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ABSTRAC'r 

Far infrared spectroscopic techniques are used to study 

the magnetic resonance of Fe (rn) and ~fl.n (III) ions in molecu-

lar sites with large axial and rhombic fields. Measurements 

-1 . 
of transmission spect-ra over the range 3-100 cm ·are discussed 

for a group of polycrystalline compounds, including several bio-

logical complexes, at temperatures between 1. 3 and 50 0 K and in 

applied magnetic fields up to 50 kOe. The spectra show magne-

tic resonance absorptions which are consistent with a number 

of eases of the spin Hamiltonian formulation, and the spin 

-1 
Hamiltpnian parameters (D ,E ~ 1 em . ) are directly obtained 

from the spectra. The observation of resonances due to high 

spin Mn(III) and to the ferrOmagnetic resohance·of ((C2HS)2NCS2)2 

Fe(IIT)Cl is reported. These measurements show that present 

far-infral'ed techniques offer a direct ·method for the investi-. 
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I. INTRODUCTION 

A number of powerful techniques have been applied to the investigation 

of the electronic properties of paramagnetic ions in molecules. Consi::1er-

able information has been obt.ained from spectroscopic measurements in the 

microwave, near infrared, visible, and ultraviolet regions of the electro-

magnetic spectrum, and from Mossbauer resonance at hi~her frequencies. 

Although the detailed structure of the electronic spectrum is complex, 

it has frequently been found that the magnetic properties of the ground 

term could be adequately described by a simple Hamiltonian first·proposed 

by Abragam and pryce
l 

in 1950. The simplicity of the description results 

from the interaction of the ion wi ththe surrounding ligands. 'l'he ligand 

field splits tbe multiply-degenerate free-ion ground state, and the new 

ground term, which is often an orbital singlet and spin multiplet, is f11r-

ther split by second-order spin-orbit coupling. The ground term niay. then 

be described by the spin Hamiltonian 

2 ·22 
X = ~ Hog'S + D[S - S(S+1)/3] + E[S - S J 
. B_~_ z .. x y 

.(1 ) 

where H is the applied magnetic field, g is the g-tensor, ~the eiec-

tronic spin, and D and Eare parameters which describe the effects of 

axial and rhombic ligand fields, respectively. 
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Conventional electron paramagnetic resonance techniques have been 

widely used to investigate ions whose ground terms are approximately 

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 description is often adequate, 

and have obtained accurate values for D and E. However, there is a 

large class of interesting compounds where the values of the spin 

-1 ) 
Hamiltonian parameters are considerably larger (D, E ~ 1 cm . This 

class of compounds contains many extensively-studied biological molecules, 

the most well-known of which are various derivatives of thehemoproteins, 

such as myoglobin and hemOglobin. In addition, it also includes a number 

of metal-organic complexes, such as the transition-metal porphyrins. Micro-

",·ave measurements on these compounds have been interpreted in terms of Eq. (1), 

but although the observed resonances can be used to obtain estimates of the 

spin Hamiltonian parameters, they only depend upon D in second order, and 

are relatively insensitive to the effects of small modifications of the 

spin Hamiltonian. However, higher· frequency ·magneticresoriance measurements, 

using far-infrared spectroscopic techniques, can obtain detailed information 

on the spin Hamiltonian for substances in this class. 

We have measured the far-infrared transmi.ssion spectra of a group 

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

were made over the frequency interval.3-100 cm-
I

. The samples were 

polycrystalline powders or frozen· solutions at temperatures between 

L3 and 50oK, and in magnetic fields up to 52kOe. The 

spectra show magnetic field dependent absorptions due to magnetic 

dipole transitions between states of. the paramagnetic ground multiplet. 

Our experiments may be thought of as high frequency, high field elec..,. 
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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 ferrichrome A, tris 

(pyrrolidyl dithiocarbamato) Fe(III), and certain complexes of 

ferrimyoglobin, ferrihemoglobin, Fe(III) porphyrins, Mh(III) porphyrins, 

and bis FeCUI) dithiocarbamates. This group of compounds is 

particularly well suited for such a general study because it contains 

illustrative examples for a variety of cases of Eq. (1). In terms of 

the spin Hamiltonian parameters, the cases investigated include: 

8=3/2, 2, and 5/2; D > 0 and D < 0; E/D « 1, and E/D=0.25; and 

g~BH/D « 1 to g~BH/D »1. In addition, one of the compounds, 

((C2H5)2NC82}2Fe(III)Cl,is ferromagnetic, and several show spectra with· 

strong magnetic field-independent absorptions which may be due to low

frequency molecular vibration modes. Our experiments on the manganese 

porphyrins have obtained the first magnetic resonance data fOr these 

complexes .which can definitely be attributed to Mn( III). Finally, th,= 

results for myoglobin, hemoglobin, and ferrichrome A indicate that 

detailed info.rmation on the effects of the ligand field can be obtained from 
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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 spin Hamiltonian 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 presents our experimental results for each compound 

together with some discussion. 

II. THEORY 

A. The Spin Hamiltonian 

2 3 
Excellent discussions of crystal or ligand field theory' and of 

more general forms of the spin Hamiltonian
l ,4 are' available, and a com-

plete derivation of the spin Hamiltonian for ferrihemoglobin· has. been 

given by Weissbluth. 5 In this section, we shall confine our discussion 

to the cases of the spin Hamiltonian of Eq. (1) which are applicable to 

our study. Although the general theory is widely understood, the de

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

We shall consider a simpler' form of Eq. (1) . which is sufficient to 

analyze our polycrystalline spectra: 

. 3C =g]JB ~.~ + D[S~ - 8(8+1)/3] + E[S~ - S~]. 

In Eq.(2), the g tensor has been replaced by anisotropic g-factor 

with the free spin value g=2 .. 00. Our results aiso do not require the 

small quartic terms in the spin operators which are occasionally 

included
6 

inEq. (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 eigenvalues ofEq. (2) are separated 

by "zero -field spli ttings", which are functions of the parameters 

D and E. For 8=3/2 and 8=5/2, the states are Kramers doublets. For 

8=2, the states are all singlets except in the case E=O where there are 

hTO doublets and a singlet. 

(ii) In a magnetic field, the eigenvalues are further split by 

the Zeeman interaction, and they are strongly dependent on both the 

magnitude and direction of the applied field. 

The behavior of the spin Hamiltonian spectrum for each spin value 

can be most easily investigated in terms of the dimensionless parameters 

A=E/D and HI=g~BH/D. 

by the value of A. 

Departures from axial symmetry are indicated 

. The range 0 ~ A ~ 1/3 describes all of the 

distinct physical possiblities; for A > 1/3, a new set of coordinate 

axes may be chosen7 in which the spin Hamiltonian has new parameters D' 

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

We have calculated the variation of the eigenvalues and eigenfunc:-

tions as a function of H I and A for 8::;3/2, 2, and 5/2. Although the 

detailed behavior is complex~ a few simple comments can be made which 

are very useful .in the interpretation of our experimental spectra. In 

the following discussion, we shall use the eigenstates of S asa basis 
z 

set. 

The variation of the zero-f.ield eigenvalues for each 8 asa 
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function of A is given in Fig. 1. For A=O(E=O), the eigenfunctions of 

E~. (2) are eigenstates of S with Kramers doublets characterized by the 
z 

The zero field splittings are integer multiples of 

the axial crystal field parameter, D. For D > 0, the ground state is 

given by the minimum value of 1m I; for D < 0, the lev(j] system i:] 
s 

inverted. If A is non-zero, the term E[S2 - 8
2

] couples states differing 
x y 

by &m = 2. The eigenfunctions are no longer pure eigenstates of Sand 
s z 

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' theorem does 

not hold for ions with an even number of electrons.) The zero-field 

splittings are therefore a function of A, and this dependence can be used 

to obtain a value of A as discussed below. 

The eigenvalue spectrum as a function of H' forEq. (2) with A=O is 

given for each S in Fig. 2. The eigenvalues depend upon the 

magnitude and orientation of the external field H with 

respect to the coordinate system in wllich the spin Hamiltonian is 

written. For A=O, only the polar angle 8
H 

of the field with respect 

to the z-axis is required to determine the spectrum, and we have given 

curves for 8
H 

= 0 and TI/2. (For A * 0, the spectrum also depends 

upon the azimuthal angle ¢H' and can differ markedly from the curves 

shown, although the quali tati ve char~cteristics remain the. same
8 ) . 

A 

For H II z (8
H 

= 0), the eigenfunctions of Eq. (2) are eigenstates of 

Sz' and the Zeeman splitting is linear in H'. For H 1 z (8
H 

= TI/2), 

the Zeeman term g]JB ~.~ mixes states differingby &m
s 

= ± 1. For 

H' « 1, this admixture produces a linear splitting Qf the zero field 

Ii1s = ± 1/2 doublet for s= 3/2 and 5/2, '-lith an effective g-V5.J..'.1~ ';.rhic::-, 
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depends upon 8 (for 8=3/2, gl =1+; for 8=5/2, gl =6). The remaj ning dOllblets, 

for each 8, split quadratically. For H' ~. 1, tbe eigenfunctiom; are mii:-

tures of all ei<?;enstates of 8 , and the variation of i~he ei genvalue~; 
t. z 

with H' is complex. However, for largeH', the eigenfunctiorw are nearl'y 

pure eigenstates of 8
H

, the projection of ~ onto the magnetic fieJd H, 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 corresponds to the 

Paschen-Back effect. The limiting values of ms and .~. for ~ z and 

H 1 z respectively are indicated on the figures for the case D > 0; 

for D < 0, the signs of ms and mHshould be reversed. 

The most important feature of the spectrum for povlder. spectroscopy 

is the large variation of the eigenvalues and eigenfunctions with 

the orientation of the applied magnetic field. In practice,this 

results in broad, complex absorption lineshapes. 

C. Polycrystalline.Absorption 

The transmission spectra of samples containing paramagnetic ions 

whose ground multiplet is described byEq. (2) show absorptions due to mag-

netic dipole transitions between the states discussed in the previous 

section. The observed spectrum for a single crystallite can be described 
. . 

by an absorption coefficient a(v), \,hich is, in general, a function of D, 

E, H, 8
H

, and <PH' as well as of the direction of propagation and poll3.ri-

zation of the incident radiation. For a given transition n between 

initia.l state Ii) a.nd final state If) , the absorption coefficient 
n .' n . 

may bewritten9 
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4·ie
2

N 

a (v) = -'-2--3°':;"\) p(v-v )I<f I~ x; . sli } 12 
n hm c n n - n 

vThere N is the concentration of paramagnetic ions, p is a lineshape 
o 

function, k and TI are unit vectors in the direction of propagation and 

electric field polarization respectively of the incident radiation, S 

is the spin operator, and vn is the frequency corresponding to the 

difference of the eigenvalues of the initial and final states. In 

addition, at a given temperature T, the absorption coefficient must be 

multiplied by P (T), the difference in the thermal population of the 
n 

two states. The total absorption coefficient for a single crystallite 

is then 

a(v) = L a (v) P (T) 
n n 

(4 ) 

n 

where the sum is over all transitions within the ground multiplet. The 

spectrum thus described will show a series of absorption lines, one 

for each transition. 

The transmission spectrum of a polycrystalline specimen in a 

fixed magnetic field may be obtained by averaging Eg. (4) over all crystallite 

orientations. In our experiments, the incident radiation was unpolarized 

and was strongly scattered wi thin the sample, which was placed vii thin a 

low-Q transmission cavity. Under these conditions, the average over 

crystailite orientations reduces to three independent averages over the 

directions of polarization iT, propagation k, and magnetic field~. In 

general, the first two averages may be .carried out analytically, but the 

last must be performed numerically. (Later, we shall briefly discuss. 

thr; important'. cn.:;e 11' »'·1 ,.in\{ilidl \.tIP lib:;urpt.:i.on coefficient ma;! be 



'. 

-10- UCRL-19622 

obtained in closed form.) . After the averages over polarization and the 

direction of propagation have been calculated, the expression for the 

average of Eq. (4) may be written
9 

where 

and 

a( \) = 
2 

TIN e \) 
o 

11 
2 3 

m c 
I f [ P ( \)-\! n) P n (T) W n ] d~H 
n 

W -- 1/3 {I< s ) ,2 + 1< s } 12 + 1< s } 12} 
n x n y n z n 

1< f 1 s 1 i 
n x n 

The ·integral over the orientation of H in Eq. (5) .is most easily calcu-

lated by numerical methods because \IT and \) are in general not simple 
n n 

functions of the parameters of the spin Hamiltonian of Eq. (2). 

The results of a calculation of ex. depend upon a few simple properties 

of the integrand in Eq. (.5). The factor of \), which appears because 

a is defined as the power absorbed per unit length, enhances high 

frequency transitions. The term Pn(T) strongly suppresses transitions 

from states elevated more than - kT above the ground state. Further-

more, at high temperatures, when D/kT « 1, peT) is very small for all 
. n . 

transitions. The magnetic dipole transition probability W o.nly allows 
. n 

transitions with tuns = ± 1,0. Finally, the solid angle d~H strongly 
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enhances transitions corresponding to H 1 z. 

As an example of the effects of P (T) and VI , we consider the 
n n 

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 transition from the ground state to 

the first excited state is allowed by the selection rules of VI , and (J. 
n 

will show only one peak. However, if A =1= 0, the admixture 01' states 

described previously will allow a transition to the second excited state. 

The strength of this second transition increases rapidly with A, and for 

A > 0.1, two strong peaks will appear. The frequencies of the hTO corres-

ponding experimental absorptions are sufficient to measure both D and A; 

If the temperature is sufficiently high to populate the first 

excited state, a third peak due to the transition between the first and 

second excited states will appear in C/. for any value of A.; in particular, 

for small A, the positions of the first and third peaks can be used to 

obtain D and A. Therefore, the zero-field spectrum is sufficient in 

principle to determine the parameters of the spin Hamiltonian. We shall 

later discuss specific examples of these two cases. Similar observa-

tions may be made for the zero-field spectrum in the case S = 2, with 

the exception t.hat the splitting of the doublets with A provides additio~al 

information. However, for S = 3/2, measurement of the zero-field absorp

tion coefficient is not sufficient to obtain values for Dand A, and it is 

necessary to measure the absorption spectrum in an applied fielq. .. 

In order to compare our experimental spectrafbr S = 3/2 with the 

predictions of the spi n Hamil t.onian, 
() 

we have writterl a pro gr ant" t,.: -:~::ll-

culate a(v) for a specified D, E, H, T, and linevddth. /l. Gat.:s",::'a:·; 
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lineshape function, due to site inhomogeneities, was assumed, and the 

linewidth was chosen to fit the zero field spectrum. An example of 

the results of this calculation for D < 0, ID I /kT= 0.8, and a small 

value of A are shown for several values of H' = g~BH/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 a with H'. These curves illustrate the complex nature of 

the powder lineshape. We shall compare these calculatiqns with experi-· 

ment in a later section. 

For H' » 1, the bare polycrystalline absorption coefficient 

(calculated assuming p(v-v ) = 8(v-v )) can be obtained in closed form,9 
n n 

because the Quantities V and Wcan be expressed as simple functions 
- n n -

of the spin Hamiltonian parameters and the angles specifying the 

orientation of H. This can be seen by writing Eq, (2) in a cObrdinate 

system {x I y I z'} where H 1\ z I, and choosing the eigenstates Of S I as 
. z 

a basis set. In this system, off-diagonal terms may be neglected, 

since the eigenfunctions are very nearly eigenstates of SH :: SZl' The 

magnetic dipole transition probability Wn is large only for transitions 

between adjacent levels, and the transition frequencies cluster about 

v = g~BH with a spread that is a different linear function of D and A 

for each transition.· The lineshape fbr each transition can be calcu-

lated by expressing the solid angle dr2W which .is a function of two 

angles, in terms of the transition frequency and one angle using a 

Jacobian determinant. 'l'he double integral in Eq. (5 ) then reduces to 

a single integral which can be expressed in terms of the complete 

elliptic integral of the first kind .. The' resulting individual 1inesha,pe:> 

can then he mu.lt.ipl'icr] by t.he aUT.i.r'r.rpri:I.I,,:, rflJ;j:'(;r:; l' ('r) fj;rlr] it!, ;:,.I, .. J. 
n rr 



added to give the total bare absorption coefficient. We shall comp~re 

the results of this calculation for S = 5/2 with our experimental 

results for ferrichrome A in a later section of the paper. 

III. EXPERIMENTAL TECHNIQUES 

Our spectra were obtained llsing the techn"igue~~ of far-inrr~rerl 

10 
Fourier transform spectroscopy. The Michelson interferometer, 

sample dewar, and detection system employed have been recently described 

11 
elsewhere. Although the results obtained are analogous to those of 

e'lectron paramagnetic resonance, there are a number of significant 

differences. Our spectra were measured for samples in fixed magnetic 

fields over a continuous range of frequencies roughly determined by 

the spectral bandpass of the sample, and the experimental methods used 

more nearly resemble those of near infrared spectroscopy than con"ventional 

microwave techniques. In addition ,the lack of intense broad-band 

far-infrared s01J.rces places severe restrictions upon the application 

of fa~infrared spectroscopy to problems of the type discussed in this 

paper. Since these restrictions do not generally apply to other magnetic 

resonance methods, we shall briefly discuss them. 

The most widely-used far infrared source is the Rayleigh-Jeans 

region of the black body spectrum emitted. by a high pressure mercury arc 

lamp. The intensity of the radiation emitted by the lamp varies approxi

mately as ,i, and the total power radiated by the lamp used in our 

experiments into" the f:1. 5 optics of the Michelson interferometer in 

-1 
the region 0-100 em is -" 2 x -5 

10 W." Our experiment,.; were typically 

-1 " 
made over the smaller spectral range 0-30 cm , where the power f:::.ll.in~ 

" ·-8 
on the detector, with no sample. in place, is of the order of 10 W. 
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This very small power requires the use of high sensitivity, low tempera

. 12 
ture detectors; the Ge bolometer used in our experiments has a noise 

equi valent power of - 10-12W/v'HZ, and it is the limiting source of 

noise in our detection system. The methods of Fourier transform spec

troscopy are especially suited
lO 

to this situation. However, in practice 

the small available source intensity means that: 

(i) Spectral features in the sample which absorb less than 5 per 

cent of the incident radiation cannot be accurately measured. 

(ii) Spectral regions in which the sample transmission 

is less than 1% are virtually inaccessible to our present techniques. 

These two practical limitations have several implications for the 

present studY. For example, accurate measurements of magnetic dipole 

line shapes in the far infrared require samples which contain in excess 

of - 10
19 

spins: for compounds such as myoglobin where the paramag-

netic ion concentration is very dilute, a typical sample consists of . 

1 gram of material. Many large biological molecules are difficult to 

obtain in such quantities. In addition, the·sample temperature must be 

low enough so that there is an appreciable Boltzmann population difference 

P (T). For values of D on the order ofa few cm -1, liquid helium tempera
n 

tures are necessary. Low temperatures are also required because the 

thermal population of higher frequency excitations in the sample, 

such as vibrational modes, may substantially reduce the low frequenc;'! 

. . 

transmission, and because magnetic resonance line,vidths generally increase 

rapidly with temperature. 

We have also observed strong broad-band absorption at high frequencies 

in all of the compounds investigated. This absorption, which may :::e 
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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 the frequency range in which 

our measurements may be performed. For example, the available frequency 

range for our measurements of myoglobin and hemoglobin was approximatel.Y 

6 
-1 

3.5-1 cm . The low frequency li.mit is approximately the same for all 

samples. and is due to the small source intensity at low frequencies. 

Within the restrictions outlined above, however, far infrared 

magnetic resonance has several advantages over other techniques. The 

major advantage is that'both frequency and field information can be 

obtained over relatively wide ranges; in particular, large zero field 

splittings for polycrystalline samples may be directly measured. The 

observed spectra clearly show the variation of the· transition frequencies 

with field, and the individual transitions are easDy identified. 

Paramagnetic resonances which are too broad to 

be accurately mearured by microwave techniques can be observed more 

easily at higher magnetic fields in the far infrared, and the high 

frequency information which can be obtained is particularly sensitive to 

the approximations of the spin Hamiltonian:. Fi.nally, far ,infrared 

results can be used to determine the parameters of the spin Hamiltonian 

even when the ze~o field splittings ~ie in the ~icrowaveregion (we 

shall illustrate this point in the discussion of our results for ferri-

chrome A). 

Our far infrared transmission spectra show effects due,to both 
. .. 

magnetic resonance transitions and the background transmissionspectr1.ll11 

of the sample. In order to remove the background, spectra VlerE: r;113~'x~.".r:'::':/ 
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obtained at several values of applied magnetic field, and ratios of 

spectra for different fields were computed. An example of this method 

is illustrated in li'i{~. h. 'J'he uppe.r graph ~;hows an oh:~f:rved spectrum 

for zero applied field compared with the spectrum obtained .,ith no 

sample in place. The shape of the latter curve is due to the \)2 

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 

-1 
sample spectrum shows a weak magnetic resonance absorption at \) === 33 cm 

....;1 
and a strong broad band attenuation at frequencies above ~ 20. em The 

broad band attenuation is due both to the absorption in large moleeules 

previously mentioned and to t,he onset of large scattering within the 

poJycrystalline f~ample at wavelengths approximately equal to crystallite 

d · . 13 Th' . lmenSlons. e lower graph lS a plot of the ratio bf a spectrum for. 

high applied field to the spectrum for zero field. The ratio shows clearly 

the zero field absorption and the resonance due to the Zeeman splitting 

of the ground state, as well as nois.e on either end .of the frequency 

range which is enhanced by computing the ratio of' small numbers. This 

technique works well whenever the shift of the magnetic resonance 

spect;;-Um with field is large compared to the linewidths, but for spectra 

such as those described in Fig. 3, the analysis is difficult. 

Several of ,our spectra S?OW effects due to~ alignment of ~he sample 

crystallites in a magnetic· field.' The alignment is due to the tor'que 

" "." . 

produced by th(~ inter'l:tction ()fth(~ low telllpel'ature .'ionie moment with the 
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ap:plied field. This torque is widely used 14 to measure the low tempera-

ture magnetic susceptibility of paramagnetic ions whose ground term 

is described by Eq. (2). The torque acts to align one of the coordinate 

axes of the spin Hamiltonian with the applied field, and therefore 

strongly affects the observed magnetic resonance spectrum. In addition, 

the crystallite alignment can significantly increase or decrease the 

high frequency background attenuation due to scattering if the crystallites 

are plate-like. We have attempted to avoid these effects in our f!1easure..

ments by dispersing the crystallites in transparent glasses, such as mineral 

oi~ and fine magnesium oxide powders, or by packing samples which are too 

valuable to disperse. 

The samples were typically placed within the far-infrared. ligb: . 

pipe in cylindrical polyethylene containers with a sheet of thin Mylar 

covering the top. The container diameter was _ 1.1 cm, and the sample 

length varied from 0.1 to 2.5 cm. t~etal cones were placed above and 

below the sample container to form a low-Q transmission cavity .. For 

temperatures T ~. 4.2°K, the sample mount was immersed in liquid helium. 

For higher temperatures, the sample mount was placed in an evacuated 

tube and heated by means of a heating coil. The temperature was moni

tored by measuring the resistance of a GaAs diode in thermal contact 

with the sample mount. 



.. 

-18-

IV. EXPERIMENTAL RESULTS 

A. Ferrichrome A 

Ferrichrome A15 is a metabolic product of the smut fungus IJstillago 

sphaerogena; its precise biological function is unknown .. The crystal 

and molecular structure of ferrichrome A tetrahydratehave been recently 

obtained by X-ray crystallography.16 The molecule contains one Fe( III) 

ion in the configuration shown in Fig. 5. Although the iron coordina

tion is roughly octahedral, the local symmetry is that of a left

handed propeller, which suggests that there should be a large rhombic 

component in the ligand field at the iron site. 

Electron paramagnetic resoriance measure~ents7at 9 GHz for poly-

crystalline ferrichrome A have been· reported by Wickman, Klein, and 

Shirley. These measurements showed a broad asymmetric resonance at 1550 Oe 

for temperatures between 1. 0 and 300 0 K and additional small,erstructure 

was observed at both higher and lower fields in the spectra for t~mpera

tures less than 4.2°K. The spin Hamiltonian Eq. (2) was used to analyze 
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the spectra" under the assumption that the Zeeman term was small compared 

to the ligand field terms, and reasonable agreement 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 ground 

doublets to the additional low temperature structure, and the range of 

A'was obtained from an approximate fit to all of the observed resonances. 

The temperature variation of the spectra was used to give a rough 

-1 
estimate of 3.5 cm' for the zero field splitting between the two lowest 

Kramers' doublets, and the temperature dependence of subsequent Mossbauer 

17 
effect measurements was used to obtain an improved estimate of 2.4 ~ 3.5 

-1 
cm for this splitting. 

Our far infrared spectra for approximately 70 mg of polycrystalline 

ferrichrome A, kindly supplied by Dr. M. P. Klein, showed no absorptions 

'-1 
in zero field above our experimental lower frequency limit of 3.0 cm ; 

spectra were obtained at T = 1.3 and 4,.2 oK. In high applied field, a 

broad asymmetric absorption which peaked at a frequency slightly less 

th~n \) = 2jJBH was observed. The average of threeexperimenta1 absorption 

coefficient measurements for H=52.2 kOe and T=4.2°K is plotted in Fig,. 6 , 

The positions of the absorption maximum and the shoulders on either side 

were quite reproducible. No evidence of crystallite orientation due to 

magnetic torques was observed. 

Th ' -1 
e absence of zero field absorptions above 3.0 em suggests that 

the observed high field 1 iheshape corresponds to the 1 imi t II' »1. 'J'be 

bare polycrystall:ine ab[.;orption cOd'ficient in tfd s ]. irnit Wh~; cf:il(:ulat0d 

according to the method out.1ined in Section JI-~C fCir varh/u8 vIiJIlI~:-;, of 

:b and A, and the results, for two ~ets of val'lies J .1 d ( -are a,so p,otte -in Fig; i" 
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The theoretical absorption coefficient at T = 4.2°K is largely given 

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

first excited states. The small delta-functionut V=2]Jrll 

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

state, and the contribution of the remaining transitions is negligible. 

The major features of the calculated a 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 v. given by 
1. 

VIa = g]JBH + 2D(1+3IAI) 

V
lb 

= g]JBH 4D 

V
2a 

= g]JBH + D(1+3IAI 

V2b = g]JBH 2D 

where i = 1,2 indicate the transitions from the ground and first excited 
, 

states respectively, and the maxima occur at frequencies vi given by. ' 

These frequencies are indicated in Fig. 6 for the solid. curve .. ' Although 

D and A have the same sign,7,a the calculated absorption coefficient for 

a given field depends only upon the signap(l magnitude of D and :ti1e ",agni-

tude IAI. 'I'herefore, apart 'from the effects of the Eol tzman:1 term P (I).' n· '.~ 

the lineshape for D. < 0 may be obtained from the lineshape for D >' I) by 
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reflecting through the line v = gj..lBH. For 11.1 = 1/3, the absorption 

coefficient depends only upon the magnitude IDI, and the sign of D clin 

be regarded as arbitrary. This result is due to the symmetry properties 

of the spin Hamiltonian. 7 ,B As IAI 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 spectra. 

-1 
'rhe theoreticlil absorption coefficient for g = 2.00, D= -0.27 crn 

and IAI = 0.25, which is plotted in Fig. 6, represents our best fit to 

-1 
the observed lineshape; reasonable agreement places limits of ± 0.01 em 

on D and ± 0.02 on IA/. Consid,erably poorer fits are obtained for 

positive values of D, since the calculated maxima lie at frequencies 

higher than V = 2j..1BH for /AI < 1/3. The best fit to all of the observed 

-1 " 
features for D > 0 requires IAI = 1/3 and D = +0.27 cm ; however, as 

indicated above, the same curve would be obtained for a negative D. The 

curve for these values is also plotted in Fig. 6. Both sets of values 

derived from our data yield zero field spli ttings between adj acent 

-1 
Kramer's doublets in the range o.B to 1.0 cm . These values are consider-

ably 'smaller than the estimates previously obtained. 

The analysis of the paramagnetic resonance spectra of ferrichrome A, 

given by Wickman, Klein, and Shirley, rests upon the assumption that 

the Zeeman terms of Eq. (2) are much smaller than the ligand field terms, 

which is approximately equivalent to the statement· that the energy of the 

microwave quantum is much less than the zero- field spli ttings. Our 

measurementB iridi eate that this assuinption is not justified at the 

-1 
experimental microwave frequency of 0.3 cm" It ,has recently been 

pointed out B that the effective g-factors in fini te fie] d,; (:;.ur:h Uj~J.j; 
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of infinitesimal fields, and that resonances due to transj tions behreen 

states originating in adjacent zero field doublets may also be observed. 

Upder these conditions, the analysis of the low temperature paramagnetic 

resonances for ferrichrome A in the small field approximation is incon-

elusive with respect to the sign of D. Our data are fit more accurately 

by negative values of D, as indicated in Fig. 6. Preliminary calculations 

of the X-band electron paramagnetic resonance spectrum
18 

using the methods , 

outlined in Ref. 8,indicate that the values D= -0.21 cm-
l 

and IAI = 0.25 

obtained from our data can account for the published resonances. More 

accurate values of D and A could possibly be o~tained by further 

analysis of X-band spectra, or by directly obtaining the zero field 

splittings at K-band. 

B. Tris (pyrrolidyl dithiocarbamato) Fe(III) 

A series of interesting tris Fe(In) dithiocarbamates, Fe(III) 

(S2CNRRI)3 where R,R' are alkyl groups, have recently been synthesized. 19 

Although X-ray crystallographic data are unavailable, the molecular 

20 
structure of these compounds is presumed on steric grounds to be 

that shown in Fig. 7. A comparison of Fig. 5 and Fig. 1.illustrates 

the similarity of the iron environment in these complexes to that in 

ferri chrome A. 

Most of these substances show room temperature magnetic moments 

which lie between those of the limiting "low spin" (S=1/2) and 

"high spin" (S=5/2) states of the Fe(III) ion. Visible and infrared 

spectra and the temperature and pressure dependence of the magnetic 

20 
susceptibility for several compounds have been reported, as well a's 

21 . 22 
Mossbauei' effect and nuclear magnetic resonance studies. Good 

agreement with the quali tati ve effects observed in these measurer:lents 

,), 6 
has been obtained by assuming that the octahedral ~T? and fl.] term;;rJr 
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Fe(III) are separated by only a few hundred cm-
l 

in these complexes. 

However, quantitative agreement with the experimental results has been 

frequently hampered by the lack of detailed information on the effeets 

of the ligand field at the iron s:i te. For example, the sim:il8.ri ty of' 

the iron site in the tris Fe(IIr) dithiocarbamates to t,hat in 1'erri-

chrome A suggests that the ligand field should have a strong rhombic 

component in these complexes. Such information can in principle be 

obtained by electron paramagnetic resonance techniques, and a study at 

. f ... 18 m1crowave requenc1es 1S now 1n progress. 

One of the cOInl:)ounds, tris (pyrrolidyl di thiocarbamato) Fe (III), sr,:)',,;:: 

only high spin behavior. We have measured the far infraredsp~ctra of a 

polycrystalline sample of this substance at T=4.2°K. The sample was supplied 

by Dr. A. M. Trozzolo. Data obtained from our. spectra are plotted in Fig. 8. 

1 " 
The zero field spectrum shows a strong absorption at 8.4 cm -and a weaker one 

-1 
at 13.2 em '. The first absorption corresponds to a transition between tbe 

ground and first excited Kramers doublets, and the second corresponds to a 

transition between the ground and second excited doublets. As discussed in 

Section II-C, the presencedf the second absorption at low temperature in-, 

plies that A * 0. Our zero field data are fit by the values D= -2.14±0.05 

and A::; -0.10 ± 0.01. 'The sign of D ,was established by observing that 

the first absorption occurs at a frequency more ,than half of the total 

zero field splitting, 13.2 em""'\ ~f D > 0, the reverse is true. In 

addition, no.absorption due to the Zeemari splitting of the ground doublet 

was observed, which is further evidence for a negative value of D. 

OUr measurements indicate that the ligand field in this compound 

does in fact have an appreciable rhombic component; as expected. It is 

-1 
e.TIl 
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interesting to note that low temperature microwave magnetic resonance 

measurements
18 

for frozen solutions of this compound in N,N dimethyl 

formamid indicate that II..I ~ 1/3 and that IDI is somewhat smaller. 

Previous experiments
19 

have also shown differences between the room 

temperature magnetic moments of solid a.nd dissolved compounds of this 

series. 

C. Fe CIII) Porphyrins 

Metalloporphyrins
23 

have been investigated by a variety of techniques 

because of their occurrence as the prosthetic group of paramagnetic 

ions in many biological molecules. In particular, studies on iron 

prophyrins (hemes)24 have been stimulated by interest in related work 

25 
in hemoproteins. 'l'h"" approximate structure of such heme compounds and 

the local coordination of the iron ion in the porphyrin molecule are 

indicated in Fig. 9. The iron is coordinated to the four pyrrole 

nitrogens of the porphyrin, and two other coordination positions, 

labeled 5 and 6, are available in positions approximately perpendicular 

to the plane defined by the four nitrogen atoms. In the compounds we 

shall discuss, one of these positions is unoccllpied, and the other is 

occupied by one of a number of ligands. Under these conditions, X-ray 

crystallographic measurements
26 

have indicated that the .iron lies slightly 

above the nitrogen plane in the direction of the fifth ligand. Hemes 

are also identified by the presence of various groups attached to the 

periphery of the porphyrin skeleton. Protoheme (iron protoporphyrin), 

the prosthetic group of hemoglobins, myoglobins, and several· other 

hemoproteins, is the best-known ~ 
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The far-infrared spectra of several halogeno deutero- and 

protoporphyrin Fe(III) complexes have recently been reported.
27 

The 

spectra for these compounds were successfully analyzed in terms of the 

spin Hamiltonian in Eq. (2) for S = 5/2, D > 0, and A ~ O. The observed 

zero field splittings for the compounds investigated were quite large, 

. -1 -1 
ranging from 11.1 cm to - 33 cm . Preliminary results for several 

other complexes were also reported. 

We have measured the far-infrared spectra of four polycrystalline 

Fe (III) porphyrins, The sample preparation and characteri zation tech-

28 
niques were similar to methods recently described elsewhere. These 

measurements have yielded more accurate values of the ligand field 

parameters for two compounds included in the previous work, iodo- and 

azido deuteroporphyrin IX dimethyl ester Fe(III). In addition, we have 

also obtained data for two additional compounds, fluoro- and azido 

protoporphyrin IX dimethyl ester FeCHI). The last two substances are 

of particular interest because of the existence of the corresponding 

myoglobin and hemoglobin complexes. 

The spectra for all of the compounds investigated showed absorptions 

characteristic of high spin Fe(III) and.positive values of D. A typical 

transmission spectrum has been previously shown in Fig. 4. The frequencies 

of the experimental absorption peaks atT = 4.2oK are plotted as a 

function of field for fluoro protoporphyrin IX dimethyl est~r'Fe(III) 

,in Fig. 10. The observation of absorptions corresponding to the Zeeman 

splitting of· the ground doublet establishes the sign ofD as positive. 

The frequency of the zero-field absorption corresponds to the zero-field 

splitting L\l between tlle ground and first excited Kramers doublets. 
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, 29 
If A = 0, as we would expect for this complex, ~l = 2D. The calcu-

lated frequencies of strong transitions for the spin Hamiltonian in 

" 
Eq. (2) for D = +5.0 cm-

l
, A = 0, T = 4.2°K, and H lzare also plotted 

in Fig. 10 for comparison. The values of the zero field splittirigs and 

derived values of D obtained from our data for the two halogeno complexes 

investigated and previously reported values for related complexes are 

listed in Table I. 

The azide complex of ferrihemoglobin has a static magnetic susceptibil~ 

ity30 characteristic of the low spin S = 1/2 state of Fe(III). Electron 

. t' t 31 'h t· 1 t' t paramagne ~c resonance measuremen s. s ow a s rong y asymme r~c g- ensor 

which has been successfullyanalyzed
32

,33 in terms of a rhombic ligand 

field. Similar results have been obtained for the azide complex of 

ferrimyoglobin. The origin of· the rhombic field in these complexes is 

in dispute. It has been ascribed to the attachment of the d~stal 

histidine
31 

(which is coordinated to the iron in the fifth position in 

these compounds), to the displacement of the iron atom out of the nitro~ 

gen plane,33 and to a non-axial attachment f th O "d . 32 An o e az~ e 10n,· 

X t ~'l h' t d f f . 1 b' 'd 34 h' h h d -ray crys ~ ograp ~c s u y q err~myog 0 ~n az~ e, w ~c s owe 

that the azide ion is inclined at 21 0 ,to the porphyrin plane, has given 

support to the latter eXplanation. 

Our measurements for the corresponding heme compound, azido 

protoporphyrin IX dimethyl ester Fe{III) and the similar deuteroheme 

. complex show spectra characteristic of high spin Fe(III). ,However, an 

orientation of the azide ligand in these substances similar to that 

observed in.ferrirnyoglobin should produce a SUbstantial rhombic component 

in the ligand field. In order to determine the value of A for these 

., 
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complexes, zero-field spectra were obtained at T = 4.2 and 50oK. At the 

higher temperature, an additional absorption was observed in the spectra 

at a frequency corresponding to the second zero-field splitting/:'2 

between the first and second excited Kramers doublets. As discussed 

in Section II-C, the values of /:'1 and /:'2 obtained in this fashion can 

be used to obtain values for D and A. The observed splittings and the 

derived values of D and A for the two compounds are also listed in 

Table I. Both complexes show non-zero values of A, indicating that the 

ligand field does in fact have a rhombic component .. The value of A for 

the protoheme complex is panticularly large compared to the limiting 

value A = 1/3 for a completely rhombic field. (A typical value of A for 

an axial complex, obtained from high-temperature· data for chloro proto

porphyrin IX Fe(III),27 is A = 0.01 ± 0~01.) Although the iron atom 

in these compounds may be displaced out of the nitrogen plane; an axial 

displacement cannot account for a rhombic component to the ligand field.
5 

The most likely source of such a field is an inclination of the azide 

ion to the porphyrin plane such as that observed in ferrimyoglobin azide. 

If this is the case, our measurements on these complexes indicate that 

the orientation of the azide ligand can significantly contribute to the 

rhombic character of the ligand field in ferrimyoglobin and ferrihemoglobin. 

D. Mn(III} Porphyrins 

Studies of manganese porphyrins, like those of iron Pbrphyrins~ 

have been stimulated by interest in their p~operties in relation to 

biological systems. For example, several studies have investigated the 

possible role of these compounds in the oxidation-reduction systems of 

. . 35 6 
photosynthesis. ,3 In addition, synthetic enzymes made by replacing 
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heme prosthetic groups with Mn porphyrins have been shown to have partial 

activity.37 Elemental analysis and magnetic susceptibility measure

ments on manganese hematoporphyrins
35 

have shown that the stable oxida-

tion state of the manganese in these complexes is Mn(III), with a 

spin S=2. However, no electron paramagnetic resonances that can be 

directly attributed to Mn(III) have been observed. 

We have measured the far infrared spectra of four polycrystalline 

Mn (III) deuteroporphyrins. The spectra for three of the compounds irlves-

tigated show magnetic resonance absorptions which are consistent with 

the predictions of the spin Hamiltonian in Eq. (2) for 8=2, D < 0, and 

A ~ O. Data for a sample of azido deuteroporphyrin IX dimethyl ester ~m(III) 

at T=4.2°K are shown in Fig. 11. The zero-field spectrum for this complex 

showed only one absorption, indicating that A - O. For small A, the 

zero-field spectrum should show two absorptions separated by .6E, as 

indicated in Fig. 1. The width of the observed zero-field lineshape was 

used to obtain the upper limit E ~ 0.1 cm-
l 

Since transitions corresponding 

to the Zeeman splitting of the pair of zero fiel·d states with m === ± 2 
s 

are forbidden to first order, the absence of such absorptions in the 

observed spectra does not imply that D is positive. In order to estab-

lish the sign of D, we have obtained spectra for this complex in 

zero field at temperatures up to 40 oK .. No additional absorptions appeared 

-1 . 
above 3.5 cm ,which shows that D is negative and' that therefore. the 

observed zero-field splitting is 6
1 

= 31D I. These observations yield 

-1 
D= -3.08 ± 0.10 cm and A .~ O.OlL The calculated transition frequencies 

"-

for Eq. (2) with D= -3.08 cm-
l

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

for comparison. Similar observations were used to'derive values of D 
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and A for chloro deute~oporphyrin 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 spectra in an applied 

field showed sUbstantial changes in the background attenuation at high 
, 

frequencies due to crystallite orientation. In addition, a broad 

-1 
magnetic resonance absorption with a peak at \) = 211BH + 3.4 cm . was 

observed at high field. These observations are only consistent with 

a small negative value of D, and analysis of the observed high field 

lineshape in the manner described for ferrichrome A yields the value 

-1 
D= -1.1 ± 0.1 cm . The derived values of the spin Hamiltonian parameters 

for these three complexes are listed in Table II. The fourth compound 

·studied, iodido deuteroporphyrin IX dimethyl ester Mn(III), showed 

spectra similar to those observed for the bromo derivative, indicating 

a small absolute value of D. However, the extremely broad absorptions 

observed prevented an accurate .measurement of either the sign or 

magnitude of D for this complex. 

Our measurements have therefore shown magnetic resonance absorption 

which is definitely due to high-spin (8=2) Mn(III). The observed large 

values of D, coupled with the small transition probabilities for transitions 

between Zeeman-split "doublets" for 8=2, may account for the lack of 

microwave paramagnetic resonance signals for these complexes. In 

addition, we can make some interesting comparisons of the spin Hamiltonian 

parameters obtained for corresponding Mn (III ) and Fe (III ) porphyrins. 

For example, the values of D obtained for halogeno proto-and deuteroheme 

complexes increase in the order F <Cl <·Br < I,· as indicated in Table I: 

The relation. of this effect to various chemical series (nephelauxetic, 
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electronegativity, and metal-halide bond strength)· and to TI-bonding in 

the porphyrin system has been recently discussed.
38 

The algebraic 

values of D obtained for halogeno manganese porphyrins also show this 

behavior. It is interesting to note that the small negative value of D 

for the bromo derivative implies that D for the iodido complex may be 

positive. In addition, the algebraic value of D for the azido derivatives 

of both Fe(III) and MnCIII) deuteroporphyrins is less .than that for the 

chloro derivatives. Finally, the limits of A for azido deuteroporphyrin 

IX dimethyl ester MnCIII) include the measured value for the. corresponding 

deuteroheme compound, indicating that the effects of the azide ligand 

are similar in the two complexes. 

E. Ferrihemoglobin and Ferrimyoglobin 

Hemoglobins and myoglobins are found in all vertebrates: hemoglobin 

in the red blood cells and myoglobin in the tissues. A large number of 

chemical, biological, and physical techniques have been applied to the 

study of these compounds because of their central importance to the 

process of respiration. 

Both hemoglobin and myoglobin contain iron atoms coordinated to a 

protoporphyrin prosthetic group and to a nitrogen atom of a histidin~ 

residue' of the globin.· Hemoglobin contains four such iron atoms, and 

myoglobin contains one. In the respiratory process, the iron atom is 

in the Fe(n) state,andthe sixth coordination position is available 

for the reversible bonding of molecular oxygen. Studies of hemoglobin 

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

greater value to the understanding of the biological function of these 
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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 

f th . t t' f th h 1 . h 1 b' 39 d }' b' 40 o e or1en a 10n 0 e eme panes 1n emog 0 1n an myog ,0 1n 

by electron paramagnetic resonance measurements on Fe(III), in the high 

spin (S=5/2) state. In particular, such paramagnetic resonance measure-

ments have been restricted to complexes containing Fe (III) since the Iml 

spin (S=O) Fe(II) derivatives have no paramagnetism and since no electron 

paramagnetic resonance has been observed for high spin (8=2) Fe(II) 

compounds. 

Hemoglobin and myoglobin derivatives in which the sixth c?ordination 

position is occupied by a water molecule (we shall refer to these as 

met-hemoglobin and met-myoglobin) or a fluoride ion have been shown to 

contain Fe (III) in the high spin state. Static magnetic susceptibility 

41 
measurements for these complexes have found room-temperature magnetic 

moments slightly less than the value of 5.92 Bohr magnetons expected for 

8=5/2. 
42 .' 

Microwave electron paramagnetic measurements for these complexes 

have found gil = 2.0 and an isotropic gl ::: 6.0, which is characteristic 

of the Zeeman splitting of. the ground doublet for the spin Hamiltonian 

in E~. (2) for 8=5/2, D > 0, and a magnitude of D much larger than the 

microwave quantum. A number of indirect methods have been used to obtain 

values of D for these compounds: for example, microwave paramagnetic reso:-

. nance, 43 temperature dependence of the magn~tic susceptibility., 44 torque mag-
, . 

. ' .. 14 ... 45 
netometer measurements of magnetic 'anisotropy, and Mossbauer resonance. As 

the results discuss~d for heme compounds indicate,far-infrared spectroscopy 
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can, in principle, directly measure the zero-field splitttng and thus the 

value of D for such compounds. 

We have measured the far-infrared spectra of bovine hemoglobin and 

sperm whale myoglobin with both water and fluoride ligands. The spectra 

for each compound show absorptions. corresponding to the Zeeman splitting 

of the ground doublet in applied fields up to 52.2 kOe, and to the 

zero-field splitting for the fluoro derivatives. The polycrystalline 

sample of met-myoglobin was supplied by Dr. G. Feher. The remaining 

samples were pastes made by mixing approximately 1 gm.of lyophilized 

material (obtained from Mann Research Laboratories and Sigma Chemical 

Company) into 1 ml of distilled water buffered to pH 7. OvTi th a drop of 

1 M mixed phosphate buffer. The fluoro derivatives were obtained by 

using an aqueous solution· containing approximately four molar equivalents 

of fluoride. The composition of the paste samples was verified by 

measuring the optical spectra of suitably diluted aliquots. 

Da.ta obtained from the far-infrared spectra of the two. fluoro 

complexes at 4.2°K are shown in Fig. 12. Since A - 0 for thesl? complexes, 

the observed absorption in zero field corresponds to .6
1 

= 2D. Curves 

for the transitions calculated from Eq. (2), using values ofD derived 
....... 

from the zero field splitting, are also plotted for A :: 0 and H lz. The 

. fre9.uency region in which accurate data can be obtained from the far 

infrared spectra for these compounds is indicated by the plotted range .. 

For comparison, the typical transmission range for a heme compound sample 

wi th approximately tl1e same number of Fe (TIl) ions is indicated in Fir;. 4. 

In addi tion, t.he high-frequency attenuation in hemoglobin and !1Woglobin i11-

creases very rapidly with frequency. For example, a reduction of the sample 

··1 
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path length by a factor of two only increases the available frequency 

-1 
range by - 1 em • 

Absorption corresponding to the Zeeman splitting of the ground 

doublet was observed in the spectra for met-hemoglobin and met-m,yoglohin. 

However, no absorptions were observed in zero field below the maximum 

frequency limit 
-1 

for these compounds of - 16 em . This observation 

-1· f implies D ?8 cm for these complexes. A more accurate estimate a 

D for met-myoglobin can be obtained from our data for the Zeeman splitting 

of the ground doublet, shown in Fig. 13 .. The points plotted are the 

average values of the measured frequencies of peak absorption obtained 

from eight experimental runs at 4.2°K. The curves are the transition 

frequencies calculated from Eq. (2 ) with A = 0, H 1 z, and the indicated 

values of D. A comparison of this figure with the. data obtained for the 

and a conservative fluoro derivative in Fig. 12 indicates that D:::: 9 cm-l , 

estimate places D in the range
46 

D = 9.5 ± 1.5 cm-l 
Preliminary obsetva-

tions for met-hemoglobin indicate that D is slightly larger (~ 10.5 cm -1) 

in this compound. 

The values of D derived from the far-infrared data are listed in 

Table III. We have also included several values of D obtained from 

indirect measurements, and have reproduced the value for fluoro 

protoporphyrin IX dimethyl ester Fe(III), for comparison. It is interest-

ing to note that the value· of D for thefluoro derivatives of myoglobin, 

hemoglobin, and protoheme are very similar, indicating that the influence 

of the protein on the ligand field at the iron site is relatively small. 

In addition, no evidence for inequivalent sites due to the two different 

protein chains in hemoglobin was found in t.he far-infra·red t f 
spec ·ra or 

· I 
, .. 
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the f1uoro derivative. If two inequivalent sites are assumed, the 

observed zero-field lineshape places an upper limit of _ 0.4 cm-l on 

the difference of the value of D between the two sites. 

F. Bis Fe(III) Dithiocarbamates 

Further stUdies of the tris Fe(III) dithiocarbamates, discussed in 

Section IV-B, have resulted in the synthesis of a series of novel 

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

mato) Fe(III) halides: (R
2

NCS
2

)2 FeX where R is an alkyl group and X 

47 
is a halogeno ligand. X-ray crystallographic measurements on one 

of the complexes in this series have obtained the molecular structure 

shown in Fig. 14. The iron atom in these compounds is pentacoordinate, 

and lies approximately at the centroid of a rectangUlar pyramid formed 

by the four sulfur atoms of the two di thiocarbamate lagands and the halide 

atom. The local symmetry of the iron site is thus nearly square 

pyramidal, but the total sYmmetry is much lower (C
2v

)' 

. .. 47,48 
Measurements of the static magnetic susceptlblllty, electron 

. 49..·· 50 . 
paramagnetlc resonance,· and Mossbauer resonance have shown that the 

Fe(III) ground multiptet is described by the spin Hamiltonian in Eq. (2) 

with the unusual "intermediate spin" value S=3/2, 1.==0, and large values 

of D. 
4 

Although the energy of the T
lg 

octa.l1edral state never lies 

51 . 
lowest, the low C

2v 
symmetry of the iron site in these complexes 

completely removes the degeneracy of the dllevels. A simple argument9 

shows that under these conditions it is possible to stabilize a 4A2 ground 

4 4 
state derived from the (ta e) Tl oCtahedral state . 

. g g g 

In order to investigate the validity of the spin Hamiltonian 

approximation and to obtain values for the spin Hamiltonian parameters, . 



-35- UCRL-19622 I 

we have measured the far-infrared spectra of seven polycrystalline 

compounds in this series. A brief account of this work has been recently 

52 
published elsewhere. Data obtained from the far-infrared spectra 

of ((i-C3H7)2NCS2) Fe(III) Cl at 4.2°K are shown in Fig. 15. As discussed 

in SectionII-C, the zero field spectrum for S=3/2 shows only one absorp-

tion. and is therefore not sufficient to determine D and A. However, 

48 
electron paramagnetic resonance measurements on this compound . have 

obtained the value A=0.036±0.003. Using this value, the measured 

zero-field splitting b. = IDI[1+3A
2

]1/2 gives IDI = 2.35 ± .03 em-I. A 

comparison of the polycrystalline absorption coefficient, calculated 

using the program discussed in Section II-C, with the observed spectra 

showed that D < O. The frequencies of the calculated absorption maxima 

-1 . 
for D= -2.35 cm , A = 0.036, and T = 4.2°K are also plotted in Fig. 15. 

The calculated polycrystalline absorption coeffiCients for these 

parameters have been shown in Fig. 3. The fit between the observed 

absorptions and the calculated maxima is excellent. The zero field 

splittings and derived values of the spin Hamiltonian parameters obtained 

in this manner from the far-infrared spectra for the compounds investi-

gated are listed in Table IV. Since the polycrystalline spectra are 

relatively insensitive to values of A < 0.1, we have only listed the 

values of A obtained for two compounds. The listed va.lues ofD for the 

remaining compound.s were obtained from the zero field splitting, assuming 

A = o. In addition, the calculatedpolycrystalline ~bsorption coefficient 

is relatively insensitive to small changes in the spin Hamiltonian, such 

as the assumption of a slightly an~sotropic g-factor. 
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One of the compounds investigated, ((C2H5)2NCS2) Fe(III) Br, can 

be obtained in relatively large crystals (0.5 x 3 x 3mm). The far-

infrared spectra of a polycrystalline sample of this compound at 4.2°K 

showed sharp absorptions that were approximately consistent with the 

predi ctions of the spi'n Hamiltonian in Eq. (2) for D >0 and 6
H 

near 

rr/2, indicating a substantial alignment of the crystallites by the 

low-temperature magnetic torque discussed in Section III. (Acalcula-

tion of the torque for this compound at T = 4.2°K and H = 52.2 kOe yields 

a maximum torque per unit volume of 8.65 x 105dyne/cm
2 

which tends 

to rotate the crystallites toward H 1 z.) In order to obtain a more 

accurate comparison of the predictions of the spin Hamiltonian with the 

observed spectra, an ordered sample of this complex was constructed with 

the crystallites approximately oriented with H 1 z. The data obtained 

from the far-infrared spectra of this sample is plotted in Fig. 16. A 

"best fit" to the observed spectra was calculated from Eq. (2) by 

varying 6
H 

and using values of D and A chosen to fit the zero-field 

spli tting and the Zeeman splitting of the ground doublet (gl - 4). The 

calculated transition frequencies for the values obtained, 8
H 

- 3rr/8, 

D = '+ 7.50 cm -1, and A =0.067, are also plotted in Fig. 16. The value 

of 8
H 

obtained was consistent with both theconstruct~on of the sample 

and the effects of the magnetic torque. Although the fit to the observed 

absorptions is quite good, the deviation of the high-frequency 

experimental absorption maxima from the calculated curves is more than 

the experimental error (0.1 cm -lL This small discrepancy cannot be 

explained by imperfect alignment of the crystallites. It is more likely 

due to the assumption of an isotropic g-factor made in Eq.(2). 
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Another compound in this series, « C,)Ir: ) ') NCS
2

)2 F'e (III) C], has 
c_ ) <_ 

50 
been shown to be a ferromagnet with a low transition temperature 

rr = 2. 43°K. Mossbauer resonance data for this complex in the paramag
c 

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

compound at. 4.2°K showed only a very weak, broad absorption in the rn.nge 

-1 -1 
2.5 to 5 cm " in contrast to the sharp (half width - 0. 11 em ) 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 coupling parameter J is of the same order 

as D. For T = 1.3°K, the spectra showed a sharp ferromagnetic resonance 

. -1 I . . 
absorption at 3.85 em .in zero field. The zero-field resonance fre-

quency is related to the anisotropy of the iron environment which is 

reflected in the strong axial ligand field. A simple classical calcula-

9 . 53 
tion, suggested by Dr. A. M. Portis, can be used to derive the rela-

tionship between the zero field resonance frequency at T = 0, v , and 
o 

D. This calculation obtains the effective anisotropy field ~ A at T=O due 

to the axial term in the spin Hamiltonian by expanding it in a power series 

in the polar angle. The result, for D < 0, is Vo = 2/D/S.This 

expression, which is exact in the limit of large spin, must be corrected 

by the factor
54 n = (1-1/(28)). Thus, for spin S = 3/2, v = 2/~1. 

o 

In this case, the zero-field resonance should broaden, and the absorption 

. 9 
maximum may shift, as T approaches T. Our measurements, obtained for 

c 

temperatures between 1. 3 and 2. 3°K, showed a progressive broadening and a 

, -1 -
(~crease of only ~ 0.05 c~. \.:[e have therefore taken 2/.D./ 

- -) f), . -1 
- i • (J.I) em ,_ 

obtai ned from the npee Lra. fo}' a poJ,)'crystr.dJ:i ne :;n.mp]l: of tfd.::; (~oJrlponnd 

at '1' =1. 3°K are shm.ftl in Fig. rr. 'rho observed ab:~orption maxima lie 
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close to the line V which corresponds to an orient~-

. tion of H II ~ (or ~ II ~ A)' 'fhese observations are eow:istent vTith 

the simple theory of ferromagnetic resonance 55 and with the effects of 

the expected large magnetic torque. 

'rhe ferromagnetic coupling in this complex presumably arif;cs from a 

su.per-exchange interaction via the sulfur_ atoms of neighboring molecules, 

which lie at normal Van de Waals distances.
46 

This observation is 

interesting in the light of recent measurements on the iron-sulfur 

protein spinach ferridoxin
56 

which indicate that the two iron atoms in 

this compound are antiferromagnetically coupled at low temperatures. 

The similarity of the chemical and macroscopic properties of the 

bis dithiocarbamates indicates that they form an isostructural series 

obtained by substitution of either the halide ligand or the alkyl groups. 

As an example bf the effects of such a substitution, we have listed in _ 

Table IV the change iIi the zero field splitting on substitution of a 

chloro ligand for a bromo ligand for a fixed alkyl group. This quantity, 

flBr -fl
CI

' is nearly independent _ of the di thiocarbamate ligand for the 

first two pairs of complexes, which implies that the effect of alkyl-

group substitution upon fl is either small or independent of the halide 

li.gand. However, flBr -fl
CI 

for the pyrrolidynyl deri vati ves is very dif

ferent, indicating a substantially different bonding in these complexes. 

This effect maybe due to a greater degree of 7T-bonding for the pyrrolidynyl 

derivatives beca.use of the existence of a pseudo-ring structure includ-

ing the nitrogen atom. A similar effect may explain the temperature-

independent high spin magnetic moment of tris (pyrrolidyl di thiocarbamato) _ 

.F'e(III), discussed in Section IV-B, compared with the temperature:"rlependent 
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magnetic moments of the other tris dithiocarbamates. 

All of the compounds investigated also showed an increase jn the 

algebraic value of D upon substitution of bromo for chI oro ligands for 

a fixed dithiocarbamate ligand. As discussed in Section IV-D, similar 

effects are observed in the Fe(III) and Mn(III) porphyrins. Furthermore, 

we may compare the values of D obtained for the bis Fe(III) dithio-

carbamates with the quadrupole spli.tting .6E
Q

, obtained from Hbssbauer 

effect measurements, which is also listed in Table IV. Since f"EQ and D 

both depend upon the strength and asymmetry of the ligand field, we 

might expect a correlation between them. This comparison has been made 

for the Fe(III) porphyrins, 38 where an approximately linear variation 

of .6E
Q 

with D, passing through the origin, is observed. Our data 
:. 

clearly eliminates such a correlation for the bis dithiocarbamates, 

but does not discriminate against other possible zero-intercept functions. 

For example, the data can be fit to a saturating function of,D with 

either even or odd parity. Mbssbauer resonance and far-infrared measure-

ments on the fluoride and iodide complexeswould help to clarify this 

point. 

G. Additional Spectral Features 

A number of the co d' to t d ° thO mpoun S lnves 19a e, ,,In 18 study showed addi tioEal 

sharp structure which was not magnetic field-dependent. These absorptions 

were typically at higher frequencies than the observed paramagnetic 

resonances, and were stronger by factors ranging from approximately' tvo to 

ten. In general, more sharp lines were observed in the spectra of compounds 

with relatively small molecular weight, such as the bis Fe(III) dithioce.rGe.-

matefl, than i,n the spectra f, or' t11e 1,11," rae' bl' OlOgl' cal mole 1 u . Jot. _ eu e s . 
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all of the compounds showed the broad high-frequency attenuation di ,~cu:;sf~d 

in Section III. 

In most cases, the samples used for the magnetic resonance In(;wmre-

ments did not transmit sufficient far-infrared radiation to observe such 

-l 
absorptions at frequencies above approximately 30 em . In order to 

investigate these absorptions in ((C2H5)2NCS)2 F'e(III) Br, we me8.sured 

the far-infrared spectrum of a thin polycrystalli ne sample at 'I' = 21. 2°K. 

The spectrum obtained in zero applied field is shown in Fig. 18. Although 

the linewidths and strenc:ths of the observed absorptions are typical, 

the number of observed lines is not. For example, similar measurements 

on another bis Fe(III) dithiocarbamate, ((i-c3H7)2NCS2)2 Fe(III) Cl, showed 

only one such absorption in the same frequency interval. The frequencies 

of the absorption maxima for several compounds,obtained from the far-infrared 

spectra at 4.2 oK, are listed in Table V. It is interesting to note 

that a sharp absorption (width _ 0.75 cm-
l

) was observed at 8.9cm-
l 

in 

the spectra for the fluoro derivative of ferrimyoglobin. The strength 

of this a.bsorption was approximately twice that of ;the zero-field magnetic 

resonance. In addition, we have included data from preliminary measure-

ments on phenoxo deuteroporphyrin IX dimethyl ester lVl..n (III) . High-tempera-

ture spectra for this compound show an increase in the strength of the 

field-independent absorptions for temperatures up to 77°K; 

Although we have not investigated the source of the additional 

structure in the fa.r-infrared ~jpeetrlJ. of theBe compounds, our observa:'" 

t:ion:; :;ugC;e:; L that tIH'.Y at'(~ due Lo LI'IJ.lI:·,j tj om~ bet",reen exc:.i. t(~d lIIo1eeuln.r 

vibration ~,tate~; .. 'iThe Jinewidths are much too :,rnall for absorptiorJG due 

to· lat.tice vi l'rat:ion::;. 'T'he temperature dependence of' th(~ structure 
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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. 



-42- UCHL-19622 

V. CONCLUSIONS 

Our measurements have shown that far-infrared spectroscopic techniques 

offer a direct method for the investigation of the effects of large axial 

and rhombic ligand fields upon paramagnetic ions in molecules. The 

polycrystalline magnetic resonance absorptions observed are consistent 

with the predictions of a wide variety of cases of the simple spin 

Hamiltonian of Eq. (2). We have directly obtained values of the axial 

ligand field pa.rameter D from the spectra for twenty-one compounds, and 

have measured A .:: E/D for several substances with a large rhombic ligand 

field. In addition, our investigation has sho'ffi that such detailed 

information can also be obtained for paramagnetic ions in intact biologiGal 

molecules. 
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Table I. Experimental values of the zero field splittings ~l and ~2 

and· derived values of the spin Hamiltonian parameters for several heme 
{~.<i 

compounds obtaine_d from the far-infrared spectra at H=Q for T=4.2 and 50o K. 

.,~ 

Compound Ligand !J. D A 

(em-I) Cem,""l) 

Protopor- Fluoro ~1=10.0±.20 5.0±.10 -0 
phyrin IX 
Dimethyl 
Ester 
Fe(III) ChI oro 

a 
~1=13.9±.28 6.95±.14 -0 

~1=19.5±.30 

Azido 
9.10±.15 .085±.025 

~2=36.0±.75 

Deuteropor- Fluoro 
a 

~1=11.1±.22 5.55±.11 -0 
phyrin IX 
Dimethyl 
Ester 
Fe(III) Chloro

a 
~1=17.9±.36 8.95±.18 -0 

~1=23. 6±. 46 11. 8±. 23 -0 

lodo ~1=32.8±.30 16.4±.15 -0 

(j Azido .036±.015 

~2=29.2±.15 

a. 8 Data from Ref. 2. 
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Table II. Experimental values of the zero field spli tUng ~l and 

derived values of the spin Hamiltonian parameters for several Mn(lI1) 

deuteroporphyrins obtained from the far infrared spectra atT =4.2°K. 

Compound Ligand 

Deuteropor- ChI oro 
phyrin IX 
Dimethyl 
Ester 
Mn( III) 

Bromo 

Azido 

7.6 ± .05 

~ 3.5 

9.25 ± ,.15 

D 

(em-I) 

-2.53 

-1.10 

± .02 

± .10 

-3.08 ± ~10 

~ .005 

- 0 

< .04 
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Table III. Observed zero field spli ttings and derived values of D for 

ferrihemoglobin and ferrimyoglobin obtained fro~ the far-infrared spectra 

at4.2°K. Several indirect values of D and the far-infrared results for 

fluoro protoheme are included for comparison. 

Compound 

F'errimyo
globin 

Ferrihemo
globin 

Ligand 

Aquo 

Fluoro 

Fluoro 

Protopor- Fluoro 
phyrin IX 
Dimethyl 
Ester 
Fe( III) 

~ef. 14 
b 

Ref. 43 

eRef . 44 
d 
Ref. 45 

> 16 9.5 ± 1.5 

11. 88 ± .16 5.94 ± .08 

12.60 ± .24 6.30 ± .12 

I , 

10.0 ± .20 5.0 ± .. 10 

Indirect· value 

D -1 
(cm ) 

a 
- 12 . 

4.38 ± .6
b 
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Table r.~. Zero-'field splittings 6 and derived values of the spin Hamiltonian parameters for bis 

(N,N dialkyl dithiocarbamato) Fe(III) halides [(R
2

NCS
2

)2 Fe(III) xL obtained from the far-infrared 

spectra.. The difference in the zero field splitting for compounds with the same dithiocarbamate ligand 

and different halogeno ligands, ~Br - ~Cl' and the quadrupole splitting obtained from Mossbauer data
a 

are 

also included. 

Ligands 

R = CH 
3 

,R == C
2

H
5 

R = fi-C3H7) 

NR =P"Jrro-
2 
lidyl 

a 
Ref. 50 

b ' 
Ref. 49 

X=Br 

X=Cl 

X=Br 

X=,Cl' 

X=Cl 

X=Br 

X=Cl 

~ ~Br-~Cl 

( -1) '( -1) , cm cm 

14.60 l' .20 
18.80 

4.20 ± .04 

15.10 ± .20 
18.95 

3.85 ± .02 

'4.70 ± .06 

16.33± .20 
11.13 

5.20 ± .09 

D 

( 
-1 

em ) A 

,+ 7 ~30 ± .10 

-2.10± .02 

+ 7.50 ± .10 .067 ± .005 

-1.93 ± .01 

-2.35 ± .03 .036 ± .003
b 

+8.17 ± .10 

+2.60 ± .05 

-.---"~" 

~EQ 

(em/sec) 

.290 

.266 

.288 

.268 

.268 

.277 

.268 

c:: 
(") 

::0 
t:-< 
I 
I-' 
\0 
0\ 
f\) 

f\) 
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Table V. Frequencies of absorption maxima for the magnetic field-independ-

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

Compound 

Fluoro ferrimyoglobin 

Bromo deuteroporphyrin IX 
dimethyl ester Mn(III) 

Phenoxo deuteroporphyrin IX 
dimethyl ester Mn(III) 

Bromo bis (N,N diethyl dithiocarba~ 
mato) Fe(III) 

Chloro bis (di-isopropyl dithio
carbamato) Fe( III ) 

. ChlOro bis (N ,N diethyl di thiocarba
mate) Fe (III) 

Bromo bis (pyrrolidyl dithiocarba~ 
mato) Fe (III) . 

Absorption Maxima (cm -1) 

25.2,34.0,39.3,46.0 

13.3, 3100 

27.3~ 31~5,34.5, 42.9, 
44.7, 46.5,.52.8 

26.5 

33.0,38.8, ~3.6 

27.0,29.8 
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FIGURE CAPTIONS 

Fig. 1. Zero field eigenvalues 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. Them 
s 

values of the states for A o are indicated at the .left ,and 

doubly-degenerate eigenvalues are identified at the right~ 

Fig. 2. Eigenvalues in units of D as a function of H' = g).lBH/D for the 

spin Hamiltonian Eq. (2) with A = 0 and S = 3/2, 2, and 5/2. The 

dotted curves are for H II z, the solid curves for H 1 z. Them 
s 

and m
H 

values of the states for large H' and D > 0 are indicated 

at the right. 

-Fig. 3. The polycrystallineabsorption coefficient a calculated from 

Eq. (5) for S = 3/2, D < 0, D/kT == 0.8, A = 0.036, and various 

values of H'. The contribution of each transition to the total 

lineshape is shown in the upper curve; the transition index n 

is identified in the inset diagraril. The lower composite ~lot 

indicates the variation of the total lineshapewith H'. The 

scale of a for H' = 0 has been reduced for clarity. 

Fig. 4. Raw data and ratiosl:l,s obtained from the Fourier spectrometer 

for - 200 mg of polYGrystalline iodo deuterpporphyrin IX dimethyl 

ester Fe (III) . 

Fig. 5. Absolute configuration of the ligands surrounding the Fe (III) 

ion in Ferrichrome A., after Zalkin, Forrester, and Templeton, Ref. 16. 

Fig. 6. Theoretical and experimental absorption coefficients for poly-

C'l'ystalline ferrichrome A al H = 52.2 KOe and T= 4.2°K. The· 

pointr::; are .th~ average of three expei'imental lineshapes, and the 

bars indicate plus or minu~ one standard deviation. The experi-
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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 

absorption coefficient for g=2.0, D= -0.27 cm -1 and I AI = 0.25; 

-1 . 
the dotted curve was calculated for D= +0.27 cm and A = 0.333. 

The frequencies of the absorption edges and maxima, defined in the 

text, are indicated for the solid curve. 

Fig. 7. Probable molecular structure for Fe(III) (S2CNR2)3' after 

Ewal~, Martin, Ross, and White, Ref. 20. R is an alkyl group. 

Fig. 8. Data for polycrystalline tris (pyrrolidyl dithiocarbainato) Fe (III) 

at T~4 .2°K, obtained from the far-infrared spectra. .. The points are 

the frequencies of the observed absorption maxima, arid the bars show· 

the approximate width of the absorptions. Smooth curves have been 

drawn through the points. 

Fig. 9. Approximate structure of the porphyrin skeleton and local 

coordination of the iron atom in heme compounds. 

Fig. 10. Data for a sample of -150 mg of polycrystalline f1 uoro 

protoporphyrin IX dimethyl ester Fe(III) atT = 4.2°K. The points 

indicate the position of the experimental maxima, and the bars the· 

approximate width of the observed absorptions. The curves are· the 

transition frequencies predicted by the. spin Hamiltonian in Eq •. (2) 

-1 
for D = +5.0 cm ,A = 0, and H 1· z; the dotted portions indicate 

weaker absorption due to the effects of the Boltzmann term P (T=4.2°K); . n 
. . 

The approximate spectral bandpass of the sample is indicated by the 

range offrequencie:> plotted. 



UCHL-19622 

Fig. 11. Data for a sample of - 100 mg of polycrystalline azido deutero

porphyrin IX dimethyl ester Mn(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 H 1 z. 

Fig. 12. Data obtained from the far-infrared spectra of paste sample's 

containing - 1 gm of the fluoro derivatives of ferrihemoglobin 

(HbF) and ferrimyoglobin (MbF) at 4.2°K. The points are the fre-

quencies of the measured absorption maxima, and the bars indicate 

the approximate width of the observed absorptioris. The curves are 

the frequencies of strong transitions calculated fromEq. (2) 

" 
for A = 0, H 1 z, and D = +6.30 cm-

l 
(HbF), and D = +5.94 cm-l(MbF); 

the dotted portions indicate regi()ns of weak absorption. The range 

of frequencies plotted indicates the approximate spectral bandpass 

of the samples. 

Fig. 13. Data from the far-infrared spectra of' - 1 gm of polycrystalline 

met-myoglobin at 4.2°K. The points are the average values of the 

frequencies of the measured absorption maxima. for eight experimental 

runs. The curves are the calculated transition frequencies using 

Eq. (2) with A = 0, ~ 1 z, and the values of D' iodi cated at the right. 

Fig. 14. Molecular structure of (R
2

NCS
2

)2 Fe(III) X, after Hoskins, 

Martin, and White, Ref. 47 • 'R is an alkyl group, and X is a 

halogeno ligand. 

. . . 

Fig. 15. Data obtained from the far-infrared spectra of.~, 100 mg of 

polycrystalline bis (di-isopropyl eli thioearbamato) Ji'e(III) ehloride ~ .. ' 

The points are the frequencies of the observed absorption maxima and 

.;; ,'. 
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the bars indica~the approximate width. The curves plot the 

principle maxima of the polycrystalline absorption coefficient, 

c.alculated using the program described in Section II-C for 

-1 
D= -2.35 cm, A = 0.036, and T = 4.2oK. The dotted portions 

indicate regions of weak absorption. 

Fig. 16. Data for the ordered sample of bis (N,N diethyl dithiocarbamato) 

Fe(III) bromide, described in the text at 4.2°K. The points are 

the frequenc:i.es of the observed maxima and the bars indicate the 

approximate width. The curves are the transition frequencies 

-1 
calculated from Eq. (2) for 8

H 
- 31T/B, D= +7.50 cm ,and A = 0.067. 

Fig. 17. Data obtained from the far-infrared spectra of a polycrystalline 

sample of b:i.s (N,N diethyl dithioearbamato) Fe(III) chloride in 

the ordered state at T = 1.3°K. The points are the frequencies of 

the single sharp absorption maxima observed, and the bars indicate 

the experimental width. The line is v =2~BH + 3.B5 
-1 

em 

Fig. lB. Far-infrared transmission spectrum of - 50 mg of polycrysta11ine 

(JC
2

H
5 

)2NCS2)2 Fe (III ) Br at T=4.2°K and H=O. The absorption due to 

. -1 
the zero-field splitting is indicated at 6=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 sponsored 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; cor 

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 cqntract 

with the Commission, or his employment with such contractor. 

" 
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