﬁﬁified}. |
Péramagnetic resonances which éreftoo grqadftO | | o
be accurately meagured by.miqfowéﬁe techniqueé cgn.be_dbséfvéd moré
'v.easily‘at-higher magnetic fiélds in the far'infrared, and the:ﬁigh_'i’
fréquency information which caﬁ be;obtainéd is pgrﬁicuiéfly sensikive'to
tﬁe a?pfdximations-of the spin Haﬁiltoniaﬁﬂ Fihally; féfvinfrafed’b ‘
resulté can be used ﬁo détermin¢ fhe'péraméters of théiébin‘Hamilfoﬁiaﬁ 1
even when the zérq field'éplitfings-lie.ih thevmiérowavé'fegioﬁ (wé
shall illustrate this point iﬁ the disﬁussion of-bur_results fOr'feQ;i;,_,
éhrome A). |

Our far infraréd.traﬁsmiésion spectra sth effects qﬁerté both |
magnéticVresonance'traﬁsitions;anarthe baékgrouﬁd‘traﬁsmiSéian Spécﬁfum

of the sample. In order to remove the background, spectra were cusiomsrily
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obtained at several values of applied magnetic field, and ratios of
spectra for different fields wére computed. An example of this method
" is illustrated in Fig. h. 'The uﬁper graph shows an ohncr?ed spectrum
for zero applied Tield compared with the spectrum obtained with no

sample in place. The shape of the latter curve is due to the v2

rise of the source intensity, the frequency variation of the efficiency
of the dielectric film beam splitter, and the attenuation of low-pass

filters which are used to eliminate unwanted high frequencies. The

sample spectrum shows a weak magnetic resdnance absorption at v = 33 cm—l,
and a strong broad band attenuation at frequehbies above ~ 20.cm;l. The

broad band attenuation is due both to the absorptioh in_large moieéules-
previously mentioned and to the onset of lakge'séatteriﬁg withiun Lhé
_polycrystalline sample at wavelengths approximatelj equ;l £o Crystallite
dimensions.13 The lower graph}ié a plot of thé ratié of a‘épectrﬁm fof
Iiigh applied field to the spectfum for zéro field. The:ratioishdws'clearly:
the zero field absorption ahd the resbnance due to the Zeémén éplitﬁing-
of the ground state, as'weli aé'noise on eithef'end:of the frequency

range which is enhanﬁed by comﬁuting“thg.ratié of sﬁail numﬁérs,. This‘
ﬁechniQue»works well wﬁgnever the shift of the ﬁagnetic:résoﬁanbei.
spectyim with field‘is large compared to-thé linewiafhs, but for épectré
such aé those described in Fig. 3, the éna;ysis is difficult.v o
B Several of our speqtra shéﬁrefféptg dﬁg'ﬁq%alignmeﬁt df7ph? sam§1e
¢rystallites in a_magnetié-field,' The alighmenf.is dué'£o tﬁ§.t0rqué_

produced by the interaction of the low temperature ionic moment with- the
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applied field. This torque is widely used 2k t5 measure the low tempera-
turé magnetic susceptibility of paramagnetic ions whose ground term

is described by Eq. (2). The torque acts to align one of ﬁhé coordinate
axes of the spin Hamiltonian with the applied‘field, and'thefefére
strongly affects the observed magnetic resonanée spectrum; 'Iﬁ addition; .
the crystallite alignmént can significantly increase or decfeaée:the:

high frequency background aﬁtenuation due to ééattering.if the crystallites

are plate-like. We have attempted to avoid these effects iplppr m§asufer '

ments by dispersing the'érySﬁallites in transparent glagses,such'és mineral
oil,and fine magnesium Qxidé powders,vor by packing>samples théh afe too |
valuable to dispérse. | ‘ | v ‘

The samples were typically placed within the farfinfrared Lighﬁl)
pipe in cylindricai polyethyléne containers with a,sheet:of thin.Mylgr
covéring thé top. The éontainer‘diaméter wés ~ 1.1 cm; and the Sample'
length varied from 0.1 to 2.5 em. Metal ches.weré piééedvabOVE 5nd""
below the sample container té form a low=-Q transmiésion éé&ity}v,?or
temperatures T §'h.2°K;.the_samplevmount wa§vimmérséd'in iiquid‘bgliﬁm;

For highervtémpefatures?'thé’sampie'mount_was’placéd in;éﬂfevacﬁa#éd“
tube and heétéd by meéns of a heating coil. ’Thé tempéréP;re Was:monif:
tored by measuring thé resistanée ofvé GaAs dibdé inUthermal ¢ontéét_

with the sample mount. .
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IV. EXPERIMENTAL RESULTS
A. Ferrichrome A

15

Ferrichrome A is‘a metabolic product of the smut fungus Ustillago
sphaerogena; its precise biological fuﬁction is unknown. The crystal
and molecular structure of ferrichrome A tetrahydrate have beeﬁ:recéntly
obtained by X-ray crystallogréphy.l6 The molecule contains one Fe(IIL)
ion in the configuration shown in Fig.'S}_.Alfhough the irén coérdina-
fion is roughly octahedral, the local symmetry is that of é'leftf
handed propeller, which suggesﬁs thét fhere should be a large rhémbic.
component in the ligand field at the iron site;" | |

Electron paramagnetic resénance measurements7'at 9 de for_poiy_
crystalline ferrichrome A have.been-réported'by-Wickman, Kleiﬁ}-énd
Shirley. These measureménts showed a brdad'asymmetfic reSonanéé at.lSSO Qe
for temperatures between 1.0 éhd:300°K and addi£ionél smailgf étfﬁéﬁure
ﬁas observed at both higher and iower»fields in the séeqtra‘fqr tempera-

tures less than 4.2°K. The spin Hamiltonian Eq. (2) was used to analyze
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the spectra,, undér the-assumption tﬁat the Zeeman term was small compared
-to the ligand field terms, ana reaéonable'agfeement was obtained for
_S=5/2, D > 0, and A=0.25 * 0.04. The assignment D > 0 was based ‘upon a
fit of the low field effective g-values for the two possible grognd
doublets to the additional low temperature structure, and thé range'of
A"was obtained from an approximate fit to-all of ‘the obsefved resonances.
The temperature variatidnvof the spectfa Qas.uSed to‘givé a rough.
estimate of.3.5 cm"'l for the zero field splitting between the two lowest
Kramers' doublets, and the temperature dependence of subseqﬁen£ MBssbauér
effect measurementsl7 was used to -obtain an improfed es£imate'ofv2.P - 3.5
cm'-ll for this splitting. | |
Our far infrared spectra for approx1mate1y 70 mg of polycrystalllnp
ferrichrome A, kindly supplied by Dr._Mf P. Kleln,_showed no absorptlons
in zero field above our experimenﬁél lower frequency limit of 3.0‘cm_l;
spectra were obtained at T>= 1.3 and L.2 °K. In.highvappiied fiéid,'a
broad asymmetric absorption whichipeaked at a frequency slightly léés
than v =72uBH was observed. The average—af.thfee~experimeptal ng&rbtiqn'
coefficient measurements for H=52.2 kOe and T=4.2°K is plottédfin.ngm-G;'
The poéitions of the‘absorptioﬁnmaximum and the Shoulderszén eithér Sidei‘
were quite reproduciblé. No ev1dence of crystalllte orlentatlon due to
magnetlc torques was observed. |
The "absence of zero field'absorpfions abéVe 3.0 cm”l suggestq that

the observed hlgh field 11neuhape éorresponds to the llmit H' > 1.  Th¢‘
bare polyuryatall»ne nbnorptlon COLIflClent in LhJ" Timit, w;, f11vu]11rd
aCLordlng to the me1hod uuflln;d in uectlon 1I-C- Jorjvarlpﬁé>vaLu¢s,of-

,D and A, and the results for’two_setsvof ValuéS'are also pldtﬁéduin Fig;vé.
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The theoretical absorption coefficient at T = L4.2°K is largely given

by the sum of the lineshapes for the two transitions from the ground and

first excited states -

The small delta-function at v=2uBH

on the curve for D < 0 is due to the transition from the second excited

state, and the contribution of the'remaining transitions is hegligible.v

The major features of the calculated o are the absorption edges and the

position of the maxima; the frequencies at which they occur can be .

easily expressed in terms of the spin Hamiltonian parameters. The

absorption edges occur at frequencies vi given by

Vi T gHpH + 2p(1+3|2])
vlb = guBH - 4D

Vo, T gHpH * D(1+3]A]

v, = guBH'— 2D

2b

where i = 1,2 indicate the transitions from the‘ground and firét eXcitéd

! .

states respectively, and the maxima occur at frequencies Ve given by

These frequenéies are
D and A have‘thé same
a given field dependé
 tude IAI. »Therefore,

the iineshap¢ for D <

<
1]

<
]

eyl 2p(1-3A1)
gigh + D(1-3]A]).

indicated in Fig. 6 for the solid curve. -Although
. , 7’8 B

sign, : theicalguléted absorption'cqefficieht for

only upon the sign and magnitude of D and ‘tne magni-

n:

apart ‘from thé'effecﬁs of the Boltzmgnn tefm P (1),

0 may be obtained‘from‘theAlineshape'for D> 0 by
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reflecting through the line v = guBH. For Ikl = 1/3, the absorption
coefficient depends only upon the magnitude |D],,and the sign of D can
be regarded as arbitrary. This result is due to the symmetry properties

7,8

of the spin Hamiltonian. As'lkl approaches 1/3, the distinction
between positive and negative D Becomes smaller, and consequently |
the sign of D becomes more difficult to obtain from paramagnetic
resonance speétra.

The theoretical absorption coefficient for_g = 2.00, D;v—0.27 cmfl,
and |A| = 0.25, which is.plotted in Fig. 6,-represents our best.fif>to.
the observed lineshape; reasonable agreement places limits pf't d;Ol Cm—l.
on D and * 0.02 on lll. Considerably pdorer fits arevbbtainéd for
positive values of D, since the calculated maxima_liq at freqﬁengies-
higher than v = QUBH for |A| <.1/3. The best fit to aii éf_thé Qﬁsefvéd
features for D > 0O requires;lkl = 1/3 and D = +0.27 cm—l; howévef;.gs
indicated above, the same cuf?e would bejbbtainéd fér a négative'Dfﬂ_The
curve for these values is alsb plotted in Fig. 6. .Bbth éets 6f valﬁes.
derived from our data yieldvzéro field'splittings between adﬁaééhty
Kramer's doublets in the range O.8Ato l.Q,cmfl.' These.valuéé are considef—v

ably smaller than the estimates prev1ously obtalned

The analy51s of the paramagnetlc resonance spectra of . ferrlchrome A,
glven by Wickman, Klein, and Shlrley,_rests upon the assumptlon that
the Zeeman terms of Eq. (2) are much smaller than the 11gand fleld térmé;
whlchls approximately equ1valent to the statement that the energy of the
microwave quantum is much less than the Aero-f1uld spl:ttlngb : Our
measuremen@s indicate that this assumptioﬁ is n@ﬁ jgstified~gt_thé
e#perimental micréwave frequénpj'of 0.3 émfl. It has.fecent1y been
pbinted>out8‘that the effecti#evg—facﬁors inbfinite.fieldm.(much thiat

Bopp MpT - D,E)'muyfV@ry considerably from those calculated in the |imiv
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of infinitesimal fields, and that resonances due to transitions between
states originating in adjacent sero field doublets may also be observed.
Under these conditions, the analysis of the low temperature paramagnetic
resonances for ferrichrome A in the small field approximation is. incon-
clusive with respect to the sign of D. Our data are fit more accurately
by negative values of D, as indieated in Fig. 6. Preliminary calculations -
of the X-band electron paramagnetic'resonance.spectruml% using the methodsi
outlined in Ref. 8 indicate that the values D= -0.27 cm_l’and Ix] = 0.25
obtained from our data can account for the puhlished resonances. More
accurate values of D and A could p0551bly be obtalned by further

analysis of X-band spectra, or by dlrectly obtalnlng the Zero’ fleld

splittings at K-band.
B. Tris (nyrrolldyl dlthlocarbamato) Fe(III)

A series of interesting tris Fe(III) dithiocarbamates, Fe(III) _
: 19
(5,CNRR )3 .

Although X—ray crystallographic data are unavallable, the molecular

where R,R' are alkyl groups, have recently»been synthesized.

structure of these compounds is presumed on sterlc groundsgo to be
that shown in Fig. 7. A eomparison of Fig. 5 and Fig.VYtﬁllustrates
the similarity of the iron»environment in thesercomnlexes to_that-in
ferrichrome A, | | |
- Most of these substances: show room temperature magnetlc moments
which 11e between those of the llmltlng "low spln" (S 1/2) and
"hlgh spin" (8—5/2) states of the Fe(III) ion. VlSlble and - 1nfrared
spectra and the temperature and pressure deoendence of the magnetlc
susceptlblllty for several compounds‘have_been reported,?o as'well as
Mosshauer effect2l andrnUClearamagnetic:resonaneezzfstudies. \s¢¢§
' agreement with the quaiitative effects observed‘in these_measurements

r

has been obtalned by assumlng that tne octahedral T and 6A] terms of

f
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Fe(II1) are separated by only a few hundred em L in these complexes.
However, quantitative agreement with the experimental results has been
frequently hampered by the lack éf detailed information on the effects
of the ligand field at the iron site. For example, the similarity of
the iron site in the tris Fe(IIT) dithiocarbamates to that in fefri—
- chrome A suggests that the }igand field should have a strong rhombic
component in these éomplexeS. Such information can in princiﬁle be
obtained by electron paramagnetic resonaﬁce techniques, gnd a étudy at
microwave ffequencies is'now in progress}

One of fhe compounds , tris (pyrrolidyl dithiocarbémato) Fe(III), shows
only high spin behavior. We have measured the far ihfrared‘spectfa of a
polycrystalline sample of this substance af T=4.2°K. - The sample was_supplied
by Dr. A. M. Trézzolo. Data obtained from oﬁr.sbéctra are plotted in ng. 8.
The zero field.spectrum shows a strong absorption at 8.& cm-l-and'a weaker one
ét‘l3.2 cm-l. The first.absorption éorrespénds to a.transition.befwéen the
gfound and first excited Krémers‘doublets, and the second cérfésponds to a -
transition between the ground and sécond excited doublets., As discﬁséed iﬁ_
Section IIQC, the presence"qf>the seéond absorptioﬁ aﬁ low temperétﬁre iﬁF;
plies that X # d. Our zero field data are fit by the &alués D= ;2.1hio.05:cmfl.
and A= -0.10 % 0.01. The.Sign of D was established by oﬁse;?ing that - |
the first absérption“occurs at a fréquéncy more than half 6f the tofai
zero field spiitting; 13.2 c@’l; if:DA>‘Q, thevre§er3e is tfue. In
additioﬁ, no.absorpfioﬁ due to the Zeemaﬁ'éplitting_of the groﬁﬁd:dbpbiet
wgs:observed; whiéﬁ*is further-evideﬁcé for a negétive ﬁalﬁe‘of D{ }. :

Qur‘measuremen£s-indicaté thaf;the ligénd field‘in‘thisxcompéund

does in fact have an appreciable'rhombic compOnent;_asvexpected. It is
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interesting to note that low temperature microwave magnetic resonanée
measurementsl8 for frozen-sélutions of this compound in N,N dimethyl
formamid indicate that IA| ~ 1/3 and that IDI is somewhat smaller.
Previous experimentsl9 have also shown differences between the room
temperature magnetic moments of solid and dissolved compoundS'of-phis
éeries.
C. Fé(III) Porphyrins

Meta.lloporphyrins23 have been investigated by a variety of technigues
because of their occurrence as the prosthetic group of paramagnetic
ions in mahy biclogical molecules. 1In particulaf, studies on iron
prophyrins (hemes)gh have been stimulated by interest in related work

25

in hemoproteins. The approximate structure of sﬁch heme compounds and
the local éoordination Qf the iron ion in the porphyrin molecule are
indicated in Fig. 9.. The iroﬁ is éoordinated fo_the four:pyrrole
nitrogens of thé porphyrin,'and two othef cdordination poSitions,

labeied SFahd.6, are available in positions approximateiy perpéndiﬁuiar
to the plane defined by the four.nitroggn atoms; In‘the éompounds we
shall Qiscuss, one of.tﬁese positidns is unoccupied, and'thé.éthervis
6ccupied by one of a numbef of ligandé."Under thése cohditions,.X-ray -
crystaliographic measurements265have indiééted that the.iron iies sligﬁtly'
above the nitrogen fléne in’the diréction of the £ifth ligand.‘ Hemeé
_are also identifiea by the presence.of VariouS'groups aftachéd tbithé -
fériphéry éf the porphyrin skelétdn.v Pfétbhéme‘(iroh‘pfOtoéorphyrin),;
thekprosthétic’groupvof hemogloﬁiné, m&ogiobiné,»and.séverél'othef

 hemoproteins, is the best<known.
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The far-infrared spectra of several halogeno deutero- ané

T The

protoporphyrin Fe(III) complexes have recently been reported.
spectra for these compounds were successfully analyzed in terms of the

spin Hamiltonidn in Eq. (2) for S = 5/2, D > 0, and X = 0. The observed
zero field splittings for the compounds investigated were quite large,
ranging from 11.1 cm—l to ~ 33 cm_l. Preliminary results fo} several

otlier complexes were also reportgd.

We havé measured the far-infrared spectra of four poly@rystalline
Fe(III) porphyrihs. The sample pfepération and characterization tech- -
niques were similar to methods recently described_elsewhere.es These
ﬁeasurements have yielded more accurate values’of the ligana field
parameters fér two compqunds included in the previous work, iodo— and
azido deuteroporphyrin IX dimethyl ester_Fe(III). In addition,bwe haﬁe
also obtained data for two additionél compounds , fluoro~ and azido
protoporphyfin IX dimethyl ésﬁer Fe(III). bThe_last two substances are
of particular interest because of the existence 6f the corresponding |
myoglobin and hemoglobin compiexéé.
|  The épectra for all of'thé compounds inVestigated.showed absorptibhs
characteristic of high spin Fe(Iii) and;positive &alues of D. A typical"‘
'transmissibn spectrum has.been'previously shbwn in Fig.'h.»iThe frequenciesv
of the experimental absorptidnvpeaks at T =>h@2°K‘§r¢fplotted as;a
function of field forvfiuoro profobdrphjrin IX -dimethyl eéterVFe(iiI)_
{iﬁ,Fig,lo,'The obServaﬁidn:of'absorptibns_coffespondiné_to ﬁhe Zeeman_
splitting of-thé groundvdoﬁblét‘esﬁablisheSgthevsign of'D as’ﬁpsitivé. o
" The fréqueﬂéy'of'tﬁé zgré-fiela éﬁsofption.coffésponas{tovtﬁe Zér§;fié1d‘fﬂ{

splitting Al between the ground and first exéited Kramers;'doub;ets.
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If A = 0, as we would expect for this complei,eg Al = 2D. The c&lcu-

lated frequencies of strong transitions for the spin.Ha@iltonian in

(2) for D = +5.0 cm_l, A= O,IT =‘h.2°K; and H Lz are also plotted

in Fig. 10 for comparisor. The values of the zero field splittings and
derived values of D obtained from our data for the.tWO halogeno complexes
investigated and previously reported valuee for related com@lexes ere
listed in Table I. o

The azide complex of ferrlhemoglobln has‘a statlc magnetlc susceptlbll;
ity30 characterlstlc of the low spin S = 1/2 state of Fe(III). Electron
parémagnetic resonance mea.s_urements?’.l ehow a'strongly esymmetrie g-tenser .
which has been successfully”ahalyzed32’33 inAte?ms_Of a rhembic iiggnd“
field.: Similar.results have-been.obtained fofefhe'ezide'comple#:of
ferrimyogldbin. The origiﬁ of. the rhombic field in. fhese complexes is
iﬁ dispute It has been ascribed to the attachment of the d*stal .
histiéine31 (whlch is coordlnated to the iron in the flfth pos1tlon in
theseVCOmpounds), to the displacement of the iron atom out ef:the nitroQﬁ
gen plahe,33 and to a noﬁ—axiel aftecﬁment of thé aZide ion.32= An
X—ray crystéllographic study of fefrimyoglobin'azide,3h ﬁhich showed'
that the azide ion is 1nc11ned at 21° to the porphyrln plane. has glven N
support to the latter explanatlon.

. Our ‘measurements for the corresponding heme compound az1do
eprotoporphyrln IX dlmethyl ester Fe(III) and the 51m11ar deuteroheme -
‘complex show ‘spectra characteristic of high spin Fe(III). _However, an
‘orientation of ﬁhe-azide 1igend in these substances similaretobthaﬁ

observed inAferfimyOglobin.shogld pfoduce'a.eubsﬁeptial rhomﬁie COﬁponent

",in=the ligand field. 1In order to detefmine-the velue of A for:these
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complexes, zero~-field spectra were obtainéd at T = 4.2 and 50°K. At thev
higher temperature, an additional absdrption was observed in‘the spectra
'at a frequency corresponding to the second zero-fieid splitting'Aé
between the first anq second excited Kramers doublets. As discﬁssed.

in Section II-C, the values of Al and Ae‘obtained in this fashion can

be used to obtain values for D and_l; The observed splittings and the
derived values of D and A for.fhe two compounds are also listéd in

Table I. Both complexes show non-zero valuesvdf X, indicating thét the
ligand field does in fact have a rhombic coﬁponent. .The value qf“X'for
the protoheme complex is paﬁticularly-large compared to the-limiting
valﬁe A =1/3 for a completely fhombinfield;' (A typical value of A fdr:
an exial complex, obtained from high—tempefatﬁre'data for chloro proto-
porphyrin IX Fe(I11),2T is A = 0.01 * 0.01.) 'Althéugh'thé iron atom

in these compounds may be displaced out of the‘nifrégen plane, an axial
displacement cannot account for a rhombiC'component'té the 1ig_ahd_field.S

' The most likely source éf such a field is an.inclinatiqn of the aiide

ion to the porphyrin plane suéh as that»obsefved‘in.ferrimyoglobih‘azide.

If this is the case, our measurements;én.thése complexeé_indigéte that

the orientation of the'ézide.ligand.can significahtly contribute £6 ﬁhe
rhombic character of thé ligand field inAferrimyoglobin and ferriheﬁoélébin.

D. Ma(IIT) Porphyrins | |
‘Studies of manganese‘porphyrins, 1ike thoSe of iron po;ﬁhyrins;l

have been stimulated by ihterest in their properties inirélatioﬁ.fé
.biolbgigal Sysﬁems.  Fbr eiample,'several studies have iﬁvesﬁiéétédvfhé -
possiple roie bf theée compéunds in‘ﬁhe:bxidation;réduction sysfemsvof. |
35,36 | . |

photosynthesis. In'addition,_syﬁthetic enzymes made by replacing -



-28- UCRL-19622

heme prosthetic groups with Mn porphyrins have been shown to have partial
activity.37 Elemental analysis and magnetic susceptibility measure-

35

ments on manganese hematoporphyrins have shown that the stable‘oxida—
tion state of the manganese in these complexes is Mn(III), with a
spin 8=2. However, no electron paramagnetic resonances that can be
directly attributed to Mn(III) have been observed. |

We have measured the far infrared»spectra:qf four pblycrystélline
Mn(III) deuteropdrphyrins. The spectra for three of the compounds inves- ..
tigated show magnetic resonahcévabsorjtions which are cohsistentlﬁith
the prediections of thé spin Hamiltoﬁian in Eq. (2) for S=2, D < 0, and
A = 0. Data for a sample of azido déuteroporphyrin IX dimethyl ester Mn(III)
at T=h.é°K are shown in Fig. 11. The zerq;fiéld‘speétrum for thié complex .
showed only one sbsorption, indicating'that A ~ 0. Fof.small'k, the
zero?field‘spectrum should show two absdrptions separafed by 6E, és
indicated in Fig. 1. The width of the obsgrvéd zero—fiéld lineshape Qés
used to obtain the upper limif E< 0.1'cm?1.' Since.transitions corréééonding
to the Zeeman splitting of the pair of;éero fiéld states with m = T2 |
arevforbidden to first order; the ab#eﬁpe‘of'such absorpﬁionS‘in the 
6bsefved spectra does not imply that_D‘is positive7  In order to éétab—
lish'the sign Qf D, we have obtainea spectra fOr this compieXlih : |
zero field at teﬁperatures'up_to h0°K; ,No additionél absofptions appeared
above 3.5 cm_l, Which shows thaf D ié negative»and'that the?efore,the
observed zero-field splitting.is Ai =;3rDl.v These obsérvationsuyiéidA
D=v»3.08 + O.ld em T and A < 0.0h.‘vThe calculatedvtranéition fféquehéies

1, A =0, and H lz are also pldtted in Fig. 11

for Eq. (2) with D= -3.08 cm”

for comparison. Similar observations were used to derive values of D
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and A for ¢éhloro deuteroporphyrin IX dimethyl ester Mn(III). However,
no absorption in zero field was observed.for the third complex, bromo
deuteroporphyrin IX dimethyl ester Mn(III). The specira in én applied
fiéld showed substantiél changes in the background attenuation at high
freq&encies due to crystallite orientation. In addition, a broad |
magnetic resonance absorption with a peak at v:= 2uBH + B;h cm—; was’
observed at high field. These‘observatiqns are only cdnéistentvwith

a smali negative value of D,'and'aﬁalysis of the observed.high fiela‘
lineshape in the manner described for ferrichrome A yields tﬁevvalﬁe-
D= -1.1 * 0.1 cm-l. The.derived values.of the spin Hamiltonian parameters
for these three complexes: are lisfed in Table Iif fhé.féurth éOmpound
-studied, iodido deuteroporphyrin IX diméthyl ester Mn(III), showed'
spectra éimilar to those bbservéd for_the broﬁo derivative, indicating
a small absoluté value of b._vHowever,.the exfremelyvbroad absdrptions
observed prevented an accuréfé meésurémeﬁt of either the.sign‘or
magnitude of D for this complék;

Our measurements have thefefore shownimagnetic:resonance absorption
which is aéfinitely due to high—spin (s=2) Mn(III). The obse??ed'large
values of D, coupled with the émall transitibn probabilitieé_for transitipné
between Zeeman-split "doublets" for S=2, may account for the iéck 6f_;
microwave‘péramaghetic‘resonance signals for these complexes. 'Ih> 
addition,.we can make soﬁevinﬁéfesting:éompafisons of tﬁe spin'Ha@iltohian
paraméfers_qﬁtainéd for qorrespohding Mn(Iii).and Fe(III) pérphyriﬁsrv»ﬂ

" For éxaméle, the values of D‘obtained fof ﬁalogené prbto—"and'deﬁtér§heme' ’h;'
éomplexeé inéreése in the drdér F K'Ci,%'Br < I,'aé indicated in Tablefii

The relation of this effect:to'various chemica1 series (nephelsuxetic,
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electronegativity, and metal-halide bond strength) and to m-bonding in
the porphyrin system has beeﬁ receotly discusséd.38 The algebraic
values of D obtained for halogeno manganeoe porphyrins also show - this
behavior. It is intéresting to note that the small negative &alue of D
for the bromo derivative implieé that D for the iodido complex may be
positive. In addition, the algebraic value of D for the azido derivativeé
of both Fe(III) and Mn(III) deutéroporphyrios is less than that for ﬁhe
chloro derivatives. Finally, the liﬁits of A for azido deuteroporphyrin
IX dimethyl ester Mn(III) include the measured value for‘the‘corrésponding
deuteroheme compound, indidatiné that the effects of the azidé ligand ‘.
are similar in the two complexeo. | |

E. Ferrihemoglobin and Ferrimyoglobin

Hemoglobins and myoglobins are found.in.all vertebrates: hemoglobin

in the red blood cells and myoglobln in the tissues. Aolafge numbér of
chemical, bioclogical, and" phy51cal technlques have been applled to the.’
study of these compounds because of their central 1mportance to the

process of resplratlon

Both hemoglobin and myoglobln contaln iron atoms coordlnated to a

protoporphyrin prosthetic group and to a nltrogen atom of a hlstldlne

residue of the'globin.f Hemogldbin'contains four such iron atomé, and

myoglobin contains one. In . the respiratory process, the:ironvafom'is a

in the Fe(II) state, and “the 51xth coordlnatlon p051t10n is anllable

for the reversible bonding of'molecular oxygenu Studies of hemoglobln

and myoglobin where the iron is in this state ére therefore of

v greater value to the understanding of the biological function of these

L
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compounds. However, a large amount of useful information has been
obtained from measurements on complexes containing Fe(III). Perhaps
the most striking examples of such measurements are the determination
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of the orientation of the heme planes in hemoglobin and myoglobin

by electron paramagnetic resonance measurements en Fe(III),iﬁ the ﬁigh
spin (s=5/2) state. 1In particular, such paramagnetic resonance measureQ
ﬁents have been restricted to complexeé containing Fe(III) sinee,the low
spin (8=0) Fe(II) derivatives have no paramagnetism'and einee no electron
paramagnetic resonance has been‘observed for high‘sﬁin (S=2).Fe(II)
compounds .

Hemoglobin and myoglobin derivatives in which the sixth coordination
position is occupied by a water molecule (we shall refer to these.as
met-hemoglobin and met—ﬁyoglobin) or a flueride ion have been shewn'to.
coﬁtain Fe(III) in the high spin‘state. Static magnetic 3usceptibility 
measurements for these complexeshl have feuﬁd room—temperatﬁre magﬁetic'
moments slightly less than the value of 5.92 Bohriﬁagnetons-expeeted forj.
_S=5/2. Microwave electren pzat.rz_a.ma'gnet:’Lc'measuremen;tsb'2 for theee:eomplexes
have foﬁnd g" = 2.0 and an 1sotrop1c gl'~ 6 0, which is characterlstlc |

of " the Zeeman splitting of the ground doublet for the spin Hamlltonlan-
‘1n Eq. (2) for S=5/2, D >0, and_a magnltude of D much larger than the
‘microwave quantum. A number of indifect'methods haVe beeh used to-obtain
.byalues of D for,these cdmpounds: for e;ample, microwave paramagnetic reso%-.
nanc'e,u3 temperature depehdence‘ef the magﬁetic susceptibility,%h;terque'mag_e
. . : SR U . us_l

netometer measurements of magnetic-anisotropy, and Mossbauer resonance. ~ As

. the results discussed for heme_compounds‘indicate,“far;infraredvsPectroseopy,"
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cansin principle, directly measure the zero-field splitting and thus the
value of D for such compocnds. |

We hate measured the far-infrared spectfa'of bovine hemoglobin and
sperm whale myoglobin with both water and fluoride ligands. The spectra
for each compound show absorptions,correspondiné to the Zeeman splitting
of the ground doublet ih applied fields up to 52.2 kOe, and to the
zero—field splitting for the fluoro derivatives. The polycrystallihe
sample of met-myoglobin was supplied by Dr. G. Feher.“ The_remainihg
samples were pastes made byimixing*approximately 1 gm.,of.lyophilized
material (obtained from'Menanesearch Laboratoiies,and Sigma' Chemical
Company) into 1 ml of distilled water buffered to pﬁ 7.0iwith a drop of
1M mixed phosphate buffer. The fluoro derivetives were obtained by
hsing an aqueous solution‘conteining.approiimately foor molar equiyalents
of fluoride. The composition of the paste samples wss_Vefified.be )
measuring.theloptical spectralof sﬁitahly ailuted eliquots. |

Data obtsined from the far-infrered spectra-of the.two_fluorov

complexes at L4.2°K are shown in Fig. 12. Since A ~ 0 for these complexes,

the observed'ebsorption in zero field corresponds to Al = 2D. Curves

for the transitions calculated from Eq. (2), using values of'DvderiVed'~

A

from the zero fleld splitting, are also plotted for A = O and H Lz, The

'ifrequency region in Whlch accurate data can be obtalned from the far B

1nfrared spectra for these compounds 1s 1nd1cated by the plotted range

- For comparison, the typical transm1551on range for a heme comoound sample

with approx1mately'the same number of Fe(TII) ions 1is 1nd1cated in bic L,
In add1tlon, ihe high- irequencv 1Ltenuation in hemoglobin and m5oclobin in-

creases very rapldly w1th'frequency. For example; a reductlon ofuthe.sample

P L
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path length by a factor of two only increases the available freqtencye
range by ~ 1 emL. |

Absorption corresponding to the Zeeman splitting ef the ground
doublet was observed in the spectra for met-hemoglobin and'met-myoglobin.
However, no absorptions were observed in zero field belpw'the maximum.
frequency limit for these compounds of ~ 16 em™ L. ‘This observation:
'implies D>8 cm—1 for these complexes. A morelaccurate estimate of
D for met-myoglobin can be obtained from our data for the Zeeman splitting
of the ground doublet, showh in Fig. 13.  The points pletted afe the j ﬁ
average values of the measured:frequencies of peak absorptienvobtained .
from eight experimental:runs at b.2°K. The curves are the fransition
frequencies calculated from Eg. (é) with A =0, Hl ;, and.the'iHQieated
values of D. - A compafison of this:figure-ﬁith the. data obtained for the’
fluero derivative‘in Fig.'l?xigdicates that D 2 9 cm—l; and a conservetive
- estimate places'D in the raﬁgeh6 D =‘9 5 % 1. 5-cm_lf Prellmlnary ObSErVd—v
tions for met—hemoglobln 1ndlcate that D is cllghtly larger (~10.5 cm 1).
in.this compound | | .

’The values of D derived ffem the far—iﬁfrared data afe listed in
Table IIIt We have also 1ncluded several values of D obtalned troﬁ
indirect measureﬁents,band have feproduced the value for fluoro
protoporphyrln IX dimethyl ester Fe(1II11), for comparlson.‘ It is interest—:.
1ng to note that the value of D for the fluoro derlvatlves of myovlobln; |

~hemoglobin, and protoheme are very slmllar, ]ndlcatlng that the 1nfluence

of the proteln on the llgand ileJd at the lron site is. relatlvely small

In addltlon no ev1dence for 1nequ1valent sites due to the two dlfferent

_proteln chains in hemoglobln was- found in the far-infrared spectra for
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the fluoro derivative. If two inéquivalent sites are assumed, the
observed zero-field lineshape placés an upper limit of ~ 0.4 cm—l on
the difference of the value of D betwéen the two sités. P
F. Bis Fe(III) Dithiocarbamates
Further studies of thé tris Fe(III) dithiocarbamates, discuésed in
Section IV-B, have resulted in the synthesis of a series éf novel

bis Fe(III)‘dithiocarbamate compounds, the bis»(N,N dialkyl dithiocarba-

)

mato) Fe(III) halides: (RQNCSE 5

YFeX‘where R is an alkyl gfoup and X
is & halogeno ligand. X-ray crystéllogréphic measureménts 7 on one ‘
of the complexes in this series have obtaiﬁed the molecﬁlar stfucture
shown in Fig. 14. The iron atom in.these”compounds is pentacoordinate,
and lies approximateiy'af the dentroid~of.a rectangular pyramid formed

by the four sulfur atoms of the two aithiaéarbamgte lagands and the halide
atom. The local symmetry of the'ifon éite,is tﬁus nearly sqﬁare
pyramidal, but the total s&mﬁé£ry is much l6we? (CQV)' _

Measurements of thé static,mégnetic suscebtibiiity?7;h8 electron
paramagnetic resonance;hg andvMassbauéruresonancesg have Showﬁ ﬁhat:the :

'Fe(III) ground}mﬁlfiplet is‘descfibed'by thé spin Hamiltonian iﬁ Eg. (2)
with the‘unusuai_"intermediate séin"_valge S=3/2, X=0, and large ygiues )

of D. Although the energy df the'hT octahedral state never lies

lg

"lowest,sl the low C2§ symmetry of the iron site in these complexes

completely removes the degenefaCy'of the_dl‘ieveis. A,simplé,argumentg

shows that uhder'these conditions it is possiblé to stabilizé'é hA2 grdund _ _
‘state derived from the (t he ) uT; octahedral state. '

: o ‘ Zg & lg 7 o T

In order to investigaté the validity of the spin Hamiltonian

approximatidn and to obtain values. for thé»spin'Hamiltonian parameters,.
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we have measured the far-infrared spectra of seven polycrystalline
compounds in this series. A brief account of ﬁhis work has been recently

: 52 ' _ ,
published elsewhere.s Data obtained from the far-infrared spectra

7)2

in Section-II—C, the zero field spectrum for 853/2 shows only one absorp-

of ((i-C_H NCS,) Fe(III) C1 at 4.2°K are shown in Fig;vlS._ As discussed
tion, and is therefore’not'suffieieht to determine D and A. Hewever,
electron paramagnetic resonance measurements oh this compoundh- have‘
obtained the value A=0-03610-003- Using this value, the measured
zero-field splitting A ; |D|[l+3>\2]1/2 gives |D| = 2.35.11.03 ém'?. A
comparison of the polycrystalline absorptlon coefficient, calculated
using'the program dlscussed»in Section II-C, with.tue observed spectra
showed that D < 0. The frequeucies of'the.caleulated absqrﬁtionfmaxima
fer.D= -2.35 em T, A =-o.o3é, and.T = 4.29K are also plotted in Fig. 15.
The calculated polycrystalliue.abserption coefficients for these
parameters have been shown ln Fig. 3. The‘fiflbetween the observed
absorpfions-and the calculated ma#ima is excellent. The zero field
splittiugs and derived values ofvthe spinvﬁauiltonian parameters obtained
in this manner from the far—iufrared spectra for the eompounds iuvesti—

gated are l1sted 1n Table IV ' Since the polycrystalline spectra are‘

relatlvely 1nsens1t1ve to values of A < 0.1, we have only listed the

values of X obtalned for two compounds The llsted values of D for the'

remalnlng compounds were obtalned from the zero field. spllttlng, assumlng' =

A‘= 0. In addition, the calculated polycrystalllne absorptlon coeff1c1ent
- is relat1vely 1nsen51t1ve to small changes in the spin Hamlltonlan, such

. as the assumptlon of a sllphtly anlsotroplc g~factor.
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) NCSz) Fe(III) Br, can

.One of the compounds investigated, ((C2H5 5

be obtained in relatively large crystals (0.5 X 3 x 3 mm). The far- N
Infrared spectra of a pochrystalline sample of this compound at 4.2°K
showed sharp absorptions that were approximately consistent with'the'
predictions of the spin Hamiltonian in Eq. (2) for D > 0 and 6 near.
m/2, indicating a substantial alignment of the crystallltes by the
low-temperature magnetic torque discussed in Section III. (A calcula-
tion of the torque - 'for this compound at T = h,QQK and H = 52.2 kOe yields
a meximum torque per unit volume of 8.65 X 105‘dyne/crh2 which tends
to rotate the crystallites toward H 1.z.) In order to obtain e more
accurate comparison of the predlctlons of the spin Hamlltonlan with the
observed spectra, an ordered sample of this complex was constructed with
'-the crystallites approiimately oriented with § 1 ;. The data obtained
from the far-infrared spectra_of this'sample is plotted in Fig,'l6._ A..
"best £it" to the observed spectra vas calculated from Eq.l(é) by
varyihg 6 and using Velues of D andfx chosen to fit the zefo—fieldvt
spllttlng and the Zeeman splitting of the ground doublet (gl ~vh). The
calculated trans1t10n frequen01es for the values obtalned 6 ~:3n/8;

=+ 7.50 cm l, and A = 0. 067, are also plotted in Fig. 16 The’value
of 6 obtalned was con31stent with both the construction of the samtle
and the effects of the magnetlc téiiﬁé. -Although the flf_éo the observed:

absorptlons is qulte good the dev1atlon of the hlgh—frequency

experlmental absorptlon maxima from the calculated curves 1s more than
the experimental error (O 1lecm 1); This small dlscrepancy cannot bev
explalned by 1mperfect allgnment of the crystallltes. It is more llkely

due to the assumptlon of an 1sotroplc g- factor made in Eq (2).
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). Fe(III) Cl, has

)2 N082 P

Another compound in this series, ((C2HS

been shown50 to be a ferromagnet with a low transition temperature
T = 2.43°. Mossbauer resonance data for this complex in the paramag-
c

netic state have indicated that D < 0. Our zero-field spectra for this

compound at L4.2°K showed only a very weak, broad absorptioﬂ in the range
- . -1, . '
2.5 to 5 cm l, in contrast to the sharp (half width ~ 0.4 cm ) absorp-

tions observed for other complexes in this series. The large width of the

zero-field resonance is probably due to the effects of exchange broadening,
since the Heisenberg exchange coﬁpling parameter J is of the same order

as D. For T = 1.3°K, ﬁhe spéctra showed a sharp:ferroﬁagnetic resonanée
absorption at 3.85 em™ in zero field. The zero-field resonance fre-
guency is related to fhé anisotropy of the iron envifonment which is'.
reflected in the strong axial ligand_field. A simple_plaséicél Caiculé—
tion,9 suggested by Dr. A. M. Poftis,53 can be.psed'to'dérive fhé relééf;
tionship betveen theléero field resonancé frequehcy at T.?.O; Vo? and -

a3t T=Qv§uéiu

D. This calculation obteins the effective anisop;opy field H
to the axial term in the‘spih-Hamiltonian by,expanaing it in a power series
in the polar éngle. Thé result, for D < 0, is v, = 2[D|S{ ;ihis N
éxprésSion, which is exact in the li@it of 1argelspin, must-be cbfrectéd v

54

by the factor’” n = (1-1/(28)). Thus, for spin S =3/2, v_=2|n].
' o

In this case, the zero—fieldlresongnce should broaden, and tﬁe ébsbrptidn
‘ maximum may shift? as T approaches Té.  Our measureméﬁts,:obtainéd f6r.H

ﬁempefatures between.l,S énd 2.3%, Shbwédva progréséive broadeﬁing énd‘a_
decrease of only ~E0.05»cm-l: We_haveztﬁérefore taken.2[D1 = %.85 émnl; .D%bu .
obtained from the spectra for 5 poiyc;ystailine sample of tﬁim?domPoﬁﬂd, |

4 m o—= - O . p g v.-- ’ § . . ‘
at. T = 1.3°K are shown in Fig. 17. The observed ahsorption maxima lie
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. . -1 . ' .
close to the line v = auBH + 3.85 em 7, which corresponds to an orienta-

"tion of H Il ; (or H I i A)' These observaﬁioﬁs are consistent Qith
the simple theory of ferromagnetié resonance55 and with the effécts of
the expected large magnetic torque.

The ferromagnefic coupliné iﬁ this complex presumably arises from a
‘super—exchange'interaction via the sulfur étoms of neighboring moiecules,
which lie at normal Van de Waals distances.u6 This dbservation is
interesting in thé light of recent measurements on the iron-sulfur
protein spinach ferridoxin56 which iﬁdicate fhat'thértwo iron atoms in
this compound are antiferromagnetically coupled at low_temperatﬁres.v

The ‘similarity of the-éhemical and macroscopic properties of the
bis dithiocarbamates‘indica#es that they‘formlan isostructﬁral series
obtained by subsﬁitution of either the ﬁalide‘ligand or the alkyl.grpupé.
As an example of the effeéts‘of;suéh'é SubStitution,-we have li$fed iﬁ,
Table IV the change in the zero field spiittiné on sﬁﬁsfitution of'a
thoro ligand for a bromo ligand fdr a fixed alkyl:éroﬁpf This;qﬁahtity,

A

Br-ACl’ is nearly independeﬁt,of the dithiocarbamate ligand for thef_v'

first two pairs of cbmplekés, whiéh implies fhat'£hé effect bf alkyl'.
group sﬁbétitution upon A is eifher sﬁall §r;indebendént'6f§thé_hélidé 
ligand. However, Aﬁr—ACl forjthg‘pyrrolidynyilderivaﬁ£§¢s.iévv§rj Qif;.7"’
‘ferent,vindicating a substaﬁﬁiaily'different bonaing in thésé complexeé;

- This effect may be due to a gréater degrée of ﬁ—bdﬁding for thé ﬁyfréiidynyi :
derivatives because of the e#istencé of.a'pﬁéﬁdé—riﬁg étructﬁrélinclnd;' 
ing the nitrogen atom. A similar effect @a&.eipléin'thg.temﬁe}étﬁre;
indepenaent‘high spin mégnetié>hoheﬁ£'of ﬁfié-(pyrrolidyl difhiééarbamato)u

Fe(IIT), discussed inﬁSectipn 1IV-B, compared with'the'témperature;dépendent‘
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magnetic moments of the other ﬁris dithiocarbamates.

All of the compounds investigated also showed an increase in the
algebraic value of D upon substitution of bromo for chloro ligands for
a fixed dithiocarbamate ligand. As discussed in Section IV-D, similef
effects are observed in the Fe(III) and Mau(III) porphyrins. Furthermore,
we may compare the values of D obtainea for tﬁe bis Fe(III) dithio-
carbamates with the quadrupole spliﬁting AEQ, obtained frdvaosscauer
effect measurements, which is elso listed in Table IV. ESince AEQ and D
both depend upon the strength and asyﬁmetry of the 1igeﬂd field,>we:
might expect a correlatioﬁ between them.. This comparison has been ﬁade
for the Fe(III) porphyrins,38 where an'approzimately iinear yérietion-
of AEQ with D, passing through che origin,'is-observed.i Ouf daﬁa
clearly eliminates such a correlatlon for the bis dlthlocarbamates,
but does not discriminate agalost other p0551bie zeroelntercept'funCtions.
For example, the data can be fic to e'saturating'fgnction of D with
either even or odd parity. -Mossbeuer'fesonance and fef{infrefed meaSuref
ments on the fluoride and iodide complexes-wouid help to_clarify.this
point. |

©G. .Additional Specfrai,Features

A oomber of the compoonds‘inQescigefedninechis>Sﬁudy‘showedsadditiooal
sharp structure which‘was not:magnetic fieldedependent; These.aosorptioﬁs
were typlcally at higher freauenc1es than the observed oaramagnetlc
resonances, and were stronger by factors.ranglng from aoprox1matelv twobto
ten. In general more sharp llnes were: observed in tﬁe snectre of comoounds

f="4

with relatlvely small molecular welght, such as the bls Fe(III) dlthluce“"s-

mates, than in the spectra for the lgrge biological molecules. 'However,
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all of the compounds showed the broad high-frequency . attenuation discussed
in Section III.

In most cases, the samples used for the magnetic.rQSOnaﬁce measure-
ments did not transmit sufficient far-infrared radiation to observe such
absorptions at frequencies above approiimately 30 cm-l; 'In ordef to
investigate these absorptions in ((C2H5)2NCS ), Fe(III) Br, we measured
the far-infrared spectrum of»a thin polyerystalline sample at T = U.2 K.
vThe spectrum obtained in zero applied field is shown in Fig. 18. Alﬁhough
the linewidths and strengths of fhe'obéervéd‘abSofptiohs are typical, |
the number of observéd lines is not. Fdr examplé; similar»measﬁrementé
én another.bis Fe(III) dithiocarbamate, ((1 C3H7)2N )_ Fe(I1T) Cl?‘éhowed
only one such absorption in the same frequency interval; The_ffequencies
of the absorption maxima for several gompouhds,obtained'from £he far—iﬁfrared
spectra at 4.2°K, are listéd in Table V. It is in£ereétiﬁg’to nofe :
that a sharp absorptioﬁ (width ~ 0.75 cm_l) was_obser?ed ap.8}91¢m—l in )
the‘spectra for the fluoro derivativé'of.ferfimyoglobin.j Thé strehgfh
of this absorption was approximatel& fwice that_of.thejzefé—fiéld magnetic -
fesonancé. In addition, we have included data from preliminérylmeasufe— :
ments on phenoxo deuteroporphyrin IX dlmethvl ester Mn(III) ngh tempera- ‘
ture spectra for thls compound show an increase in the strength of the
field—independent absorptions for temperatures.upito‘TT°K;.

‘Aithougﬁ we have nét-investigated the soprce-of-the adaitiqnal
structure.in the far—infraredAépectra of thege combounds, our:dbservg;r
Liona muggest thal, they arc Jué to‘tfunsitions_betwécﬁ excited mél@&Ular‘
~vibration states. The linewidfhs are much too small'for absorptidnﬁ Queh

to lattice vibrations. The temperature dependence of the shructure.
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in the manganese deuteroporphyrin compound indicates that'the transitions

observed are between excited states. In addition, the structure depends

strongly upon changes in ligands within a series of similar compounds.
Finally, the observed strengths indicate that the absorptions are due
to electric quadrupole transitions, rather than electric dipole transi-

tions.
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V. CONCLUSIONS

Our measurements have shown that far—lnfrared snectroscoplc technlq es
offer a direct method for the investigation of the effects of large axial
and rhombic ligand fields upon péramagnetic ions in molecules. The
polycrystalline magnetic resonance absorptions observed are'coneistent
with the predictions of a wide variety of cases cof the simple‘spin
.Hamiltomian of Eq. (2).' We have directly obtained values of the axial
_ligand field parameter D from fhe snectra fof twenty—one'compounds, and
.have measured A = E/D for several substanoes with a large rhomblc ligand
field. In eddition, our investigation has shown that such-detailed
information can also be obtained for perameénetic ions in inﬁact biclogical

molecules.
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Table I. Experimental values of the zero field splittings Al and A2

and derived values of the spin Hamiltonian parameters for several heme.

compounds obtained from the far-infrared spectrs at H=0 for m;g.z and.SQEK.
Compound Ligand A D 1 A
(em-1) (em ™) :
Protopor- Fluoro . Al=10.0i.20 5.0%.10 ~0
phyrin IX
Dimethyl
Ester '
Fe(III) Chloro® £ =13.9%.28 " 6.95¢.1L -0
| A=19.5%.30 |
. L + . . +
Azido $9.10£.15 .085%.025
8,=36.0%.75
i |
Deuteropor-  Fluoro® A =11.1%.22 5.55¢.11 -0
phyrin IX . - :
Dimethyl
Ester . "
Fe(III) Chloro® A =17:9%.36 8.95:.18 = = -0
Bromo® - A =23.6:.46 11.8:.23 -0
Todo A =32.8+.30 16.h%.15 -0

Commeeae
Azido . 7.32£,05 . .036£.015
’ A,=29.2%.15 . ‘ L

®Data from Ref. 28.
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Table II. Experimental values of the zero‘fiéld sblitting Al and ;
derived values of the spin Hamiltonian parametérs for several Mn(lil)

deuteroporphyrins obtained from the far infrared spectra at T = L.2°K.

Compound Ligand &y b A
(™) (em™h) |
Deuteropor- Chloro 7.6 * .05  =-2.53 * .02 < .005
phyrin IX ' ’ -
Dimethyl
Ester
Mn(III) : - = » S
Bromo < 3.5 ~ -1.10% .10 -0

.Ob

./}’\.T .

Azido ©9.25 % .15 =3.08 + .10
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Table III. Observed zero field splittings and derived values of D for

ferrihemoglobin "and ferrimyoglobin obtained from the far-infrared speétra

at 4.2°K. Several indirect values of D and the far-infrared results for

fluoro protoheme are included for comparison.

Compound

Ligand.

N

-v.(cm-l)

 iIndirect'value

D
(cm

),

Ferrimyo-
globin

Ferrihemo-
- globin

Protopor-
phyrin IX
Dimethyl

Ester

Fe(III)

Aquo

fluoro

Fluoro

‘Fluoro

> 16

.16

i+

.11.88

[T

©12.60

10.0 ¢ .20

.24 6.30

9.5 % 1.5

I+

5.0 = .10

.12

aRef,

b

Ref.
CRer.

d

Ref'.

1k
43
b
k5
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Table IV. -Zero-field skplittings“A and derived values of the spin Hamiltonian parameters for bis
(¥,¥ d4ialkyl dithiocarbamato) Fe(III) halides [(r,NCS,),, Fe(III) X], obtained from the far-infrared
spectra. The difference in the zero field splitting for cbmpounds with the same dithiocarbamate ligand

end different halogeno ligands, &_ - - ACl’ and the gquadrupole splitting obtained from Mossbauer data&l are

Br

alsc included..

2296T1-1d00N

A Br Cl D AE,
 Ligands - . (em ) . '(cmfl) (em™) A (em/sec)
o CX=Br . - 14.60 ¥ .20 L +7.30 + .10 | .290
R = CH, Lo 1880 | S
" X=Cl - b.20 % .0b . B -2.10 * .02 .266
. X=Br 150t .20 +7.50 £ .10 .067 * .005 .288
R = C,H, R R  18.95 |
: S X=C1:' - 3.85 % .02 . -1.93 * .01 - .68
TR = ti-ch) X1 b0 ® .06 -2.35 * .03 .036 * .003° .268
. | X=Br = 16.33 * .20 +8.17 * .10 I ¢
NR =Pyrro- oo 1 L ' ' ,
Cnian :Xé¢1  o520 209 | } - +2.60 % .05 : .268
: ®Ref. 50 -

PRet. by
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Table V. Frequencies of absorption maxima for the magnetic field-independ-

ent absorptions observed in the far-infrared spectra of several compounds

at L.2°K.

Compound

'Abéorption Maxima (gm'l)"

Fluoro ferrimyoglobin

Bromo deuteroporphyrin IX

dimethyl ester Mn(III)

Phenoxo deuteroporphyrin IX
dimethyl ester Mn(III)

. Bromo bis (N,N dlethyl dlthlocarba-‘

mato) Fe(III)

Chloro bis (d1—1sopropyl dlthlo—.
carbamato) Fe(III) -

" Chloro bis (N,N diethyl d1th10carba—

mato)Fe(III)

Bromo bis (pyrrolldyl dlthlocarba— 
mato) Fe(III) .

8.9

25,2, 34.0, 39.3, yé;o'

13.3, 31.0.

7.3, 31.5, 3b.5, he 9,

hh;7; u6 5 52 8

33.0, 38.8, 3.6

27.0, 29.8
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FIGURE CAPTIONS
1. Zero fiéld eigénvalues in units of D as a function of:A = E/D
for the spin Hamiltonian Eq. (2) with S = 3/2, 2, and 5/2.:'Thé m
valués of the states for A = 0 are indicated at thé ;eft,_qnd
doubly-~degenerate éigenvalués are‘identified at the right. |

2. Eigenvalues in units of Das a function of H' = guBH/D for the

spin Hamiltonian Eq. (2) with X\ = 0 and S = 3/2, 2, and_S/z. The -

dotted curves are for Hl 2, thg sbiid'curves fqr Hl z. The m,
and mH‘values of the states for iarge.H' and‘Dv> 0 are indicated
at the right.

3. The polycrystalline absorption coefficienﬁ a calculated from.
Eq. (5) for § = 3/2, D < 0, D/kT = 0.8, A = 0.036, and various.
values of H'. The cbntribution of ééch t%éhéﬁtidn tO'thevtotél
lineshépe is shown invfhe upper_;ﬁrve; tﬁé transition'index n
is-identified in the ihéet‘diagram. uThé'loWer‘cqmesite Elbt
indicates the variation of the totél lineshaﬁe.ﬁith H';_ Thé
scale ofv& for H' 510 haé.been reduced'for'ciarity,__.

4. Raw data and ratiosfas_obtéined from1thé'fourief sPectrdméter
for ~ 200 mg of pblycrystalline'iéddidéUteféporphyrin“IX'dimethyl 
éster'Fe(IIi). | | .. | - ‘.v |

5. AbSoluté_configﬁratioh-dfjthe ligands surioundiﬁg the Fé(III)

ion in-Férrichrdmé,A;Vafter Zalkin, Forreéter,'and Templeton, Ref.

6. Theoretical and experimental absorption cééfficients‘for poly-

crystaliine_féfrichromé A gt H =_52.2'KQe and T = 4L.2°K. The
poihtstare;the"avefagebof three experiﬁental 1inééhapeé;”ahd the

bars indicate plus or minus one'standard_deviatiOn,r_The-expéri-

16.
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mental points have been corrected for small linear variations of»
the background, due to instrumental effects, obtained from the
value of the absorption coefficient at freQuencies below and above

the plotted range. The solid curve is the theoretical bare

-1
absorption coefficient for g=2.0, D= -0.27 cm = and [x] = 0.25;

0.333.

The frequencies of the absofption edges aud maxima,_definedviu’the
text, are indicated for the.solid curve; |

7. Probable molecular etructufe for Fe(III).(SZCNBé)3;'after

Ewald, Martin, Réss,_and'White,tRef. 20. R is an alkyl group.

8. Data for polycfystalline tris (pyrrolidyl dithioeartemeto) Fe(III)
at T=b. 2°K obtained from the far-lnfrared spectra.{ The'boints are

the frequenc1es of the observed absorptlon max1ma, and the ‘bars show

: the approxlmate width of the absorptlons. Smooth curves have been .

Fig.

Fig.

drawn through the p01nts.

9. Approx1mate structure of the porphyrln skeleton and local
coordlnatlon of the iron atom in heme compounds.

10. Data for a sample of ¢<ISO mg of polycrystalline,fluoro'
protoporphyrin IX dimethyl ester Fe(III) at T # &?2?K; vThe”pointsu  3
indicate the‘positiou of the experimental makima, and7the-bare%the}:
approxlmate width of the observed absorptlons._ The.curvee'are*the

trans1tion frequencles predlcted by the spin. Hamlltonlan in Eq (2) 

_for D= +5;O em A = 0, and H l«z;'the dotted-portlons indicate
_weaker absorptlon due to the effects of the Boltzmann term P (T—h 2°K);

eThe approxlmate spectral bandpass of the sample ie 1nd1ca*ed by the

range»of.frequenc1es_plotted.
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11. Data for a sample of ~ 100 mg of polycrystalline azido deutero-
porphyrin IX dimethyl ester Ma(III) at T = 4.2°K. The format is the
same as that used in previous figures. The curves are the predicted

transition frequencies calculated from Eq. (2) for D= -3.08 cm_l,

A=0,and Hl z.

12. Data obtained from the far-infrared sﬁectra of paste samples
containing.~ 1 gm of the fluoro‘derivatives of ferrihemoglobin-
(HoF) end ferrimyoglobin (MbF) at 4.2°K. The points are the fre-
quencies of the measured abscrption maxima, and the cars‘indicate
the approximate vidth of the observed absqrptioﬁsr The curves are
the frequencies of strong transitions calculated frcm;ﬁd. (é)

for A= 0, Hl z, and D = +6.30 em™

(HbF), and D = +5.9k pm‘i(MEF);
the dotted portions indicate reéionsiof.weak'ebsorptiou, ;The_range
of freQuenciesvplottedindicatesthe-apﬁrorimate spectral bandpass.
of the samplest

13. Data from the far—lnfrared spectra of ~ 1 gm of polycrjstalllne

-met—mJoglobln at 4. 2°K The p01nts are the average values of the )

frequencies of the measured absorptlon max1ma for elght experlmental v
runs. The curves are the calculated trans1t10n frequen01es u31ng
(2) with A = 0, H l z, and the values of D lndlcated at the rlght

1h. Molecular structure of (R'NCS ) Fe(III) X, after Hosklns,

Martin, and Whlte Ref. h7 ‘R 1s an alkyl group; and X is a '175'

halogeno ligand.

‘15.4 Data obtalned from. the far-mnfrared spectra of - lOO mg of

nolycrystalllne bis (d1 1aopropy] dlthlocarbamato) be(ITI) chloxlde o

The D01nts are the frequenc1es of the observed absorptlon maxima and
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the bars indicate the approximate'width. The curves plot the
principle maxima of the poiycrysfalline absorption coefficient,
calculated using the program described in Section.II-C for

D= -2.35 em™t

» A = 0.036, and T = L.2°K. The dotted portions
indicate regions of weak,absorption. | |

16. Data for the ordered sample of bis'(N,N diethyl dithidcarbamato)
Fe(III) bromide, described in the texf at.h.2°K. .The.pointé are

the freéuencies of the observed maxima and the bars indicate the
approximate width. The‘cﬁrves.are the transition f?equenéies
calculated from Eq. (2) for 6, ~ 3m/8, D= +7.50 émf};_and \ = 0.067.
17. Data obtained from the far-infrared spectra of a polycrystalline |
sample—df bis (ﬁ,N'digfhyl dithiocérbamatb) Fe(III) chloride in-

the ordered state at T =-1.3¢K. The points are thé’frequénCies of

" the single sharp absorption maxihé observed, and the,barsJindicaté:

Fig.

the experimental width; The liné is v ='2uBH + 3.85’Cmf1.

18. Far-infrared transmission spectrum of -~ 50 mg of polycrystalline

252

((C,H, ) NCS,), Fe(II1) Br at T=h.2°K and H=0. The absorption due to
the zero-field splitting is indicated at 4<15.1 cm ©, and the trans-

mission with no Sample in place is given'by the dotted curve. .
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LEGAL NOTICE

This report was prepared as an account of Government sponscred work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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