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FOREWORD 

A D V A N C E S I N C H E M I S T R Y SERIES was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d 
collections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. I t prov ides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented , 
the ir papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are r e v i e w e d c r i t i ca l l y a c cord ing to A C S 
ed i tor ia l standards a n d receive the care fu l attent ion a n d proc 
essing character ist ic of A C S publ i cat ions . V o l u m e s i n the 
A D V A N C E S I N C H E M I S T R Y SERIES m a i n t a i n the integr i ty of the 

symposia o n w h i c h they are based; however , v e r b a t i m repro 
duct ions of prev ious ly p u b l i s h e d papers are not accepted. 
Papers m a y inc lude reports of research as w e l l as reviews since 
symposia m a y embrace b o t h types of presentation. 
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PREFACE 

A ^ o s s b a u e r spectroscopy has m a t u r e d to the po int that the exper imenta l 
parameters can be obta ined a n d fa i r l y w e l l understood, so the use

fulness of the technique to s tudy prob lems i n a n u m b e r of areas is b e i n g 
explored v igorously . T h e great d ivers i ty of appl icat ions is evident i m m e 
diate ly u p o n scanning the m a i n category headings i n this vo lume . V a l u 
able in format ion is b e i n g obta ined , m u c h of w h i c h is conta ined here in . 
Mossbauer spectroscopy has been used i n con junct ion w i t h other forms 
of spectroscopy to m a x i m i z e unders tand ing of par t i cu lar systems. Several 
chapters, most of t h e m us ing 5 7 F e , are demonstrations of ways i n w h i c h 
very specific environments i n materials such as catalysts, b i o l o g i c a l 
species, a n d surfaces can be invest igated. T h e uses of the technique as 
an ana ly t i ca l too l for quant i tat ive studies a n d i n fast-t ime studies are 
also covered. 

Speci f ical ly , the book is composed of seven extended papers a n d 
more t h a n twenty short papers. These were selected f r o m a m o n g those 
presented at the s y m p o s i u m u p o n w h i c h this book is based for expansion 
i n order to g ive a good overv iew of the ways i n w h i c h Mossbauer effect 
is b e i n g used i n researching c h e m i c a l problems. T h e seven longer papers 
conta in reviews a n d / o r useful de ta i l ed in fo rmat ion o n p a r t i c u l a r t e ch 
niques. T h e topics i n c l u d e n e w uses, such as appl icat ions of resonance 
for isotopes other t h a n 5 7 F e a n d 1 1 9 S n to important materials l i ke coa l , 
storage hydr ides , steels, a n d catalysts, i n m o d e r n technology, a n d to the 
studies of surfaces. A l s o i n c l u d e d are use of in terna l convers ion M o s s 
bauer spectroscopy a n d the theoret ica l interpretat ion of Mossbauer 
spectroscopic measurements. 

T h e short papers do not mere ly present n e w measurements or results, 
but prov ide , as w e l l , in t roduc t i on to the subject of the report , a n d gen
eral ly g ive a c r i t i ca l evaluat ion of other relat ive studies. I n m a n y cases 
the experiments are qui te nove l . C o l l e c t i v e l y these papers show the 
b readth of n e w appl icat ions of the Mossbauer effect. O t h e r isotopes 
reported i n this v o l u m e besides 1 1 9 S n a n d 5 7 F e i n c l u d e 6 7 Z n , " R u , 1 2 1 I , 
1 5 1 E u , 1 6 9 T m , 1 9 7 A u , a n d 2 3 7 N p . T h e appl icat ions of mo lecu lar o r b i t a l 
calculat ions are surveyed a n d evaluated a n d , b y corre lat ion w i t h the 
Mossbauer data , g ive n e w insights into c h e m i c a l b o n d i n g . C o n v e r s i o n 
electron Mossbauer spectroscopy is finding more a n d more w i d e s p r e a d 
use i n surface analysis . Several chapters dea l w i t h the appl i cat ions of 
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Mossbauer spectroscopy to the character izat ion of coa l a n d its u t i l i za t i on . 
E x a m p l e s of the m a n y k inds of materials that can be s tud ied are g i v e n : 
soils, i r o n - s u l f u r b i o l og i ca l clusters, catalysts, battery materials , a n d 
h y d r o g e n storage materials , a m o n g others. 

Serv ing w i t h us on the o rgan iz ing committee were L . H . B o w e n 
( N o r t h C a r o l i n a State U n i v e r s i t y ) , M . L . G o o d ( L o u i s i a n a State U n i 
v e r s i t y ) , R . H . H e r b e r ( T h e Rutgers U n i v e r s i t y ) , C . H . W . Jones ( S i m o n 
F r a s e r U n i v e r s i t y ) , G . L . L o n g ( U n i v e r s i t y of M i s s o u r i — R o l l a ) , L . M a y 
( T h e C a t h o l i c Un ivers i ty ) , a n d J . J . Z u c k e r m a n ( U n i v e r s i t y of Ok lahoma) . 

Indust r ia l sponsors that made the sympos ium a n d thus this vo lume 
possible i n c l u d e N e w E n g l a n d N u c l e a r , Spire C o r p o r a t i o n , A m e r s h a m 
C o r p o r a t i o n a n d T h e R a d i o c h e m i c a l Centre , H a r w e l l , E l s c i n t , Inc . , 
R a n g e r E n g i n e e r i n g C o r p . , a n d W i s s E l . D u r i n g every stage of the 
s y m p o s i u m a n d the preparat ion of the book, assistance was rece ived 
f r o m the staff of the Mossbauer Ef fect D a t a C e n t e r of the U n i v e r s i t y of 
N o r t h C a r o l i n a at Ashev i l l e . Spec ia l apprec iat ion is due to V i r g i n i a 
Stevens, w h o was i n v o l v e d i n the in terminab le details a n d decisions 
f r o m the b e g i n n i n g to the end . 

F i n a l l y , w e w o u l d l ike to dedicate this book to the m e m o r y of J a n 
Trooster , a scientist a n d f r i e n d extraordinaire , w h o was to have con 
t r i b u t e d speci f ical ly but , because of i l lness, was unab le to do so. H o w 
ever, his spir i t of adventure , ded i cat i on to care ful research, a n d a b o u n d 
i n g good h u m o r p r o v i d e d those a r o u n d h i m w i t h the insp irat ion a n d 
energy necessary to do the k i n d of w o r k this book represents. 

J O H N G . S T E V E N S 

Mössbauer Ef fect D a t a C e n t e r 
U n i v e r s i t y of North Carolina at A s h e v i l l e 
A s h e v i l l e , NC 28814 

G O P A L K. S H E N O Y 

Solid State Physics Division 
A r g o n n e N a t i o n a l L a b o r a t o r y 
A r g o n n e , IL 60439 

June 27, 1981 
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I N T R O D U C T O R Y R E M A R K S 

I a m pleased to have the oppor tun i ty to r ev iew the b r e a d t h of 
appl icat ions of the Mössbauer effect which is represented b y this book. 
M y remarks reflect m y t w o "hats " in that I represent the A m e r i c a n 
C h e m i c a l Society t h r o u g h its B o a r d of D irec tors a n d I a m a m e m b e r of 
that group of chemists w h o recognized early the po tent ia l u t i l i t y of 
Mössbauer spectroscopy in so lv ing c h e m i c a l problems. F i r s t , I a m pleased 
to see a n in terd i s c ip l inary s y m p o s i u m such as this one attract such a 
divers i f ied group of scientists for the extended exchange of basic science 
a n d technology i n a specific area of interest. It i l lustrates the centra l 
p lace of chemistry i n the discussion of major concepts in science a n d i n 
the eva luat ion of current technolog ica l problems. T h e A m e r i c a n Chemi
c a l Society, t h r o u g h its D i v i s i o n s of Inorganic C h e m i s t r y a n d N u c l e a r 
C h e m i s t r y a n d Techno logy , is to be congratulated for p r o v i d i n g a f o r u m 
of this type. 

A br ie f r e v i e w of this v o l u m e reveals b o t h the b r e a d t h a n d d e p t h 
of the current state of the art of Mössbauer spectroscopy a n d its a p p l i c a 
tions to current prob lems of interest. T h e chapters range f r o m a p p l i c a 
tions in theoret ica l chemistry to the analysis of the m i n e r a l content of 
coal . T h e overa l l sympos ium p r o g r a m , on w h i c h this book is based, 
proves that the early recognized potent ia l of this technique for so lv ing 
c h e m i c a l prob lems has been rea l i zed . H o w e v e r , the obvious l imitat ions 
are s t i l l with us. T h e o v e r w h e l m i n g major i ty of the chapters focus on the 
Mössbauer effect in 57Fe; the extension to other isotopes is s t i l l not exten
sive. Perhaps w h a t the sympos ium indicates best is our present a b i l i t y 
to a p p l y somewhat esoteric ins t rumenta l methods b o t h to signif icant bas ic 
scientific questions a n d to a p p l i e d research problems of techno log i ca l 
interest. A s our technolog ica l prob lems become more complex , this 
ability will become more a n d more important . 

T h e organizers, p a r t i c u l a r l y J o h n Stevens, V i r g i n i a Stevens, a n d 
G o p a l Shenoy, are to be congratulated for the ir efforts to b r i n g this group 
together a n d for coax ing papers out of so m a n y of the part i c ipants . 
Those w h o have h e l p e d organize meetings of this type k n o w the w o r k 
i n v o l v e d a n d can recognize the outstanding job that this s m a l l group has 
accompl i shed . 

M A R Y L . G O O D 

June 27 ,1980 
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1 
Application of Molecular Orbital Calculations 

to Mössbauer and NMR Spectroscopy of 

Halogen-Containing Compounds 

MICHAEL GRODZICKI, SIEGFRIED LAUER, and 
ALFRED X. TRAUTWEIN 
Angewandte Physik, Universität der Saarlandes, 
66 Saarbrücken 11, West Germany 

ANNABELLA VERA 
Universita degli Studi di Parma, 43100 Parma, Italy 

Self-consistent field and charge molecular orbital (MO) 
calculations are applied to a series of fluorine-, chlorine-, 
bromine-, and iodine-containing molecules. Calculated orbi
tal energies and dipole moments are used for testing and 
comparing the MO theories. The calculation procedures for 
deriving (1) electron charge densities p(O), (2) electric field 
gradient tensors, and (3) internal magnetic fields are de
scribed in detail. In connection with calculated p(O) values 
and measured isomer shifts δ, the relative change of nuclear 
charge radius, δR/R, is derived for iodine. Together with 
the various contributions to the electric field gradient, the 
quadrupole polarization of electronic cores γ(r) and the 
nuclear quadrupole moments Q for chlorine, bromine, and 
iodine are discussed. For one specific compound, N(C2H5)4-
FeI4, the internal magnetic fields at the iron and iodine 
nuclei are evaluated simultaneously from the magnetic MO 
structure of this compound. All calculated data are com
pared with experimental results. 

Molecular o rb i ta l ( M O ) calculations p r o v i d e us w i t h electronic a n d 
magnet ic structure properties of a molecule , f r o m w h i c h suitable 

spectroscopic data can be der ived for comparison w i t h exper imental 
Môssbauer a n d N M R work . C o m p a r i n g exper imenta l hyperf ine data w i t h 

0065-2393/81/0194-0003$08.75/0 
© 1981 American Chemical Society 
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4 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

computed electronic data y ie lds nuc lear properties such as 8R/R ( re lat ive 
change of nuc lear charge rad ius ) a n d Q (nuc lear quadrupo le m o m e n t s ) . 
B e y o n d this , the m u t u a l feedback of theory a n d experiment helps the 
q u a n t u m chemist test the r e l i a b i l i t y of the various approximations i n 
v o l v e d i n his calculat ions a n d helps the spectroscopist interpret his 
measured data . 

I n the present work , self-consistent field ( S C F ) a n d self-consistent 
charge ( S C C ) M O calculat ions are a p p l i e d to a series of halogen-contain
i n g compounds . I n the second section, some of the approximations 
inherent to these calculat ions are descr ibed , a n d exper imental o rb i ta l 
energies a n d d ipo le moments are compared w i t h ca l cu lated values 
der ived f r om S C C - X a - M O , S C C - I E H - M O ( i terat ive extended H u c k e l ) , 
S C F - M O (c lose to the H a r t r e e - F o c k l i m i t ) , a n d Gauss ian 7 6 - M O ver 
sions. T h e f o l l o w i n g sections dea l w i t h isomer shift a n d electron charge 
densi ty at the Mossbauer nucleus , w i t h electric field gradients, a n d w i t h 
the interpretat ion of measured magnet i c hyperf ine fields at the i r o n a n d 
i od ine nuc le i . 

Molecular Orbital Calculations 

T h e one-electron equat ion that m a y descr ibe the electronic structure 
of a many-part i c l e system is ( i n a.u.) 

( - A + V ( r ) ) frft (1) 

where V(r) is a l o c a l pseudopotent ia l , a n d ^fc("r) are molecu lar orbitals 
( M O ) 

* fcW = Z Rt) cjk
v (2) 

vj 

Rv) is a n atomic w a v e func t i on character iz ing the (nJ9 lj9 m ; ) - t h 
atomic o r b i t a l of the v-th a tom; for the present w o r k , Slater-type orbitals 
( S T O ) are used. M u l t i p l i c a t i o n of E q u a t i o n 1 f r o m the left b y 
4>iiv,)*{r — Rv>) a n d integrat ion over the electronic coordinates y ie lds the 
secular equat ion 

E ^ - * ^ ) ^ - 0 (3) 
vj 

w i t h the H a m i l t o n i a n matr ix elements H^v a n d the over lap matr ix ele
ments s%v 

Htf = j ( t - i t ) [ — A + V (?) ] ( ? - Rv) d*r (4) 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 5 

S$> = J ( r - I V ) (t-tv)d'r (5) 

W i t h the short notations 

H£(t) A + y j ^ f - B , ) (6) 

VNB(P) = V(?) - \ [V™ ( ? - i t ) + V%> (?- f „ < ) ] (7) 

the H a m i l t o n i a n matr ix elements can be w r i t t e n as 

= | ( « f + « / ) sp + \ (V$> + y y ) (8) 

y ^ = J * ^ ( T - E o ^ W - y £ M ^ - « » ) W F ) ( r 

(9) 

w h e r e c",- is the valence o r b i t a l i on iza t i on potent ia l of the v - t h a tom or 
i on . F r o m E q u a t i o n 8 the extended H i i c k e l type equations are obta ined 
b y the approximations 

Vy = l(VX' + V™)Sy ; tr + V f - k H F (10) 

y i e l d i n g 

T = | W + h - ) s ^ . (ii) 

I n the I E H calculat ions, the Cusachs approx imat ion ( I ) is adapted for 
the propor t i ona l i ty constant ft 

ft-2- \Stf\ (12) 

a n d the d iagona l H a m i l t o n i a n matr ix elements are descr ibed i n terms of 
valence o rb i ta l i on izat i on potentials w h i c h depend on the effective charge 
Qv of the v - t h atom ( 2 ) : 

H% = ~ (*jov + *nv Q») (13) 
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6 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

So far w e have successfully a p p l i e d this method to the interpretat ion of 
electric a n d magnet i c hyperf ine parameters of 5 7 F e - c o n t a i n i n g compounds 
( 3 ) . 

I n add i t i on to the I E H method , a m e t h o d was used that exp l i c i t ly 
inc ludes ne ighbor contributions to the H a m i l t o n i a n . Recent ly w e have 
descr ibed this method i n de ta i l ( 4 ) , a n d have a p p l i e d i t to a series of 
smal l molecules i n c l u d i n g second-row elements ( 5 ) . T h e m a i n feature 
of this m e t h o d is that V(r) is descr ibed i n terms of a n X«-like m o d e l 
potent ia l w h i c h depends on effective atomic charges, thus m a k i n g the 
app l i ca t i on of an S C C i terat ion procedure possible. 

F o r one atom this potent ia l is g iven b y 

( r ) — r + & r [ 7 J x 2 p a t to d x + J xp&t todx J 

5*[!̂ at(r)] 
1/3 

6 « | ^ - P a t ( r ) I (14) 

A s s u m i n g that the atomic charge density p&t(r) depends exponential ly 
on r 

P . t ( r ) - ^ e - " , , - , ( Q ) (15) 
07T 

where N is the n u m b e r of electrons, our atomic m o d e l potent ia l has the 
f o r m 

y a t ( r ) ^ - N + v e ^ - a'rjN^e^*; J = 1.5 « ^ 
3 y / 3 

(16) 

V a t ( r ) is a funct ion of the effective atomic c h a r g e ^ i a Q, N, a n d rj. 
W e represent the mo lecu lar potent ia l V m o i ( r ) b y the superposit ion 

of atomic potentials ( E q u a t i o n 16) 

F m o i W - E v . t ( | ^ - B « | ) (17) 
GB 

E q u a t i o n 17 impl ies 

GB 

w h i c h overestimates the exchange c o n t r i b u t i o n because V e x , m o i ( 0 shou ld 
be rep laced b y 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 7 

F e x . m o l ( r ) ~ (?) = ( £ P x R J ) * " (19) 
se 

H o w e v e r , E q u a t i o n 17 has considerable computat iona l advantages over 
E q u a t i o n 19. 

It is w e l l understood that the Xa exchange potent ia l takes too large 
values for large distances r f rom the o r i g in ( 6 , 7 ) ; therefore, w e m a y 
account for this effect a n d for the approx imat ion inherent i n E q u a t i o n 18 
b y rep lac ing ??/3 i n the exchange part of E q u a t i o n 16 b y 77, w h i c h also 
has obvious computat iona l advantages. 

E v a l u a t i n g the potent ia l matr ix elements V*v, w e expand the atomic 
potentials V a t (|r*— I) , centered at Jt^, into spher ica l harmonics , cen
tered at the o r i g in of the molecular frame, 

V^(\t^Rj)-^r^VhaLt(r,Bm) Y*lm(RJ Ylm{r) (20) 
lm 

I n this procedure , the first t erm i n E q u a t i o n 16, w h i c h is propor t i ona l 
to 1 / r , takes the f o rm (— <2Q Jll + 1 ) ( ^ l / r >

l + 1 ) 9 w h i l e the r e m a i n i n g 
r a d i a l terms are evaluated u s i n g the B a r n e t t - C o u l s o n f -expansion t e ch 
n i q u e ( 8 ) . A n analogous expansion is a p p l i e d for the one-center expan
sion of the atomic w a v e functions (4). T h e n , the two-center integrals 
can be evaluated analyt i ca l ly i n closed f o rm. T h e three-center integrals 
are der ived f r o m 

?Z - E t U%"(r,RJ W%»&J (21) 
se^W 1 = 1 

where the Z-summation m a y be terminated for nonl inear molecules at 
I = 1 or 2, as has been shown prev ious ly ( 5 ) . 

T h e parameters of the S C C - X a m e t h o d are determined b y 

x]> = xv
j0 + xn Q% + xv

j2 Qv
2 (22) 

where x m a y be rep laced b y the i on izat ion potent ia l c, the Slater exponent 
f, a n d the potent ia l parameter 77, respectively. T o reduce the n u m b e r of 
free parameters , ejtl a n d c ; > 2 are taken f r o m atomic data ( 9 ) , w h i l e 

Vi,z> f;\o> fi,i> a n d £,,2 are determined f r om r expectation values ( 5 ) of 
atomic H a r t r e e - F o c k w a v e functions ( 1 0 ) . T h u s , the on ly free parameters 
are 770 a n d c 0 w h i c h have been determined b y fitting exper imental i o n i z a 
t i on potentials a n d d ipo le moments of the ha logen hydr ides ( H F , H C 1 , 
H B r , a n d H I ) . 

T h e parameters for the I E H calculat ions have been determined i n a 
s imi lar fashion. T h e resul t ing parameter sets are l i s ted i n T a b l e I . 
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8 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Table I. Final Parameter Set Used for S C C - X a 

and I E H Calculations 0 

Orbital to to it •no 

F 2s 40.80 25.57 3.54 2.5 0.1 
(34.0) (18.0) (2.6) 2.7 0.5 

F 2p 16.84 20.54 3.54 2.3 0.3 2p 
(18.0) (15.0) (2.2) 

C I 3s 27.20 15.78 1.63 2.15 0.1 
(29.0) (15.5) (2.5) 2.5 0.4 

C I 3p 13.19 13.19 1.63 1.89 0.3 3p 
(13.0) (10.0) (2.1) 

B r 4s 24.75 14.14 1.36 2.45 0.1 
(26.0) (14.0) (3.3) 2.4 0.4 

B r 4p 11.83 11.69 1.36 1.95 0.3 4p 
(11.5) (9.0) (2.5) 

I 5s 19.72 12.24 1.09 2.50 0.1 
(25.0) (14.0) (3.0) 2.3 0.4 

I 5p 10.74 10.06 1.09 1.98 0.3 5p 
(10.5) (8.0) (2.4) 

C 2s 14.96 17.54 3.54 1.57 0.1 
(25.0) (11.0) (1.61) 2.4 0.5 

C 2p 9.52 14.69 3.54 1.46 0.3 2p 
(10.0) (11.0) (1.61) 

H Is 10.34 20.67 10.34 1.2 0.4 2.4 0.8 
(13.6) (12.8) (1.2) 

N 2s (30.0) (12.0) (1.95) 
N 2p (11.5) (12.0) (1.95) 

0 2s (33.0) (15.0) (2.27) 
0 2p (15.2) (15.0) (2.0) 

s 3s (22.0) (9.6) (1.82) 
s Zp (11.5) (9.6) (1.82) 

F e 3 d (7.0) (8.0) (2.87) 
F e 4s (7.5) (8.0) (1.4) 
F e 4p (6.5) (8.0) (1.4) 

"Energies in eV; values in brackets correspond to I E H calculations, values with
out brackets to S C C - X a calculations. 

Besides the M u l l i k e n p o p u l a t i o n analysis , w e use the p o p u l a t i o n 
analysis w h i c h y ie lds "d ipo le -corrected p o p u l a t i o n n u m b e r s " 

n v = Y , H p ^ ^ % v - Z % v ) ( 2 3 ) 

V' ij 

w i t h the b o n d order matr ix 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 9 

P £ " = Z > ( < W ) * < V (2*) 
k 

that is , the overlap density is par t i t i oned i n such a manner that its 
centro id is preserved ( 2 , 5 ) . I n Tables I I a n d I I I w e compare our 
ca lculated o rb i ta l energies a n d d ipo le moments w i t h exper imental values 
a n d w i t h other ca l cu lated values that were reported i n the l i terature. 
It is w o r t h no t ing that the I E H results show the same l eve l of agreement 
w i t h exper imental results as those obta ined w i t h more sophist icated M O 
methods ( that is , S C C - X a , Gauss ian 76, S C F - M O ) . 

Isomer Shift and Electron Charge Density 
at the Mossbauer Nucleus 

T h e difference of the exper imental ly determined isomer shift of 
C o m p o u n d A a n d C o m p o u n d B , A8 = 8 A — 8 B , * s re lated to the corre
spond ing difference of electron densities at the Mossbauer nuc le i , A p ( 0 ) 
- P A ( 0 ) - , B ( 0 ) , b y 

A8 — aAp (0) (25) 

where a is the isomer shift ca l ibrat ion constant. T h e to ta l charge density 
p (0 ) consists of valence a n d core contr ibut ions 

p(0) — PT.I(0) + p c ( 0 ) 

- 2 3 n * I M O ) | a + 2 J 3 | ^ « > ( 0 ) | * (26) 
k n 

F o r the M O s fai?) w e are w i t h i n the l inear combinat i on of atomic 
orbitals ( L C A O ) approx imat ion , w h i l e the molecu lar core w a v e functions 
\pn^(r) are der ived f r o m orthogonal izat ion of the atomic core w a v e 
functions <t>n

ic)(r) to a l l M O ' s ^ ( r ) : 

- N U { 1 - £ l * * > < * * l ~ E k m ( c ) X ^ ( c ) | } k n ( c ) > 
k m=l 

(27) 

( T h i s procedure was first a p p l i e d b y F l y g a r e a n d Hafemeis ter to i od ine -
conta in ing compounds ( I I ) a n d t h e n was used for i ron - conta in ing c o m 
pounds ( 3 ) . 

N e g l e c t i n g a l l terms of t h i r d a n d h igher order i n the c o r e - l i g a n d 
overlap matr ix 

S « _ f ^ o o (7*_ j £ ) ^<o (t) d*r (28) 
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10 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Table II. Experimental and Calculated Dipole Moments (in 
Debye) for Various Halogen-Containing Molecules 

Molecule Experimental 

H I 0.4477", 0 .445' 
C1I 1.24", 0 . 6 5 ' * 
B r I 0.737' , 1.26* 
F I 1.984" 
H2CI2 1.08* 
C 1 C 8 I 0.3" 
H I C 2 I H 0.75" 
H3CI 1.647", 1.64" 
F3CI 1.0C 

F H 1.819" 
C1H 1.12', 1.12* 
B r H 0.834" 
B r C l 0.57 *•* 
B r F 1.29', 1.20* 
C1F 0.8881 "*-' 

H 3 C F 1.885' 
H3CCI 1.94" 
H 3 C B r 1.82" 
H2CCI2 1.62" 
H2CBr2 1.89" 
H C 2 C 1 0.44" 
H C 2 B r 0.0" 

Calculated 
(Literature Values) 

0.654' , 0.7135", 0.5812" 
1.6402", 0.7431" 

0.645' , 1.2159", 1.3447" 
1.448', 2.1440", 2.3047" 

1.2866" 
1.1851" 
2.0995' 

1.1771", 1.1830' 
1.1483° 

1.829' 
1.114', - 1 . 7 8 " 
0 .931 ' , 1.7357" 
0.588' , 0.3645" 
1.444', 1.2679" 
0 .901 ' , 0.8960", 1.099', 

0.839", 2.0" 
1.66' 
2.0108" 
1.9203" 
1.8525" 
1.9563" 
1.3183" 
1.2309" 

scc- Gaus
IEH x « sian 76 

1.350 0.44 
1.286 1.29 
0.597 0.71 
1.939 2.08 
1.320 
1.139 
1.360 
0.996 
1.178 
2.800 1.83 1.00 
1.080 1.08 1.73 
1.170 0.88 
0.912 0.68 
1.931 1.56 
0.952 0.93 0.49 

2.444 
2.080 
1.176 
2.103 
1.425 
0.344 
0.108 

°Hellwege, K. H . ; Hellwege, A . M . , Eds. "Structure Data of Free Polyatomic 
Molecules"; Landolt-Bornstein, New Series II; Springer-Verlag: Berlin, 1976, Vol. 7. 

b Nair, K. P. R., et al. Chem. Phys. Lett 1979, 60, 253. 
0 Hellwege, K. H . ; Hellwege, A. M . , Eds. "Molecular Constants from Microwave 

Spectroscopy"; Landolt-Bornstein, New Series II; Springer-Verlag: Berlin, 1967, 
Vol. 4. 

"D 'Aus-Lax "Taschenbuch fur Chemiker und Physiker": Springer: Berlin, 1970; 
Vol .3 . 

e Weiss, R. Phys. Rev. 1963, 131, 659. 
1 Burrns, C. A . J. Chem. Phys. 1959, 31, 1270. 
9 Robinette, W. H . ; Sanderson, R. B. Appl. Optics 1969, 8, 711. 
h Cheesman, G . H . , et al. Theor. Chim. Acta 1970, 15, 33. 
4 Sichel, J . M . ; Whitehead, M . A . Theor. Chim. Acta 1968,11, 254. 
3 Straub, P. A . ; McLean, A . D . Theor. Chim. Acta 1974, 32, 227. 
* Hojer, G . ; Meza, S. Acta Chem. Scand. 1972, 26, 3723. 
1 Hase, L . H . ; Schweig, A . Theor. Chim. Acta 1975,81, 215. 

m McGurk, I., et al. J. Chem. Phys. 1973, 68, 3118. 
n Scharffenberg, P. Theor. Chim. Acta 1978, 49, 115. 

0 Scharffenberg, P. Chem Phys. Lett. 1979, 65, 304. 
p Green, S. Adv. Chem. Phys. 1974, 25, 179. 
q Kenneth, C. J . , et al. J. Chem. Phys. 1976, 64, 2698. 
r Larkin, M . ; Gardy, W . J. Chem. Phys. 1963, 38, 2329. 
'Pople, T . A . ; Beveridge, D . L . "Approximate Molecular Orbital Theory"; 

McGraw Hil l : New York, 1970. 
' Davis, R. E . ; Muenter, J . S. J. Chem. Phys. 1972, 67,2836. 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 11 

w e obta in 

m = 1 uv k 

£ £ ctfcrfSW,™ ( t - ft)} (29) 

i i 

F r o m E q u a t i o n 29 the core contr ibut ion />c(0) is der ived as 

P c ( 0 ) = 2 ^ | ^ ' ( 0 ) | 2 (30) 

T h e free i on contr ibut ion |<£ n
( e ) (0)| 2 is ca l cu lated for the ac tua l o r b i t a l 

occupat ion ns, np of the Mossbauer i o n i n the molecule f r o m the inter 
po la t i on f o rmula 

2|<KCe) (0) | 2 = a 0 + a8ns + a p n p - f a s s n s
2 + a s p n 8 n p + a p p n p

2 + 

^sss^s^ ~{~ dssp^s^^p ~{~ Q'sppW's'ft'j)2 ~f~ Clpppnp (31) 

T h e coefficients i n E q u a t i o n s 31, l isted i n T a b l e I V , are de termined f r o m 
re lat iv is t i c H a r t r e e - F o c k - S l a t e r calculations for electronic configurations 
5s°5p°, . . . , 5s?5p5. ( 5 s 2 5 p 6 has been omi t ted because the Xa m e t h o d 
general ly fails for negative ions.) W i t h respect to differences i n /o c(0) as 
obta ined f rom relat iv ist ic H a r t r e e - F o c k - S l a t e r a n d H a r t r e e - F o c k - D i r a c 
calculat ions, respect ively , see footnote i n T a b l e I V . 

A s a p r e l i m i n a r y result w e present here electron densities p(0) for 
five molecules : IC1, I B r , I 2 , I F 5 , a n d I F 7 . I n F i g u r e 1, our ca l cu lated 
re lat iv ist ic p(0) values ( w h i c h have been der ived on the basis of our 
S C C - X a - M O calculat ions) are compared w i t h exper imental 1 2 9 I isomer 
shifts. T h e slope of the so l id l ine i n F i g u r e 1 represents the isomer shift 
ca l ibrat ion constant a of E q u a t i o n 25; a is re lated to the relat ive change 
of the nuc lear charge radius of i od ine 8R/R b y 

^ - = « C , (32) 

w i t h R be ing the nuclear charge radius a n d SR the change i n R w h e n 
the nucleus is excited f rom its ground state to its first excited state. T h e 
constant C takes the value 1.9562 • 10" 3 a0~3 m m _ 1 s for 1 2 9 I . T a k i n g a f r o m 
F i g u r e 1 w e der ive a 8R/R va lue of 4.4 • 10" 4 w h i c h is i n reasonable 
agreement w i t h the value of 4 • 10" 4 r epor ted b y Spi jkervet et a l . (12) 
a n d L a d r i e r e et a l . ( 13 ) . 
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12 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

Table III. Experimental and Calculated Orbital Energies 

Experimental SCF-MO (Literature Values0) 

Molecule €<7 EIR 

C 1 F 12.66 ' 16.39* 17.80* 
C1I 10.10 c 12.90° 14.26° 10.39 13.84 
B r I 9.85" 11.90' 13.70° 8.98 11.83 
F 2 15.63" 17.35" 18.46" 17.68 22.47 21.23 
C I , 11.50" 14.11" 15.94" 11.87 15.39 16.15 
B r 2 10.56* 12.77" 14.56° 10.84 13.52 14.26 
I 2 9.35" 11.00° 12.95° 8.43 10.75 11.57 
H 2 — — 15.45* — — 16.22 
F H 16.27" — 19.86" 17.33 — 20.60 
C 1 H 12.80" — 16.27" 12.77 — 16.93 
B r H 11.87" — 15.31" 11.54 — 15.59 
I H 10.75" — 14.03" 10.43 — 14.28 

•Straub, P. A . ; McLean, A . D . Theor. Chim. Acta 1974, 82 227. (These calcula
tions are close to the Hartree-Fock limit of self-consistent field-MO calculations; 
double-zeta wave functions have been used.) 

Table IV. Coefficients (in a0~3) of the Interpolation 
from Relativistic Atomic 

Coeff. 
1 a 0 a* 

4s 1121.677 - 9 . 6 8 4 - 2 . 8 5 1 9.710 
3s 5142.395 - 0 . 9 9 1 - 1 . 0 7 0 - 0 . 7 4 1 
2s 25797.154 - 4 . 2 0 0 - 0 . 6 8 8 4.528 
Is 214886.827 - 6 . 0 9 4 - 0 . 8 2 9 6.882 
4p 31.709 - 0 . 2 1 9 - 0 . 1 1 2 0.162 
3p 154.343 0.027 - 0 . 0 4 0 - 0 . 1 2 3 
2p 711.829 - 0 . 2 2 6 - 0 . 0 3 6 0.251 
5s 0.0 112.482 3.848 - 2 1 . 7 6 1 
bp 0.0 - 4 . 1 3 6 0.661 14.944 

° I t has been pointed out earlier (Mahanti, S. D . ; Das, T . P . ; Lee, T . ; Iken-
berry, D . Phys. Rev. 1974, A9, 2238.) that the relativistic Hartree-Fock-Slater 
(HFS) approximation is inadequate in obtaining reliable theoretical values of hyper-
fine constants. Therefore, we compared relativistic H F S results for p(0) with those 
obtained from Hartree-Fock-Dirac ( H F D ) calculations (J. P. Desclaux, private 
communication). The absolute relativistic p(0) values for free iodine (5s 25p 5) are 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 1 3 

(in eV) for Various Halogen-Containing Molecules 

IEH SCC-Xa Gaussian 76 

Co-

13.48 16.42 16.36 13.46 16.04 18.09 11.23 16.64 15.14 
10.76 12.37 12.80 11.02 12.65 14.04 — — 
10.35 11.54 12.23 10.34 12.38 14.00 — — 
16.29 19.41 19.50 16.04 18.36 21.08 — — 
11.88 13.94 14.18 11.83 14.14 16.05 11.07 14.36 14.50 
10.93 12.01 12.83 10.88 12.92 15.09 — — 

9.82 11.09 11.68 9.93 11.70 13.33 — — 
— — 15.38 — — 15.48 —. — 

15.46 — 17.01 15.64 — 20.00 12.61 — 12.89 
12.68 — 14.46 12.64 — 16.59 11.51 — 15.35 
11.84 — 13.80 11.69 — 15.50 
11.11 — 13.04 10.74 — 13.87 

b Anderson, C. P., et al. Chem. Phys. Lett. 1971, 12,137. 
• Hall , M . B . Int. J. Quantum Chem., Symp. 1975, 9, 237. 
4 Frost, D . C , et al. J. Chem. Phys. 1967, 46, 2255. 

Formula for 2|<£ n
( c )(0) |2 of Equation 31, as Obtained 

Hartree—Fock—Slater Calculations 0 

&sp app &SSS a s s p &spp appp 
0.607 0.279 - 3 . 1 1 7 - 0 . 0 4 1 - 0 . 0 2 6 - 0 . 0 0 9 
0.294 0.097 0.357 - 0 . 0 4 9 - 0 . 0 0 6 - 0 . 0 0 3 
0.132 0.030 - 1 . 3 9 6 - 0 . 0 4 6 0.013 0.0 
0.123 0.090 - 2 . 2 5 6 0.0 - 0 . 0 0 1 - 0 . 0 0 4 
0.019 0.011 - 0 . 0 5 2 0.0 - 0 . 0 0 1 0.0 
0.011 0.004 0.045 - 0 . 0 0 2 0.0 0.0 
0.006 0.002 - 0 . 0 7 8 - 0 . 0 0 2 0.001 0.0 

- 5 . 9 2 0 - 1 . 0 2 1 5.998 - 0 . 0 0 2 0.447 0.063 
- 1 . 3 7 4 - 0 . 0 2 6 - 5 . 8 7 4 0.446 0.005 0.002 

on the order of 248,000 a 0 " 3 (HFS) and 255,000 a 0 ~ 3 ( H F D ) , respectively, that is, the 
difference />(0) ^|P 5 — p(0) j F ^ 5 is on the order of 7000 a<f3. However, the 
difference [p(0) - P (0 ) 5S25P5]HFD - [p(0) 5^5p 4 - p(0) 5S25P5]HFS is only 
on the order of 1 a©"3. 
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14 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

£ M *(mms~0 vs. Zn Te 

Figure 1. Calculated relativistic 
electron densities p(0) = 247,900 + 
p'(0) in a 0~ 3 vs. experimental isomer 
shifts $ in mms'1 for 129I-containing 
molecules. Experimental values are 
taken from Ref. 63. (§exv values for 
I2, IBr, and ICl correspond to rare 
gas matrix isolation measurements.) 
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Quadrupole Coupling Constant and Electric Field 
Gradient at the Halogen Nucleus 

Electric Field Gradient Calculation. A r igorous treatment of the 
electric field gradient tensor Vpq consists of d i v i d i n g the to ta l charge of 
the molecule into the posit ive point-charges qv of the atomic cores a n d 
the charge d i s t r ibut ion of a l l electrons (14), 

0 v'v J 

v (33) 

T h e e0 is the (pos i t ive ) e lementary charge, a n d the tensor operator 
components Vpq(r) are 

v M b ) = [ i - y ( r ) ] 3 r p r , 1 ~ ^ p 9 

_ 1 - Z ( r ) _ £ C p n M ( 7 ) (34) 
' M--2 

w h e r e y ( r ) is the Sternheimer sh ie ld ing func t i on , w h i c h w i l l be discussed 
i n the f o l l o w i n g section, Z2M(T) are r e a l spher i ca l harmonics , a n d the 
numbers C ^ f are g iven i n Ref . 14. 

A f t e r ca l cu la t ing Vpq a ccord ing to E q u a t i o n 33, a matr ix d iagona l i za -
t i o n is per formed , a n d then the m a i n axes elements are rearranged such 
that \V„\ ^ \VXX\ ^ \Vyy\. W i t h these n e w m a i n axes elements, the 
asymmetry parameter -q is defined as 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 15 

I y xx ^ w 1 
1̂ *1 V - ' , T , , (35) 

T h e nuc lear quadrupo le c o u p l i n g constant e2qQ, w h i c h is taken f r o m 
exper imenta l w o r k (Mossbauer , N M R , a n d microwave measurements) 
for comparison , is re lated to Vzz b y 

e*qQ _ eWzzQ (36) 

where Q is the nuc lear quadrupo le moment of the atom under considera
t i on . T h e expl ic i t evaluat ion of V p q , E q u a t i o n 33, inc ludes integrals of 
the type 

(37) 

w i t h Q(r) = [1 — y(r)]/r. I n E q u a t i o n 37 w e d i s t inguish four cases 
( the superscript O stands for the Mossbauer atom a n d v, v for its l i g a n d s ) : 

Q S i r - / * « ( 0 ) ( 3 ^Z2M(T) </>/°>(Od3r (38) 

0 ^ = / < t > i ( 0 ) ( r ) ^ Z 2 M ( r ) <t>^(?-Rv)d*r (v^0) (39) 

OS!M - f <h™ *W ^(?) 4>/ v ) ( T - Bl)dh) (v ^ 0) (40) 

Q Z i - f ^ ( " - t j ^ ^ W ^(T-RJdh ( „ ^ / ; v / ^ 0 ) . 

(41) 

T h e one-center contr ibut ions Q™M are der ived b y subst i tut ing E q u a t i o n 
34 into E q u a t i o n 38: 

Q%M - GW(W (1 - B) <r3>« (42) 

w i t h G2M(LiLj) b e ing a G a u n t number , L — (7m), a n d R = < y ( r ) r " 3 > / 
< r " 3 > . T h e <r~3>u values have been der ived f rom H a r t r e e - F o c k w a v e 
funct ions (10) t a k i n g into account the ac tua l valence o r b i t a l p o p u l a t i o n 
b y a n appropriate interpo lat ion scheme (see capt ion of F i g u r e 4 ) . T h e 
two-center contributions ( E q u a t i o n s 39 a n d 40) can be evaluated ana -
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16 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

l y r i c a l l y , u s i n g S T O ' s fa a n d <f>J9 w i t h the he lp of the one-center expansion 
of E q u a t i o n 20. T h i s procedure y ie lds the f o l l o w i n g results for Q°YM 

a n d Q ^ : 

(43) 

I V W — Z rm(\)Rvv* Z V2J' + 1 GVo(W) 
X = |n| I' = | ! -X| 

f0 0 W > (r) Q (r) ^ ( * > , « , ) dr (44) 
0 

WZ* ( W - Z ^ ( L { , 2 M ) I » ^ (iL)i^ (B„) (45) 

<3«ir = V 4 ^ i f 2 W W ^ T M ( W . *< =min( i ,2 ) 
(46) 

X+2 

W W - £ I V ( A ) fl,'"* Z V2r+TGr(A^,2 M ) 
X=|(i| J'=|X-2| 

fi*Q(r)u%> {l';r,Rv)dr (47) 
«/ o 

^ < w = z ( w D s D % A ) <48> 

T h e notat ion i n the second section has been adapted here. T h e three-
center integrals , E q u a t i o n 41 , c o u l d be h a n d l e d i n a n analogous manner . 
H o w e v e r , i n v i e w of the expected smallness of these contr ibut ions (see 
T a b l e V I I I ) , w e use the f o l l o w i n g approx imat i on : 

Q iLM = Q V8i8Jt M Ov'v (49^ 

w h e r e SjJ" is the over lap m a t r i x a n d Qv
8'?SJtM is the m a t r i x e lement be 

t w e e n the two s functions of the ( / , v)-block of QV{?M w h i c h is 

QZ.M - 4 - Z E u7 ("') w%v (»'> <«» 
1=0 r=|*-2| 

(«') - f ° « « £ (l';r,Rv.) Q(r) u # (Z;r,i2„)dr (51) 
«/ 0 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 1 7 

l A V A 
w Z i («') = Z Z Z*'(B"> G2M(L'L) (52) 

T h e Z-summation is t runcated at I = 2, w h i c h is sufficient to get results 
to the t h i r d d e c i m a l p lace . 

Shielding and Antishielding. T h e electr ic field gradient tensor 
operator components defined i n E q u a t i o n 34 conta in the factor (1 — 
y ( r ) ) . T h i s factor arises f r om the po lar i za t i on of core electrons of the 
Mossbauer atom b y charges outside the core. W i t h i n the M O p i c ture , 
core electrons are those that are exc luded f r o m the l i m i t e d M O basis 
set. H o w e v e r , for the interpretat ion of atomic b e a m measurements the 
situat ion is s l ight ly different: the hole i n the p-valence e lectron she l l of 
hal ides polarizes the inner core and the s- a n d p-valence electrons. I n 
add i t i on , the po lar i za t i on depends on whether w e are concerned w i t h a 
p0- or a p ± i - h o l e . 

T h e amount of po lar i za t i on depends o n y ( r ) a n d accounts for sh ie ld 
i n g ( y ( r ) > 0 ) or ant i sh ie ld ing ( y ( r ) < 0 ) effects i n d e r i v i n g the 
electric field gradient. I n the l i terature most of the w o r k w i t h respect to 
these sh ie ld ing a n d ant i sh ie ld ing corrections has been reported b y Stern-
he imer ( 1 5 - 2 6 ) . Therefore these corrections are also t e rmed " S t e r n -
he imer correct ions" a n d the method used b y Sternheimer for ca l cu la t ing 
these terms as the "Sternheimer procedure . " O t h e r methods used for 
d e r i v i n g y ( r ) are the var ia t i ona l method (27-^30), the m a n y - b o d y per
turbat i on method (31-36), a n d the coup led H a r t r e e - F o c k method (37^39). 
M o s t of the publ i cat ions report on ly factors R a n d y*, or even on ly y*,. 
Recent ly L a u e r et a l . (40) ca l cu lated self-consistent y(r) functions a n d 
R factors corresponding to electronic configurations that also exclude the 
valence orbitals , general ly i n c l u d e d i n the M O calculations. 

T h e po lar i za t i on induces a n electric field gradient i n the electron 
core. T h e tota l electric field gradient (q + Qmd) interacts w i t h the 
nuc lear quadrupo le moment . T h e total quadrupo le c o u p l i n g constant is 
then e2Q(q -f- q-md) w h i c h , i n c l u d i n g the propor t iona l i ty factor (1 — R*), 
leads to 

e2(Qq)totai - e2Q(q + g i n d ) - e*Qq(l - R*) (53) 

T h e quant i ty R* depends o n y ( r ) b y the re lat ion 

R* = 
<y(r)r3> 

< r 3 > 
(54) 

where r is the distance of the external charge f r o m the nucleus. I n case 
this external charge is a valence electron, the expectation values i n 
E q u a t i o n 54 are der ived u s i n g the w a v e func t i on of this valence e lectron; 
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18 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

then R * is denoted b y R . O n the other h a n d , i f the external charge is 
far a w a y f r o m the Mossbauer atoms, y ( r ) becomes constant a n d takes 
the va lue y^; R * then reduces to R * = y«,. 

V A L E N C E E L E C T R O N S INCLUDED . L e t us first consider the case w h e r e 

a n outer electron polar izes the valence electrons a n d the core. F o r l i g h t 
atoms ( l i t h i u m , sod ium, fluorine) is re lat ive ly s m a l l (pos i t ive or 
negat ive ) c ompared to the large a n d negative y* values obta ined for 
heavier atoms (bromine , i o d i n e ) . I n a series of elements w i t h s imi lar 
e lectronic configurations, 700 tends to become more negative w i t h increas
i n g atomic n u m b e r (see F i g u r e 2 ) . I n F i g u r e 3, y ( r ) curves for C I " , B r " , 
a n d I~ are shown ; they v a r y s ignif icantly for r r a n g i n g f r o m 1 to about 10 
a.u., d e p e n d i n g on the element. Therefore , to calculate the l i g a n d 
( la t t i ce ) contr ibut ions to the electric field gradient w i t h i n the po in t -
charge m ode l , i t is important to take the appropr iate va lue of y ( r ) 
instead of y*. Negat ive i od ine reaches its saturation va lue on ly at about 

A s an example for R , the various contr ibut ions to R for iod ine are 
presented i n T a b l e V . T h e re lat ive ly strong a n d posit ive 5 p - » p excitat ion 
corresponds to the s i tuat ion of a 5 p 0 hole . O n the other h a n d , w h e n 
d e r i v i n g the nuclear quadrupo le m o m e n t f r om the interpretat ion of 
atomic beam experiments (see section on nuclear quadrupo le m o m e n t s ) , 
w e are concerned w i t h a 5p±1 hole, y i e l d i n g R = —0.0118 instead of 
- 0 . 0 1 1 4 for a 5 p 0 hole . 

V A L E N C E E L E C T R O N S E X C L U D E D . T h e same va lue , R — —0.0118, is 
r e q u i r e d for the electric field gradient calculations o n the basis of our 
M O results, since 5s a n d 5p valence electrons of i od ine are a lready 
i n c l u d e d i n the M O basis set. I n this context i t is important to note that 
m a n y Mossbauer spectroscopists s t i l l use the o l d a n d incorrect va lue of 
R = 0.32 for F e 2 * . T h e correct va lue is considerably smal ler : 0.12 ( 2 2 ) , 

T h e y ( r ) a n d y» terms are more sensitive t h a n R to the inc lus i on 
or exclusion of valence electrons. T a b l e V I gives the values for 
neutra l a n d negative hal ides w i t h a n d w i t h o u t the contr ibut ions due to 

10 a.u. 

0.07 ( 3 5 ) , 0.126 (40). 

10O 

o- » 1p 2,0 3,0 U) 5P 
Z 

Figure 2. Self-consistent Stern-
heimer factors y^ depending on the 
atomic number Z of the elements 
(X) Li°, Na°, K°, Rb°, and (%) F~, 

CV, Br, r (41). 

-300-

S. Lauer (Diplomarbeit) 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 19 

-150-

-200-

-225-

S. Lauer (Diplomarbeit) 

Figure 3. Self-consistent Sternheimer functions y(r) for Cl~, Br", and I" 
(41). 

ns, np valence orbitals (41). T h e y* v a l u e turns out to be m u c h more 
negative w h e n valence orbitals are i n c l u d e d i n the po lar i za t i on c a l c u l a 
tions. I n F i g u r e 4, y ( r ) curves for F e 2 * a n d I " w i t h a n d w i t h o u t va lence 
electrons are shown. F r o m T a b l e V I a n d F i g u r e 4 i t is obvious that the 
m a i n contr ibut ions to y ( r ) come f r o m n p valence electrons. 

F o r the expl i c i t eva luat ion of the electric field gradient contr ibut ions 
a c c o r d i n g to the previous section, y ( r ) is r e q u i r e d i n ana ly t i ca l f o rm. 
F o r this purpose w e have fitted the n u m e r i c a l values w h i c h are g iven 
i n Ref . 40 b y 
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20 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

Table V . Sternheimer Shielding Factor R for 1° and Its 
Direct ( R D ) and Exchange ( R E ) Contributions (40)a 

Excitations HPRD 10*RB 

Is ~> d 1.133 - 0 . 6 1 6 0.517 
2s -> d 0.211 - 0 . 0 1 7 0.194 
3s - » d 0.116 - 0 . 0 0 5 0.111 
4s - » d 0.082 - 0 . 0 0 9 0.073 
5s -> d 0.099 - 0 . 1 1 1 - 0 . 0 1 2 
2p^f 0.485 - 0 . 1 4 7 0.338 
3p^f 0.256 - 0 . 0 4 9 0.207 
4 p ^ / 0.218 - 0 . 0 2 8 0.190 
5 p - > / 0.049 - 0 . 0 2 4 0.025 
3d-*g 0.297 - 0 . 0 3 4 0.264 
3 d - » s - 0 . 0 4 9 0.022 - 0 . 0 2 7 
4d ->gr 0.270 - 0 . 0 2 6 0.244 
4 d - » s 0.151 - 0 . 0 5 5 0.096 
2 p - » p - 0 . 2 4 6 - 2 . 4 4 1 - 2 . 6 8 7 
3p - » p - 1 . 7 6 1 - 2 . 9 4 7 - 4 . 7 0 8 
4p -> p - 5 . 2 1 1 - 6 . 5 3 9 - 1 1 . 7 5 0 
5p - » p 2.289 1.716 4.005 
3 d - » d - 0 . 4 6 0 0.012 - 0 . 4 4 8 
4 d - * d - 1 . 7 5 1 0.893 - 0 . 8 5 8 

T o t a l - 3 . 8 - 1 0 . 4 - 1 4 . 2 

• The various contributions to R due to different angular and radial excitations 
are included. 

Physical Review 

w i t h parameters a, b, cl9 dly r u c2, d2, r2 ( T a b l e VII) y i e l d i n g a n excellent 
agreement w i t h the n u m e r i c a l l y c o m p u t e d y ( r ) . 

Comparison of Calculated Vzz and Measured e2qQ. A l o n g the lines 
descr ibed i n the t w o previous sections, the electric field gradient Vzz at 
the 1 2 7 I , 7 9 B r , a n d 3 5 C 1 n u c l e i for several molecules was ca lcu lated . T h e 
var ious contr ibut ions to this gradient at the 1 2 7 I nucleus are g iven 
together w i t h the occupat ion numbers of the 5s, 5p valence orbitals 

Table VI . Sternheimer Shielding Factors for Neutral and 
Negative Halides With and Without the ns, 

np Valence Orbitals (41) 

Neutral Atom Negative Ion 

With Without With Without 
Element Valence Valence Valence Valence 

Orbitals Orbitals Orbitals Orbitals 

F - 7 . 1 +0 .08 - 2 2 . 3 +0 .08 
C I - 2 5 . 4 —1.2 - 5 5 . 4 — 1.2 
B r - 6 6 . 0 - 6 . 2 - 1 3 3 . 0 - 6 . 1 
I - 1 3 6 . 0 - 1 6 . 9 - 2 5 4 . 0 - 1 6 . 2 

S. Lauer (Diplomarbeit) 
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1. GRODZICKI E T A L . Halogeti-Containing Compounds 21 

n«, npz, nPx, a n d nPy i n T a b l e V I I I . T h e general t rend reflected i n this 
tab le is that the valence contr ibut ion V°° ( E q u a t i o n 38) is the dominant 
contr ibut i on to the tota l e lectr ic field gradient , w h i l e the over lap con
t r i b u t i o n Vfz ( E q u a t i o n 39) is re lat ive ly s m a l l a n d the three-center 
contr ibut i on Vv£ ( E q u a t i o n 41) is complete ly neg l ig ib le . A n o t h e r 
impor tant feature is that the l i g a n d contr ibut ion V™ ( E q u a t i o n 40) a n d 
the core contr ibut ion V ™ r e ( E q u a t i o n 33) near ly cance l each other i n a l l 
cases. T h i s finally results i n a to ta l Vzz that is near ly e q u a l to the valence 
contr ibut i on V™. 

zz 

T h e ca l cu lated Vzz values for 1 2 7 I vs. the exper imental nuc lear q u a d 
rupo le c o u p l i n g constants (e2qQ) are p l o t ted i n F i g u r e 5. T h e slope of 
the so l id l ine corresponds to the nuc lear quadrupo le moment Q ( 1 2 7 I ) 
w h i c h takes the va lue —0.62 barn . T h i s va lue does not conta in re lat iv ist ic 
corrections of < r " 3 > w i t h i n the valence contr ibut ion V™. T h e appro 
pr iate correct ion factor i n < r " 3 > r e i = R r e i < r ~ 3 > has been der ived f r om 
c o m p a r i n g H a r t r e e - F o c k (10) a n d re lat iv ist i c H a r t r e e - F o c k - S l a t e r results 
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22 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Table V I I . Self-Consistent Sternheimer Factors and R (41) 

Element R a b 

F e 2 * - 8 . 7 0.075 4.25 1.30 
F " 0.08 0.023 17.0 0.2 
c r - 1 . 2 - 0 . 1 2 7.1 0.7 
B r " - 6 . 1 - 0 . 1 6 6.0 0.9 
r - 1 6 . 2 - 0 . 1 8 5.0 1.2 

a A l l values correspond to the situation that valence orbitals (Table I) are omitted 
from the self-consistent Sternheimer procedure. 

for < r ' 3 > . R r e i takes values of 1.05 for iod ine , 1.025 for bromine , a n d 
1.00 for chlor ine . ( T h e correct ion factors R r e i m i g h t be s l ight ly larger 
w h e n us ing re lat iv is t i c H F D instead of H F S results for < r ' 3 > . ) T h e 
dashed l ine i n F i g u r e 5 takes care of the re lat iv ist ic correct ion, resu l t ing 
i n < ? ( 1 2 7 I ) — - 0 . 5 9 barn . 

U s i n g V £ t e l f r om T a b l e V I I I a n d the relat iv ist ic corrected nuc lear 
quadrupo le moment Q ( 1 2 7 I ) = —0.59 barn , w e der ive e2qQ values 
w h i c h are compared w i t h exper imental e2qQ values ( T a b l e I X ) . I n a d d i 
t i on , e2qQ values a p p l y i n g the semiempir i ca l Townes D a i l e y theory 
(42,43) on the basis of the Up values of T a b l e V I I I are g iven i n T a b l e I X . 

Since the largest contr ibut ion to V * ° t a l comes f r om the valence con
t r i b u t i o n V™, it is clear that the Townes D a i l e y values for e2qQ show 
the same leve l of agreement w i t h exper imental e2qQ values as the M O 
va lue for e2qQ. H o w e v e r , i t is important to note that the Townes D a i l e y 
approx imat ion is on ly app l i cab le i n the electric field gradient m a i n axes 
system. 

Table VIII. Nonrelativistic Electric Field Gradient 
Populations for Iodine in Several 

Molecule y t o t a l 
zz V V 0 0 

zz 
\fov 

T ZZ zz 

H I 15.6554 0 15.9586 - 0 . 8 9 2 2 - 0 . 6 4 0 2 
F I 20.3708 0 20.6074 - 0 . 6 4 0 4 - 4 . 7 4 2 3 
C1I 18.3931 0 18.5370 - 0 . 5 0 7 4 - 2 . 5 0 3 8 
B r I 17.0166 0 17.1827 - 0 . 4 5 8 7 - 2 . 0 8 6 2 
I 2 16.6243 0 16.7201 - 0 . 5 0 7 9 - 1 . 4 7 9 6 
O I 14.9915 0 15.1707 - 0 . 8 0 4 4 - 4 . 0 7 3 4 
H 3 C I 16.3198 0 16.2277 - 0 . 6 0 5 9 - 1 . 9 9 7 1 
H2CI2 16.0610 0.0285 — — — 
I F T 1.4982 0 0.9643 0.0249 1.9015 
I F 5 - 1 2 . 7 1 9 6 0 - 1 2 . 8 6 9 1 0.6315 4.1359 
F e l 4 " 7.0388 0.0213 — 
HIO3 - 7 . 4 0 4 4 0.6241 — 

0 The separate identification of electric field gradient contributions to V#« t o t a l and 
the evaluation of UP are only meaningful if the molecular coordinate system is iden
tical to the main axes system of the electric field gradient. Al l values correspond to 
the I E H - M O approximation; electric field gradient values given in aQ~3. 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 23 

and Fit Parameters Describing 

C j d i 

102 14 0.14 
0 0 0 

28.0 0 0.26 
40.0 50.0 0.90 
52.0 42.0 0.40 

r) (Equation 55 ) ° 

d 8 

1.05 0.19 0.71 
0 0 0 
0 0.34 0 
0.11 0.47 0.14 
1.50 0.265 0.670 

I n a d d i t i o n to the invest igat ion of i od ine - conta in ing molecules , w e 
also have s tudied bromine - a n d chlor ine -conta in ing compounds . C o m 
p a r i n g ca l cu lated V * ° t e l values a n d measured e2qQ data i n F i g u r e s 6 a n d 
7 w e der ive nuc lear quadrupo le moments Q ( 7 9 B r ) = 0.25 b a r n a n d 
Q(S5Cl) = —0.065 b a r n (these values inc lude re lat iv ist i c corrections of 
< r ~ 3 > ) . I n T a b l e X , the ca l cu lated V * ° t a l values ( d e r i v e d i n the I E H -
M O approx imat ion ) are compared w i t h V * ° t a l values der ived i n the 
H a r t r e e - F o c k l i m i t ; b o t h theoret ica l results show the same l eve l of 
agreement w i t h exper imental values ( last c o l u m n of T a b l e X ) . 

Nuclear Quadrupole Moments. I n the last section w e d e r i v e d 
nuclear quadrupo le moments Q b y c o m p a r i n g exper imenta l quadrupo le 
c o u p l i n g constants e2qQ a n d ca lcu lated electric field gradients V * ° t a l 

f rom molecular clusters. A n alternative procedure to ob ta in Q is to use 
the hyperf ine structure of the atomic 2 P 3 / 2 g r o u n d state of the stable 
isotopes of chlor ine , bromine , a n d iodine . F r o m the measured hyperf ine 
structure intervals ( for example, b y the atomic beam magnetic-resonance 

Contributions and (Dipole-Corrected) Orbital 
Iodine-Containing Molecules 0 

Yvv' 
T zz 

ycore 
zz ri5 S n « P z n 5 P y U p ' 

0.0 1.2292 1.9238 0.9826 2.0 2.0 1.0174 
0.0 5.1461 1.9587 0.7681 2.0 2.0 1.2319 
0.0 2.8673 1.9700 0.8993 2.0 2.0 1.1007 
0.0 2.3788 1.9838 0.9628 2.0 2.0 1.0372 
0.0 1.8917 1.9763 1.0237 2.0 2.0 0.9763 
0.0 4.6986 1.9345 1.0245 1.8812 1.8812 0.8567 

- 0 . 0 4 6 7 2.7418 1.9202 1.0399 1.9961 1.9961 0.9562 

- 0 . 0 0 5 9 - 1 . 3 8 6 6 1.7995 1.1077 1.1656 1.1689 0.0596 
0.0003 - 4 . 6 1 8 2 1.8480 1.6820 1.0822 1.0814 - 0 . 6 0 0 2 

nP, + 
2 
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Figure 5. Plot of Vzz , derived according to the sections on electric 
field gradient calculation and shielding and antishielding, vs. experi

mental quadrupole coupling constants for 127I. 

(a) (%) The IEH-MO approximation with the following interpolation scheme 
for < f * > (in &o~*): <r°>HP = 12.7274 + 2.0643 (6.0-n5p), with n 5 p being 
the total (dipole corrected) occupation of the 5p valence shell, (b) (O) The 
SCC-Xa -MO approximation; < T S > H F = 32.1346 - 19.1546 n 8 - 2.0475 
n P + 21.6858 n.* + 0.3820 n ,n P - 0.0670 nP« - 6.9266 n.* - 0.1601 n.*nP + 
0.0068 nsrip* + 0.0053 n p

5 . (c) ( Q ) The Townes Dailey approximation: V „ = 
( e , q Q j r - M a - » " / Q " , ( = -0.59) in &<>-'; numerical values are given in 

Table IX. 

m e t h o d ) , the d ipo le magnet i c a a n d the electric quadrupo le b hyperf ine 
constants can be d e d u c e d (44); a a n d b can be w r i t t e n as (45) 

c « ± V2 = * m 2/XB2 < r s > i ^ l ) F r ( 1 _ 8) (1 - e) 

(56) 

b > » = - i ° 2 Q 2 j + j < r ~ 3 > E r ( 5 7 ) 

T h e constants used i n these equations are (45): 

sse = 4TT€0 = 1.1126 • 10" 1 0 A s V " 1 m " 1 

ae m = fJAae = 1.0000 • 10" 7 V s A " 1 m " 1 

/* = l/2eK/m — 0.9273 • 10" 2 3 A m 2 

e = 1.6021 • 1 0 " 1 9 A s 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 25 

Table IX. Comparison of Calculated e2qQ Values for 1 2 7 I 
with Experimental e2qQ Values (in Mc s"1) 

Molecule (e*qQ)e"> V 

H I - 2 1 7 3 . 2 - 2 3 3 8 - 1 8 3 1 . 1 ' 0 
F I - 2 8 2 8 - 2 9 1 4 - 3 4 3 8 * 0 
C1I - 2 5 5 3 - 2 5 5 8 - 2 9 4 4 ° 0 
B r I - 2 3 6 2 - 2 3 8 9 - 2 7 3 1 " 0 
I 2 - 2 3 0 8 - 2 2 3 0 - 2 2 3 1 * 0 
0 1 - 2 0 8 1 - 2 0 2 2 - 1 9 0 7 " 0 
H3CI - 2 2 6 5 - 2 1 8 2 - 1 9 3 4 " — 
H2CI2 - 2 2 3 0 — - 2 0 9 2 . 6 ' — 
I F 7 - 2 0 8 - 1 6 6 - 1 4 8 " — 
I F 5 1766 1597 1073" — 
F e L f - 9 7 7 — - 5 6 5 * — 
HIO3 1028 — 1150* 0 .45 ' 

0.59' 

ae*qQ calculated with 7**totai f r o m Table VIII ( I E H - M O ) using Q( 1 2 7 I ) = 
—0.59 barn. 

6 e2qQ values derived from the semiempirical Townes Dailey theory: 

e*qQ = UP ^ ^ T ' 1 (e2qQ)*t; UP taken from Table VIII and (e2qQ)At from Ref. U. 

•Lucken, E . A . "Nuclear Quadrupole Coupling Constants," Academic: London-
New York; 1969. 

d Hellwege, K. H . ; Hellwege, A. M . , Eds. "Molecular Constants"; Landolt-
Bornstein, New Series II; Springer-Verlag: Berlin, 1974, Vol. 6. 

e Buksphan, S.; Goldstein, C ; Sonnino, P. J. Chem. Phys. 1968, 49, 5477. 
f Friedt, J . M . , private communication. 

9 Ref. 62. 
h Friedt , J . M . ; Petridis, D . ; Sanchez, J . P . ; Reschke, R. ; Trautwein, A . Phys. 

Rev. 1979, B19, 360. 
* D u Pont de Nemours, private communication. 

i Calculated value. 

^ = ^nm/mv = 5.0504 • 10" 2 7 A m 2 

^ j r — 2 . 7 9 3 5 for 1 2 7 I 
7 — 5 / 2 for 1 2 7 I 
1 = 1 
7 = 3 / 2 

1 —8 = correct ion due to the finite nuc lear vo lume , ~ 0.98 
f o r i 

1 —c = correct ion due to deviations f r o m magnet i c p o i n t 
d ipo le , ~ 0.96 for I 

< r ' 3 > = 14.8 fl0"3 for I ( 5 p 5 ) , unre lat iv is t i c 
Fr, Rr = re lat iv ist ic corrections for the H F va lue of < r " 3 > ; 

~ 1.05 for 1,1.025 for B r , 1.00 .for C I 
a 3 / 2 = 827.265 ± 0.003 M c s"1 for 1 2 7 I 
b3/2 = 1146.356 ± 0.010 M c s"1 for 1 2 7 I 

Q = nuc lear quadrupo le moment 
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26 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

Figure 6. Plot of V Z z , derived according to the sections on electric 
field gradient calculations and shielding and antishielding vs. experi

mental quadrupole coupling constants for 79Br. 

Calculated values correspond to the IEH-MO approximation. The interpolation 
scheme for < r * > (in SL0's) is < T ' S > H F = 10.2245 + 1.7535 (6-niP). Numerical 

values for V ' z V a l and e 'qQ are given in Table X. 

W i t h these constants w e der ive for Q(127l) the va lue — 0.79 b a r n 
( 7 9 B r : 0.33 b a r n , 3 5 C 1 : — 0.079 b a r n ) , w h i c h i n several publ i cat ions is 
def ined as the "exper imenta l v a l u e " (46,47). T h e values der ived i n the 
last section are smaller b y about 2 5 % . I n the f o l l o w i n g , w e describe 
arguments that ind i cate w h y one has to be cautious w i t h the exper i 
m e n t a l values : (1) T h e combinat i on of E q u a t i o n s 56 a n d 57 e l iminates 
the expl i c i t evaluat ion of < r " 3 > . H o w e v e r , the < r " 3 > values i n these 
equations not on ly have to be corrected b y different re lat iv is t i c correct ion 
factors Fr a n d R r , respect ively , b u t also b y different po lar i za t i on factors 
( comparab le to 1 — JR i n the section o n sh ie ld ing a n d a n t i s h i e l d i n g ) . 
Bessis et a l . (48) have evaluated b o t h corrections for 7 9 B r a n d f o u n d 
significant changes i n a a n d b. (2 ) A n add i t i ona l p r o b l e m arises f r o m the 
fact that the 2 P 3 / 2 g r o u n d state m a y be per turbed b y excited states. S u c h 
perturbat ions seem to have more inf luence on the a-factor t h a n o n the b-
factor (see p. 143 of Ref . 45). Because the 2 P i / 2 t e rm remains prac t i ca l l y 
unper turbed (45), a(2P1/2) values were used to reca l ibrate a(2P3/2) 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 2 7 

-60-

Figure 7. Plot of V z z derived according to the sections on electric 
field gradient calculations and shielding and antishielding vs. experi

mental quadrupole coupling constants for 35Cl. 

Calculated values correspond to the IEH-MO approximation. The interpolation 
scheme for <r"*> (in SLO'9) is < T ' S > H F = 5.74774 + 1.01463 (6-nSp). Numerical 

values forW^z
tal and e'qQ are given in Table X. 

values. S u c h corrections l ead to considerable reductions of Q, espec ial ly 
for heavier elements. I n the case of ch lor ine this r educ t i on is neg l ig ib le , 
w h i l e for i n d i u m i t is on the order of 3 0 % (45). 

Because of the probab le dif f iculty w i t h the a(2Ps/2) va lue , w e f o l l ow 
the procedure descr ibed b y Bessis et a l . (48) a n d der ive Q f r o m the 
electric quadrupo le hyperf ine constant b only . I n E q u a t i o n 57, < r " 3 > is 
rep laced b y < r " 3 > r e i (1 — R)p±i, where < r " 3 > r e i inc ludes the r e l a 
t iv i s t i c correct ion to < r " 3 > (see the previous sec t ion ) , a n d where 
(1 — R)p±i describes the appropr iate po lar i za t i on due to a hole i n a 
p±1 o r b i t a l (see section o n sh ie ld ing a n d a n t i s h i e l d i n g ) . T h i s procedure 
y ie lds Q ( 1 2 7 I ) — - 0 . 6 6 barn , <? ( 7 9 Br) = 0.29 b a r n , a n d <?( 3 5 C1) — 
— 0.077 barn , values w h i c h are i n reasonable agreement w i t h the values 
of — 0.59 barn , 0.25 barn , a n d — 0.065 b a r n der ived i n the last section. 

I n T a b l e X I the nuclear quadrupo le moments d e r i v e d i n this chapter 
are s u m m a r i z e d a n d are compared w i t h l i terature values. ( T h e values 
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28 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Table X . Comparison of Calculated and Measured V z°z
& and 

e2qQ Values for 7 9 B r - and 3 5 Cl-Containing Molecules 0 

Molecule V total * 
zz 

Ytotal' 
zz 

e 2 qQ* 

7 9 B r H 12.2153 7.5842 718.5 535A' 
7 9 B r F 16.1035 15.2429 947.2 1089.0 ' 
7 9 B r C l 14.1238 12.4162 830.8 876 .8 ' 
7 9 B r 2 13.0554 11.5026 767.9 765.9" 
7 9 B r I 12.5021 — 735.4 722 .0 ' 
7 9 B r O 11.6175 — 683.3 654 .0 ' 
3 5 C 1 H 5.6768 3.6732 - 8 6 . 8 - 6 7 . 3 ' 
3 5 C 1 F 8.2418 8.0187 - 1 2 6 . 0 - 1 4 6 . 0 ' 
3 5 C 1 2 7.1385 6.1836 - 1 0 9 . 2 - 1 0 8 . 9 ' 
3 5 C l B r 6.6480 5.6347 - 1 0 1 . 7 - 1 0 3 . 6 ' 
3 5 C 1 I 6.3768 - 9 7 . 5 - 8 2 . 5 * 
3 5 C 1 0 5.9070 - 9 0 . 3 - 8 7 . 4 ' 

a Electric field gradient values in a 0 " 3 and e2qQ values in M c s"1. 
* V * * t o t a l calculated according to the sections on electric field gradient calcula

tions and shielding and antishielding in the I E H - M O approximation. 
9 VzztotAl derived from Hartree-Fock calculations: Straub, P. A . ; McLean, A . D . 

Theor. Chim. Acta 1974,82,227. 
* e2qQ calculated with the V „ t o t a l values from (b) using Q = 0.25 barn for 7 9 B r 

and Q = —0.065 barn for ^Cl from Figures 6 and 7, respectively. 
a See Ref. c of Table IX. 
1 See Ref. d of Table IX. 

Table X I . Calculated and Experimental Quadrupole Moments 
Q (in barn) for 1 2 7 I , 7 9 B r , and 3 5 C l 

Microwave 
Experiments 

Atomic Beam 
Experiments 

Q 
127J 

7 9 B r 

3 5 C 1 

Electric Field 
Gradient vs. 

e 2 Qq° 

De
rived 
from 

b 

De
rived 
from 
b / a * 

De
rived 
from 
b / a * 

- 0 . 5 9 ( - 0 . 6 2 ) - 0 . 6 6 - 0 . 7 9 — 
0.25 (0.26) 0.29 0.33 — 

0.30" 
- 0 . 0 6 5 ( - 0 . 0 6 5 ) - 0 . 0 7 7 - 0 . 0 7 9 - 0 . 0 7 9 1 

Two 
Inter
acting 

Nuclei: 
Cyano

gen 
Halides0 

- 0 . 7 5 
0.28 

- 0 . 0 6 6 

One 
Inter
acting 

Nucleus: 
Methyl 
Halidesd 

—0.59 
0.24 

- 0 . 0 6 

"Values without (with) brackets include (exclude) relativistic corrections of 
<r-3>. 

* Derived from Equations 56 and 57 using experimental a and b values for CI 
from Davis, L . ; Field, B . ; Zabel, W . ; Zacharias, J . Phys. Rev. 1949, 76, 1076; for 
Br from King, J . G . ; Jaccarino, V . Phys. Rev. 1954, 94, 1610; and, for I from Jacca-
rino, V . ; King, J . G . ; Satten, R. A . ; Stroke, H . - H . Phys. Rev. 1954, 94, 1798. 

c Smith. A . G . ; Ring, H . ; Smith, W . V . ; Gordy, W . Phys. Rev. 1948,74, 370. 
d Gordy, W . ; Simmons, J . W . ; Smith, A . G . Phys. Rev. 1948, 74, 243. 
• Bessis, N . ; Picart, J . ; Desclaux, J . P. Phys. Rev. 1969,187, 88. 
f a(2Pa/2) has been derived from a(2P1/2): Kopfermann, H . In "Kernmomente"; 

Akad. Verlag G M B H : Frankfurt, West Germany; 1956. 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 29 

obta ined f rom microwave experiments of m e t h y l hal ides seem to be more 
re l iab le than those of cyanogen halides because the resolut ion i n the 
case of one interact ing nucleus is better t h a n that of two interac t ing 
n u c l e i (49). 

Interpretation of Measured Magnetic Hyperfine Fields 

Combined 5 7 Fe and 1 2 9 I Mossbauer Measurements. T h e tetraiodo-
ferrate cluster F e l 4 " i n N ( C 2 H 5 ) 4 F e l 4 is an example of the useful c o m 
b inat i on of exper imental 5 7 F e a n d 1 2 9 I Mossbauer w o r k a n d of theoret ica l 
e lectronic a n d magnet ic structure work . Because of the tetrahedral po int 
symmetry of i r on i n this c o m p o u n d , the measured quadrupo le sp l i t t ing 
is zero at the 5 7 F e nucleus. T h e 1 2 9 I nuc le i , however , "see" l ower symmetry 
a n d therefore exhib i t a nonzero q u a d r u p o l e hyperf ine structure, w h i c h is 
i n reasonable agreement w i t h our ca lcu lated electric field gradient result 
der ived f rom the electronic structure of F e l 4 " (see T a b l e I X a n d 
F i g u r e 5 ) . 

I n add i t i on to the electric hyperf ine structure, w e study the magnet i c 
hyperf ine structure of F e L f , w h i c h is paramagnet ic (S = 5 / 2 ) above 
about 20 K a n d w h i c h shows magnet ic o rder ing b e l o w 20 K ( 5 0 ) . T h e 
sp in is m a i n l y concentrated at the i r on site w i t h a sp in d i rec t ion as s h o w n 
i n F i g u r e 8, y i e l d i n g an exper imental hyperf ine field of H h f ( F e ) = 
— 34.4 db 0.5 T . Par t of the sp in density is de loca l i zed because of 
covalency, g i v i n g rise to hyperf ine fields at the iodine n u c l e i also. T h e 
sp in or ientat ion i n F i g u r e 8 indicates that i n N ( C 2 H 5 ) 4 F e I 4 w e are 
concerned w i t h t w o magnet i ca l ly unequ iva lent A a n d B sites, w i t h 
exper imental hyperf ine fields |ff£f | — 10.7 ± 0.3 T a n d | H * | — 8.4 ± 
0.4 T (A — Sites 1, 4 a n d B = Sites 2, 3 ) . 

T h e open-shel l M O electronic conf iguration der ived for F e l 4 " is used 
i n the f o l l o w i n g to calculate the hyperf ine field contr ibut ions at the 5 7 F e 
nucleus as w e l l as at the 1 2 9 I n u c l e i 1A a n d I * . 

Hyperfine Field Calculation. T h e magnet ic hyperf ine sp l i t t ing 
measured b y Mossbauer spectroscopy is propor t i ona l to the effective 
magnet ic field H e f f p r o d u c e d at a Mossbauer nucleus ( i n the present case 
5 7 F e a n d 1 2 9 I ) . H eff is the vector sum of the externally a p p l i e d magnet ic 
field ffext a n d the interna l magnet ic field f ? h f : 

Hea = ffext + HM (58) 

T h e latter consists of four parts : the contact field H ° , the o rb i ta l field 
ffL, the sp in d ipo lar field H S D , a n d the supertransferred field H S T , 

(59) 
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30 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Figure 8. System of coordinate axes 
used in the MO calculation for Felf. 
The spin is along the z-axis. The 
two unequivalent iodine sites (A,B) 
are denoted by 1,4 and 2,3, respec

tively: (O) iodine, (%) iron. 
i • 

I n the f o l l owing , the procedure of eva luat ing the various contr ibut ions 
to Hht f r om M O calculations is descr ibed. 

T h e contact field Hc is the contr ibut ion of the sp in density at the 
nucleus ( F e r m i contact t e rm) (51): 

Hc _ _ " I ^ £ R J ^ Q ) | 2 _ | ^ ( O ) |2] ( 6 0 ) 

I n the case where the sp in density originates f r om s electrons that have 
finite charge density p(0) at the nucleus , E q u a t i o n 60 c a n be repre 
sented b y (52): 

# c = - ^ / * * p ( 0 ) <SS> (61) 

where < S 5 > is the effective sp in p r o d u c e d b y these s electrons. O n the 
other h a n d , i f the sp in density originates f r om p or d electrons, the 
sp in -pa i red core s electrons m a y become sp in -po lar i zed due to a n ex
change interact ion w i t h the p or d electrons; i n this case E q u a t i o n 60 
is represented b y ( 5 2 ) : 

Hc — 2 # c o r e <SPtd> + 2 f f v a l < S p , d > (62) 

where <SPjd> is the effective sp in p r o d u c e d b y these p or d electrons, 
a n d Hcore a n d H v a l represent the sp in po lar i za t i on of core a n d valence s 
electrons, respectively. C o l l e c t i n g a l l terms a n d u s i n g the sp in d i rec t i on 
of the system under study as the z axis i n the ca lcu lat ion , H° takes 
the f o rm 

HC _ 2ffcore < S v A > z + 2 f fva l < S P j d > z - (0) <S8>Z 

(63) 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 31 

T h e core-polar izat ion contr ibut ion to the hyperf ine field at the i r on 
nucleus ( H c o r e i n E q u a t i o n 63) is approx imated b y interpo lat ing the 
effect of the 3 d orb i ta l p o p u l a t i o n q3d between the 3 d 5 a n d 3 d 6 f ree- ion 
values as descr ibed b y the re lat ion (52) 

# c o r e ( F e ) _ _ [ 1 2 . 6 + i . i 5 ( q 3 d _ 5 ) ] ( i n Tes la) (64) 

T h e second term i n E q u a t i o n 64 accounts for the change of sp in p o l a r i 
zat ion of the inner s orbitals of i r o n ( I s , 25, a n d 3s) b y a d d i n g i r o n 3 d 
charge to a system w i t h 3 d 5 configuration. Several models may be con
s idered for eva luat ing qSd: (1 ) q3d is taken as equa l to the sum over the 
i r on 3 d b o n d order matr ix elements; (2 ) qsd inc ludes over lap charges that 
are estimated f r om a dipole correct ion procedure , a n d (3 ) qsd inc ludes 
over lap charges est imated f r om a M u l l i k e n p o p u l a t i o n analysis. 

It turned out that the inc lus ion of overlap charges, either through 
(2 ) or ( 3 ) , leads to a better descr ipt ion of the ac tua l s i tuation than 
neglect ing them. T h e S expectation values i n E q u a t i o n 63 are d e r i v e d 
f r om the A O coefficients of the s ingly p o p u l a t e d M O ' s . 

C o m b i n i n g E q u a t i o n s 63 a n d 64, the contact field for h igh - sp in F e 3 + 

turns out to be —63 Tes la as der ived f rom unrestr icted H a r t r e e - F o c k 
calculations ( 52 ) . U p o n i n c l u d i n g correlat ion effects, the l inked-c luster 
many -body per turbat ion - theory procedure (53) y ie lds a contact field of 
— 71 Tes la . W e use — 63 Tes la i n our calculations. 

S imi lar to E q u a t i o n 64, the dependence of the valence contr ibut ion 
to the hyperf ine field at the i r o n nucleus ( H v a l i n E q u a t i o n 63) on the 3 d 
a n d 4s popu la t i on is descr ibed b y : 

# v a i ( F e ) _ 1 r 1 5 3 _ 3 Q 6 ( ( ? 3 d _ 5 ) ] g 4 s ( i n T e g l a ) ( 6 5 ) 

T h i s re lat ion assumes that the sp in po lar i za t i on of the i r o n 4s she l l is 
propor t i ona l to the 4s o rb i ta l charge q^ 

C o m p a r e d to the first a n d second terms, the t h i r d t e r m i n E q u a t i o n 
63 is negl ig ib le i n the case of i r o n because bo th pu(0) a n d < S 4 s > are 
re lat ive ly sma l l due to the p a r t i a l popu la t i on of the i r on 4s o rb i ta l . 

T u r n i n g to iod ine , the expression for H° ( E q u a t i o n 63) becomes: 

= 2 f f " <S5p>z ~ ^ | % * P5s(0) <S58>Z (66) 

I n this equat ion the first a n d second terms of E q u a t i o n 63 are l u m p e d 
together, since the valence i od ine 5s o rb i ta l is almost d o u b l y o ccup ied . 
T h e t e rm Hn8 ( I ) m a y be der ived f r om the present s tudy of the tetra-
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Table XII. Calculated Iodine Parameters (Orbital Population 
qn and Spin Densities p V ) for N(C 2 H 5 )4Fe l4 Within 

the IEH—MO Approximation 

A Site B Site 

1 . 8 9 " 1 . 9 1 * 1 . 8 9 ° 1 . 9 1 * 

Q«PZ 1 . 5 3 1 . 6 8 1 . 8 7 1 . 9 0 
1 .87 1 . 9 0 1 . 5 3 1 . 6 8 
1 . 7 0 1 . 7 9 1 . 7 0 1 . 7 9 

A Site B Site 

10'2p°Ss,ss 0 . 0 0 5 2 " - 0 . 0 0 0 4 5 " 0 . 0 0 5 2 ° - 0 . 0 0 0 4 5 " 

10 2p*5pz, 5pz 6 . 4 5 6 . 0 2 5 . 7 3 5 . 2 6 
5 . 7 3 5 . 2 6 6 . 4 5 6 . 0 2 

6 . 0 9 5 . 6 8 6 . 0 9 5 . 6 8 
10~2pS5Py, S V z 0 — 0 — 

0 . 5 1 — 0 — 

° Derived from bond-order matrix elements. 
6 Values include overlap contributions as estimated in the Mulliken approxima

tion. 

iodoferrate ( I I I ) salt of t e t rae thy lammonium; i t takes the va lue — 57 db 

2 Tes la . F o r 167r/i B /05 S (0)/3 w e have used 15,800 Tes la , i n c l u d i n g the 
re lat iv ist ic H F S value for po8(0). H o w e v e r , the corresponding H F D 
va lue is about 2 0 % smaller , w h i c h is not of major significance for our 
results since < S 5 s > z turns out to be very smal l ( T a b l e X I I ) . 

T h e o rb i ta l contr ibut ion (HL) is expressed b y 

#P
L = - 2M < r " 3 > < * | L P | * > ( 6 7 ) 

w h e r e p = X , Y , Z . T h e < r " 3 > term represents a r a d i a l average over the 
non-5 o rb i ta l ; i t vanishes to zero for both the ferr ic a n d i od ine ions since 
the electronic structure of the ( F e l 4 ) " clusters is represented b y a single 
open-shel l e lectronic conf iguration (#) appropr iate to describe the sp in 
5 / 2 system on the basis of one-electron M O functions. 

T h e s p i n d ipo lar contr ibut ion ( H S D ) is expressed as (54) 

Hp™=-2nB X S P Q ~ 5 ^ Sq ( 6 8 ) 
q-X,Y,Z r 

W i t h the Z axis a l o n g the s p i n d i rec t ion this t e r m is r ewr i t t en as 

HP
B1> — — 2p.Br-sWpZSz ( 6 9 ) 
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1. GRODZICKI E T A L . Halogen-Containing Compounds 33 

a n d is evaluated w i t h the many-e lec tron wave func t i on \I> as 

open shell jiv 
M O ' s 

vy <sz> 

T h e atomic values </x|Wp(7|v> have been tabulated for p a n d d orbitals 
(55,56). D e p e n d i n g on the atom on w h i c h the AO 's |/x> a n d |v> are 
centered, one distinguishes between a valence, an overlap, a n d a l i g a n d 
contr ibut ion to HSD at the Mossbauer probe nucleus (57,58). T h e sp in 
d ipo lar term ( E q u a t i o n 68) reflects the symmetry of the atom u n d e r 
invest igat ion. Therefore , this contr ibut ion vanishes to zero for the F e 3 + 

i o n i n the ( F e l 4 ) ~ clusters; on the other h a n d , i t has a finite va lue for the 
iod ine ions. 

T h e supertransferred field ( H S T ) w h i c h corresponds to the inter 
act ion between magnet ic ions separated b y a d iamagnet i c l i g a n d is 
considered neg l ig ib le for the present systems on the basis of the w e a k 
ness of the magnet ic exchange interactions. T h i s is justified i n v i e w of 
the l o w order ing temperatures i n the tetrahedral ( F e X 4 ) ~ complexes i n 
compar ison to octahedral F e 3 + hal ides or oxides, where this contr ibut i on 
is a lready smal l (59, 60). 

S u m m a r i z i n g the or ig in of the hyperf ine field, for the F e 3 + i o n , Hht 

arises m a i n l y f rom the contact term ( E q u a t i o n 63). F o r iod ine , HM results 
f r om the sum of the contact a n d sp in d ipo lar contr ibut ion , E q u a t i o n s 63 
a n d 70; the u n p a i r e d sp in density is transferred f rom the meta l to the 
l i g a n d b y chemica l bond ing . 

Comparison of Calculated and Measured Results. T h e t w o m a g 
net i ca l ly unequiva lent i od ine sites A a n d B i n N ( C 2 H 5 ) 4 F e l 4 are due to 
the different s p i n - d i p o l a r fields H S D ( I A ) a n d HSD(lB) because HC(IA) = 
H°(IB) ^ 0, a n d H^(lA) _ ff^I*) = H S T ( I A ) = H S T ( I * ) - 0. T h e 
ca lcu lated orb i ta l populat ions a n d spin densities are s u m m a r i z e d i n T a b l e 
X I I , a n d the components of the s p i n - d i p o l a r field at the iod ine n u c l e i i n 
N ( C 2 H 5 ) 4 F e l 4 are summar i zed i n T a b l e X I I I for the two different Sites 
A a n d B. T h e exper imental difference of ± 2.3 ± 0.7 Tes la between 

Table XIII. Calculated Spin—Dipolar Fields (in Tesla) at the 
Iodine A and B Sites in N ( C 2 H r > ) 4 F e l 4 by Including Overlap 

Contributions Estimated in Mulliken Approximation 

Z-Axis X - A x i s 
# S D , v a l + overlap —0.42 —0.30 

A * l t e HSD>lie -0.25 -0.35 
# S D , v a l + overlap + Q 47 Q 

a * u e # s D , i i g + 0 . 2 5 0 
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HM(IA) a n d HHT(IB) at the two sites is w e l l accounted for b y the 
ca l cu lated s p i n - d i p o l a r contr ibut ions w h e n overlap a n d l i g a n d effects 
are i n c l u d e d . H o w e v e r , w e w a n t to po in t out the lack of agreement i f 
the overlap a n d l i g a n d contr ibut ions are neglected. It is interest ing to note 
that H S D l i g is o n the order of 0.2 Tes la . T h e H S I ) components c a n be 
tested further w i t h respect to the or ientat ion ® A of HM(IA) a n d ® B of 
H M ( I B ) , respect ively , re lat ive to the electric field gradient p r i n c i p a l axis. 
T h e measurement yie lds ® A = 27° ± 5° a n d ® B = 86° ± 5 ° . T h e 
dev iat ion of ® A f r om the angle (35 .3° ) between the sp in d i rec t ion a n d 
the electric field gradient p r i n c i p a l axis is due to the x-component H X

9 D 

( T a b l e X I I I ) . F o r the B site, H / D is zero. Therefore , ® B is 90° (see 
F i g u r e 8 ) , w h i c h is i n agreement w i t h the exper imental value. F o r the 
A site, however , H / D takes the va lue — 0.65 Tes la ; this together w i t h 
HM(1A) — - 10.7 ± 0.3 Tes la results i n an angle of 3.5° ± 0.1° between 
the sp in d i rec t ion (z) a n d HHF(IA). T h i s leads finally to a ca l cu lated 
va lue ® A = 31.8° ± 0.1°, w h i c h is i n reasonable agreement w i t h the 
exper imental va lue of 27° =t 5 ° . 

F r o m the exper imental H h f ( I ) values a n d the ca l cu lated H S D c on 
t r i b u t i o n , a n d w i t h the he lp of E q u a t i o n 66, the value — 57 ± 2 T e s l a is 
der ived for HNS(I). 

T h e ca lculated field H h f ( F e ) i n N ( C 2 H 5 ) 4 F e l 4 ( d e p e n d i n g on the 
m o d e l that is used to der ive qM a n d q±8 i n E q u a t i o n s 64 a n d 65, a n d the 
corresponding data for N ( C 2 H 5 ) 4 F e B r a n d N ( C 2 H 5 ) 4 F e C l are s u m 
m a r i z e d i n T a b l e X I V together w i t h exper imental values (50 ) . 

T h e results f rom this section, der ived on the basis of the overa l l 
consistent I E H - M O parameter set of T a b l e I , are not very different f r o m 
the values reported earlier for F e l 4 " (61) w i t h a somewhat different 
parameter set. T h e m a i n difference i n the two calculat ions occurs on ly 
i n the direct i od ine 5s contr ibut ion to Hc(l) ( second t e rm i n E q u a 
t i o n 66 ) . 

Table X I V . Calculated and Experimental Hyperfine Fields at 
the Nuclear Site of 5 7 F e (in Tesla) for FeCl 4 ~, FeBr 4~, 

and F e l 4 - in N ( C 2 H 5 ) 4 F e X 4
a 

FeClf FeBrf Fel 

* - 5 0 . 7 8 - 4 5 . 5 1 - 4 4 . 3 3 
- 4 5 . 0 5 - 4 0 . 3 8 - 3 3 . 9 3 
- 4 4 . 4 0 - 4 0 . 3 1 - 3 3 . 3 0 

exp. # - 4 7 . 0 ± 1 - 4 2 . 0 ± 1 - 3 4 . 4 ± 0.5 

• X = C l , B r , I . 
6 Derived from using bond-order matrix elements for iron od and 4s charges. 
e Includes overlap contributions as estimated from a dipole correction procedure. 
* Includes overlap contributions as estimated in the Mulliken approximation. 
•Friedt, J . M . ; Petridis, D . ; Sanchez, J . P . ; Reschke, R. ; Trautwein, A . Phys. 

Rev. 1979, B19, 360. 
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Summary 

Self-consistent field a n d charge M O calculations were a p p l i e d to a 
series of fluorine-, chlor ine- , bromine- , a n d iod ine - conta in ing molecules . 
O r b i t a l energies a n d d ipo le moments were used to find M O parameter 
sets for the S C C - X a a n d S C C - I E H procedures. C o m p a r i n g results 
obta ined f r om S C F a n d S C C theories w i t h exper imental data indicates 
that the re lat ive ly s imple S C C - M O methods can compete w i t h the m o r e 
sophist icated S C F - M O methods i f a series of s imi lar compounds is 
studied . T h e use of the S C C - M O methods descr ibed here is especial ly 
advantageous i n cases w h e n the app l i ca t i on of S C F - M O methods be 
comes proh ib i t i ve because of l i m i t e d memory space a n d computer t ime ; 
such cases inc lude a l l calculations where iod ine is used. 

W h e n ca l cu la t ing hyperf ine parameters such as electron densities 
p ( 0 ) , electric field gradients, a n d interna l magnet ic fields f r om a M O 
procedure w i t h l i m i t e d basis set, the strategy f o l l owed is to use the M O 
valence electron conf iguration (1 ) for d i rec t ly eva luat ing valence con 
tr ibut ions a n d (2 ) for d e r i v i n g core contr ibut ions f r o m sh ie ld ing a n d 
p o l a r i z i n g the core. T h e ca l cu lat iona l procedures, the results obta ined , 
a n d their compar ison w i t h exper imental da ta have been descr ibed i n 
deta i l . N u c l e a r properties that were obta ined f r o m c o m p a r i n g p (0 ) a n d 
8, a n d Vzz a n d e2qQ are the re lat ive change of the nuc lear charge radius 
for 1 2 9 I (SR/R = 4.4 • 10~4) a n d the nuclear quadrupo le moments Q for 
1 2 7 1 , 7 9 B r , a n d 3 5 C 1 (QI — - 0.59 barn , QBr = 0.25 barn , QCi = - 0.065 
b a r n ) . It must be emphas ized that for the evaluat ion of b o t h p (0 ) a n d 
Vgg, re lat iv ist ic effects were i n c l u d e d a n d were f o u n d to be significant 
not on ly for p ( 0 ) . 

T h e exper imental 5 7 F e a n d 1 2 9 I Mossbauer w o r k o n N ( C 2 H 5 ) 4 F e l 4 
p r o v i d e d us w i t h Mossbauer parameters of b o t h i r o n a n d iod ine , enab l ing 
a double -check of our theoret ical e lectronic a n d magnet i c structure of 
this c o m p o u n d . T h i s example was chosen to i l luminate the interpretat ion 
of measured magnet i c hyperf ine fields o n the basis of S C C - M O results. 

Acknowledgments 

W e are grateful for the support of the Deutsche Forschungsgemein -
schaft under Contrac t T r 9 7 / 6 a n d of N A T O under C o n t r a c t 1605. W e 
grateful ly acknowledge the c r i t i c a l discussions w i t h R . B i a s , J . D e l h a l l e , 
J . M . F r i e d t , a n d F . E . H a r r i s , a n d w e thank J . P . Desc laux for s u p p l y i n g 
us w i t h re lat iv ist ic p (0 ) values for iod ine obta ined f r o m H a r t r e e - F o c k -
D i r a c calculations. 

Literature Cited 

1. Cusachs, L. C.; Reinolds, J. W. J. Chem. Phys. 1965, 43, S160. 
2. Rein, J. ; Fukuda, N.; Win, H.; Glarke, G. A.; Harris, F. E. J. Chem. Phys. 

1966, 45, 4743. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
1

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



36 M O S S B A U E R SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

3. Trautwein, A. J. Phys. (Paris) 1980, 1, C1-95. 
4. Grodzicki, M. J. Phys. B, 1980, 13, 2683. 
5. Bläs, R.; Grodzicki, M.; Marathe, V. R.; Trautwein, A. J. Phys. B, 1980, 

13, 2693. 
6. Kane, E O. Phys. Rev. 1972, B5, 1493. 
7. Robinson, J. E.; Bassani, F.; Knox, R. S.; Schieffer, J. R. Phys. Rev. Lett. 

1962, 9, 215. 
8. Barnett, M. P.; Coulson, C. A. Philos. Trans. R. Soc. London 1951, A243, 

221. 
9. Basch, H.; Viste, A.; Gray, H. B. Theor. Chim. Acta 1965, 3, 458. 

10. Clementi, E.; Roetti, C. At. Nucl. Data Tables 1974, 14, 177. 
11. Flygare, W. H.; Hafemeister, D. W. J. Chem. Phys. 1965, 43, 789. 
12. Spijkervet, W. J. J.; Pleifer, I. Hyperfine Interact. 1979, 7, 285. 
13. Ladrière, J.; Gogneau, M.; Meyheus, A. J. Phys. (Paris) 1980, 1, C1-131. 
14. Reschke, R.; Trautwein, A. Theor. Chim. Acta 1978, 47, 85. 
15. Sternheimer, R. M. Phys. Rev. 1950, 80, 102. 
16. Ibid., 1951, 84, 244. 
17. Ibid., 1952, 86, 316. 
18. Ibid., 1953, 92, 1460. 
19. Ibid., 1954, 95, 736. 
20. Ibid., 1957, 105, 158. 
21. Ibid., 1967, 164, 10. 
22. Ibid., 1966, 146, 140. 
23. Ibid., 1972, A6, 1702. 
24. Foley, H. M.; Sternheimer, R. M.; Tycko, D. Phys. Rev. 1954, 93, 734. 
25. Sternheimer, R. M.; Foley, H. M. Phys. Rev. 1956, 102, 731. 
26. Sternheimer, R. M.; Peierls, R. F. Phys. Rev. 1971, A3, 837. 
27. Das, T. P.; Bersohn, R. Phys. Rev. 1956, 102, 733. 
28. Wikner, E. G.; Das, T. P. Phys. Rev. 1957, 107, 497. 
29. Ibid., 1958, 109, 360. 
30. Ingalls, R. Phys. Rev. 1962, 128, 1155. 
31. Chang, E. S.; Pu, R. T.; Das, T. P. Phys. Rev. 1968, 174, 16. 
32. Ray, S. N.; Lee, T.; Das, T. P. Phys. Rev. 1974, A9, 93. 
33. Ray, S. N. ; Lee, T.; Das, T. P.; Sternheimer, R. M. Phys. Rev. 1974, 

A9, 1108. 
34. Ibid., 1975, A11, 1804. 
35. Ray, S. N.; Das, T. P. Phys. Rev. 1977, B16, 4794. 
36. Ahmad, S.; Newman, D. J. J. Phys. C, 1978, 11, L277. 
37. Lahiri, J.; Mukherji, A. Phys. Rev. 1967, 153, 386. 
38. Ibid., 155, 24. 
39. Mukherjee, P. K.; Roy, A. P.; Gupta, A. Phys. Rev. 1978, A17, 30. 
40. Lauer, S.; Marathe, V. R.; Trautwein, A. Phys. Rev. 1979, A19, 1852. 
41. Lauer, S., Diplomarbeit, Universität des Saarlandes, Saarbrücken, West 

Germany, 1979. 
42. Townes, C. H.; Dailey, B. P. J. Chem. Phys. 1949, 17, 782. 
43. Sanchez, J. P., Ph.D. Dissertation, Institut National de Physique Nuclèaire 

et de Physique des Particules, Strasbourg, France, 1979. 
44. Jaccarino, V.; King, J. G.; Satten, R. A.; Stroke, H.-H. Phys. Rev. 1954, 

94, 1798. 
45. Kopfermann, H. In "Kernmomente"; Akad.-Verlag GMBH: Frankfurt a.M., 

1956. 
46. Fuller, G.; Cohen, V. W. Nucl. Data 1969, A5, 433. 
47. Straub, P. A.; McLean, A. D. Theor. Chim. Acta 1974, 32, 227. 
48. Bessis, N.; Picart, J.; Desclaux, J. P. Phys. Rev. 1969, 187, 88. 
49. Gordy, W. Rev. Mod. Phys. 1948, 20, 668. 
50. Friedt, J. M.; Petridis, D.; Sanchez, J. P.; Reschke, R.; Trautwein, A. 

Phys. Rev. 1979, B19, 360. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
1

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



1. GRODZICKI E T A L . Halogen-Containing Compounds 37 

51. Abragam, A.; Horowitz, J.; Pryce, M. H. L. Proc. R. Soc. (London) 1955, 
A230, 169. 

52. Watson, R. E.; Freeman, A. J. Phys. Rev. 1961, 123, 2027. 
53. Ray, S. N.; Lee, T.; Das, T. P. Phys. Rev. 1977, B8, 5291. 
54. Trautwein, A.; Zimmermann, R. Phys. Rev. 1976, B13, 2238. 
55. Trautwein, A. In "Structure and Bonding"; Springer-Verlag: Berlin, 1974; 

Vol. 20, p. 101. 
56. Reschke, R., Ph.D. Dissertation, Universität des Saarlandes, Saarbrücken, 

West Germany, 1976. 
57. Zimmermann, R.; Trautwein, A.; Harris, F. E. Phys. Rev. 1975, B12, 3902. 
58. Reschke, R.; Trautwein, A.; Harris, F. E. Phys. Rev. 1977, B15, 2708. 
59. Boekema, C.; van der Woude, F.; Sawatzky, G. A. Int. J. Magn. 1972, 

3, 341. 
60. Sawatzky, G. A. ; Geertsma, W.; Haas, C. J. Magn. Mat. 1976, 3, 37. 
61. Sanchez, J. P.; Friedt, J. M.; Trautwein, A.; Reschke, R. Phys. Rev. 1979, 

B19, 365. 
62. DeWaard, H. In "Mössbauer Data Index", Stevens, J. G.; Stevens, V. E., 

Eds.; Plenum Press: New York, 1973. 
RECEIVED June 27, 1980. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
1

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



2 

Application of Gold-197 Mössbauer 

Spectroscopy to Studies of Electronic 

Properties of Intermetallic, Inorganic, 

and Organometallic Compounds 

T. K. SHAM, R. E. WATSON, and M. L. PERLMAN 

Brookhaven National Laboratory, Upton, NY 11973 

We present and discuss problems in the interpretation of 
197Au isomer shifts and quadrupole splittings, and treat the 
relationship of these parameters to the electronic properties 
of gold-containing systems. Emphasis is placed on the 
successful application of the relativistic Hartree-Fock 
method and a renormalized atom scheme to calculate 
<r-3> values for the 6p and 5d orbitals of gold. This cal
culation enables us to visualize, perhaps for the first time, 
semiquantitative charge distributions in gold compounds. 
A unified picture of the electronic behavior of the gold 
valence electrons in various environments emerges. 

T n 1960, three years after M o s s b a u e r s discovery of the low-energy 
nuclear gamma-ray resonance i n 1 9 1 I r , the first observation of the 

same phenomenon i n the case of the 77 -keV transit ion i n 1 9 7 A u was 
reported (2). Since then, the 1 9 7 A u Mossbauer transi t ion has become a 
very useful spectroscopic too l for appl icat ions r a n g i n g f r o m the study of 
F r i e d e l theory of conduct ion electron screening i n d i lute alloys (3-8) 
a n d charge transfer i n intermetal l i c compounds a n d alloys (9-18) to the 
structure a n d b o n d i n g systematics i n inorganic (19,20) a n d organo
meta l l i c (21-26) compounds , a n d i n meta l clusters (27,28). 

Desp i te the impressive research done w i t h 1 9 7 A u over the past t w o 
decades, there r e m a i n important questions concerning the interpretat ion 
of the most important Mossbauer parameters, isomer shift a n d q u a d r u p o l e 

0065-2393/81/0194-0039$05.50/0 
© 1981 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
2

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



40 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

sp l i t t ing . T h e p r o b l e m is that very often only qual i tat ive in format ion 
about electronic ( b o n d i n g ) properties of the system has been der ivab le 
a n d that, more often than not, efforts to obta in quant i tat ive results have 
not been satisfactory. O n e of the most s t r ik ing observations d e r i v i n g 
f rom isomer shift measurements is that p u r e go ld meta l has smaller 
contact electron density than go ld i n almost a l l go ld compounds (11,19). 
A l t h o u g h i t m a y not be surpr is ing to find that this is the case i n meta l l i c 
alloys or intermetal l i c compounds , because go ld is often considered to be 
the most electronegative meta l l i c element (29), i t is i n d e e d very surpr is 
i n g to discover that i n inorganic compounds , where go ld is f o rmal ly + 1 
or + 3 , the contact density, as ind i ca ted b y the isomer shift, is greater i n 
most cases than i n the pure meta l . O n l y the very ion ic g o l d ( I ) hal ides 
d i sp lay sl ight negative shifts, of the order of 0.1 mms" 1 , rather s m a l l 
c ompared w i t h the entire isomer shift range, 8 mms" 1 , observed i n 
meta l l i c systems. 

T h e p r o b l e m i n interpret ing the g o l d isomer shift is that one has to 
dea l w i t h the effects of vo lume , w i t h go ld 5d a n d non-d(6s, 6p) in terp lay , 
a n d w i t h def init ion of "6s" a n d " 6 p " valence e lectron character i n a 
meta l l i c or covalent ly b o n d e d system. These considerations determine 
the conversion (3,6,7,12,16,18) of isomer shift into change of 6s or 
conduct ion electron count as a result of charge transfer u p o n c o m p o u n d 
a n d , especial ly , a l loy format ion . T h e t rad i t i ona l v i e w is that g o l d 5d 
character is on ly s l ight ly i n v o l v e d i n the a l l oy ing process a n d should not 
contr ibute greatly to the isomer shift t h r o u g h screening. H o w e v e r , our 
recent go ld Mossbauer a n d x-ray photoemiss ion measurements (12,16, 
17) ind i cate very strongly that the go ld 5d bands are act ive ly i n v o l v e d 
i n c o m p o u n d format ion a n d that the increase of valence s character at 
the go ld site is effectively compensated b y charge deplet ion to m a i n 
t a i n e lectroneutral i ty local ly . 

There is a s imi lar p r o b l e m i n in terpre t ing quadrupo le sp l i t t ing ; here 
one is concerned w i t h the effective contr ibut ion of 6p a n d 5d electrons 
to the quadrupo le field. T h e behavior of these electrons is c r u c i a l , 
especial ly to the chemistry a n d b o n d i n g properties of inorgan i c a n d 
organometal l ic compounds . I n such systems, the go ld atoms have m u c h 
lower coord inat ion than i n the m e t a l : t w o a n d four are c o m m o n coord i 
nat ion numbers for the g o l d ( I ) a n d go ld ( I I I ) compounds , respect ively , 
a n d electric field gradients inev i tab ly result f r om these geometries. T h e 
quadrupo le fields arise f rom latt ice terms a n d f r om the assymetry i n the 
6p and , to a lesser extent, i n the 5d b o n d i n g charges. H o w e v e r , u n t i l 
n o w , quadrupo le sp l i t t ing values have not been understood quant i tat ive ly 
because the free atom < r " 3 > 6 j ) values are too smal l to be consistent w i t h 
the large quadrupo le splitt ings observed i n go ld compounds . 

I n this chapter , w e present a n d discuss these prob lems i n in terpre t ing 
isomer shift a n d quadrupo le sp l i t t ing . W e then attempt to advance the 
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2. S H A M E T A L . Inorganic and Organometallic Compounds 41 

interpretat ion to at least a semiquant i tat ive leve l . E m p h a s i s is p l a c e d on 
the successful app l i ca t i on of the re lat iv ist ic H a r t r e e - F o c k method (30) 
a n d a renormal i zed atom scheme (31) to calculate < r " 3 > 6 p a n d < r " 3 > 5 < * . 

T h i s procedure enables us to v isual ize , for the first t ime , valence charge 
distr ibut ions of go ld compounds h a v i n g very p laus ib le b o n d i n g electron 
populat ions . 

I n the next section w e discuss the 1 9 7 A u isomer shift i n terms of 
contact densities associated w i t h renormal i zed a n d free atoms. W e also 
consider conduct ion electron screening i n the pure meta l . O f par t i cu lar 
concern w i t h respect to the go ld isomer shifts i n meta l l i c systems are the 
effects of vo lume, s-d r e h y b r i d i z a t i o n a n d screening, a n d charge transfer. 
I n a later section w e discuss the large q u a d r u p o l e sp l i t t ing observed i n 
[ A u ( C N ) 2 ] ~ i n terms of a pseudoatomic mode l . W e employ , i n this 
m o d e l , < r " 3 > values for 6p a n d 5d electrons ca lcu lated b y the re lat iv ist ic 
H a r t r e e - F o c k m e t h o d a n d renormal i zed to the W i g n e r - S e i t z vo lume of 
the go ld site. A n o t h e r section deals w i t h the interpretat ion of Mossbauer 
parameters i n g o l d ( I ) compounds . U s i n g the < r " 3 > values, w e have 
est imated p charge distr ibut ions a n d c lar i f ied the quest ion of a vs. TT 
b o n d i n g a n d s vs. p donat ion ab i l i t y of l igands i n g o l d ( I ) compounds . 
A n e w set of u parameters is der ived for the l igands on the basis of b o t h 
quadrupo le sp l i t t ing a n d isomer shift considerations. These o- b o n d i n g 
parameters reflect qu i te accurately the l i g a n d characteristics. Intermetal l i c 
a n d go ld ( I I I ) systems are also discussed. I n the final section w e s u m 
mar ize the general behavior of go ld valence electrons as interpreted f r o m 
Mossbauer parameters , a n d present a uni f ied p i c ture of this behavior . 

Isomer Shift, Contact Density, and Charge Transfer 

Isomer Shifts in Metallic Systems and Coordination Complexes. 
F o r prac t i ca l purposes, the exper imental isomer shift ( I S ) ( m m s - 1 ) 
between an absorber a n d a source m a y be w r i t t e n (32) 

I S = [0.00608 Z S<r2>&p(0)]/Ey (1) 

H e r e Z is the nuc lear charge; 8 < r 2 > is the change i n the square of the 
nuclear radius (10" 3 f m 2 ) between the excited a n d the g round states a n d 
is k n o w n for 1 9 7 A u ; Ey is the Mossbauer transit ion energy i n k e V ; a n d 
AP (0 ) = [|<A(0)|a2 — |<A(0)|s

2] is the difference between the contact 
densities (a0~s) of the source a n d the absorber. E q u a t i o n 1 m a y be 
r e d u c e d to 

I S = 0.0536 AP (2) 

where the prefactor is a constant appropr iate to the 77 .3-keV transi t ion , 
Z = 79, a n d 8 < r 2 > = 8 . 6 X 1 0 " 3 f m 2 ( 3 2 ) . T h e only parameter that 
concerns us is the change of contact density A p ( 0 ) between systems of 
interest. 
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Str i c t ly speaking, A p ( 0 ) inc ludes the effects of core electrons as w e l l 
as valence electrons, but since deep core contributions to the contact 
density are almost unaffected b y c h e m i c a l differences, i t is p rac t i ca l to 
consider A p ( 0 ) as ar is ing p r i m a r i l y f r om red is t r ibut ion of valence- l ike 
electrons that part i c ipate act ively i n bond ing . H o w e v e r , the core 5s 
shel l overlaps the valence 5d, a n d w e do take into account changes i n 
the 5s contact density. T w o factors must be considered before isomer 
shift among compounds can be translated into differences of electron 
counts i n the 6s a n d 5d go ld site orb i ta ls : the vo lume changes a n d s-d 
r e h y b r i d i z a t i o n effects associated w i t h c o m p o u n d format ion . These 
effects are p a r t i c u l a r l y important i n meta l l i c systems, i n w h i c h the go ld 
sites are screened b y charge density halos resu l t ing f r o m conduct ion 
electron displacement ( 3 3 ) . I f the conduct ion electron character n c 

(bas ica l ly s a n d p) at the go ld site of a c o m p o u n d or a l loy is increased 
relat ive to that of pure go ld , the contact density is increased; an increase 
of d character, And, on the other h a n d , screens the conduct ion electrons 
a n d reduces p ( 0 ) . Ca l cu lat ions for free atoms as w e l l as calculations 
renormal i zed to the W i g n e r - S e i t z ce l l of go ld show that the effect of 
the d screening can be qu i te important . T h u s for metal l i c systems (14) 

Ap (0 ) a A n c — RAnd (3) 

where R is as large as 1/2. P a u l i n g (29) a n d F r i e d e l (33) e lectroneu-
tra l i ty considerations a p p l y i n meta l l i c systems and , as a result , a charge 
compensation is expected to take p lace , that is, 

An, + And ~ 0 (4) 

a re lat ion that is borne out b y core- level photoemission experiments. F o r 
coordinat ion complexes, E q u a t i o n 3 can be w r i t t e n i n terms of the change 
of 6 5 e lectron count, An8 

Ap (0) a Ans — R And (5) 

Dif f icult ies arise i f one compares the isomer shift of l inear two-coordinate 
g o l d ( I ) or square-planar go ld ( I I I ) compounds w i t h that of p u r e go ld 
meta l ; i n these low-coordinate complexes the screening of the g o l d site 
is achieved m a i n l y b y charge i n the more l o ca l i zed molecu lar orbitals 
rather than b y the diffuse conduct ion electrons of meta l l i c systems. T h i s 
is to say that one must estimate the effects on the isomer shift o n go ing 
f r o m a meta l , for w h i c h n«. is appl i cab le , to a covalent so l id w i t h its 
valence electron count n8. I n a compar ison w i t h i n a g iven system type , 
such as a series of g o l d ( I ) compounds , E q u a t i o n 5 should reflect con
sistently the b o n d i n g behavior of the complexes. I t is reasonable to 
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2. SHAM E T A L . Inorganic and Organometallic Compounds 43 

consider RAnd to be neg l ig ib le i n g o l d ( I ) compounds, a n d smal l but not 
negl ig ib le i n go ld ( I I I ) compounds . 

Conversion of Isomer Shifts to Electron Counts. T o obta in q u a n t i 
tative b o n d i n g in format ion f rom isomer shifts, one must evaluate the 
ac tua l isomer shift , say i n m m s - 1 , i n terms of units of s or d charge trans
ferred. Some investigators (6,11,17), assuming that d effects are n e g l i 
g ib le , have suggested that IS ^ 8 m m s " 1 An 8 for most go ld systems. W e , 
however , (12,16) bel ieve that non-d , d compensat ion occurs i n al loys 
(13). Based o n experiments a n d K n i g h t shift considerations (34,35) w e 
suggest (12,16) that i n meta l l i c systems IS « 12 m m s " 1 An c . H e r e i t is 
i m p l i e d that Anc/And ~ constant (— RAnd ~ 0 . 5 A n c ) . O u r study of a 
n u m b e r of main -group metal l i c compounds a n d alloys indeed indicates 
that this rat io is r ough ly constant a n d that the overa l l charge flow (An<. 
+And) onto go ld is o n the order of 0.1 to 0.2 electrons. I n g o l d ( I ) 
complexes, where And is neg l ig ib le , IS = 8 mms" 1 An8 is reasonable. 

N o t i n c l u d e d i n the foregoing considerations are effects i n d i lute 
alloys or meta l l i c systems w h e n there is a signif icant vo lume m i s m a t c h 
between the go ld i m p u r i t y a n d the host. I n such cases, one n o r m a l l y 
takes into account the vo lume effect (14,15) on the isomer shift b y 
m a k i n g use of Mossbauer data on pressure effects (9,11,14,23). F o r 
most of the go ld-nontransi t ion meta l compounds , this v o l u m e correct ion 
is sma l l (16) a n d chemica l effects dominate the isomer shift. H o w e v e r , 
i n nonconduc t ing go ld complexes i t is very diff icult to assess the vo lume 
effects. Yet , i t is reasonable to assume that w i t h i n a series of s imi lar 
inorganic a n d organometal l i c compounds the pure ly c h e m i c a l effects are 
dominant . 

F i g u r e 1 shows the range of isomer shifts for the important classes 
of g o l d compounds : meta l l i c compounds a n d alloys, g o l d ( I ) complexes, 
a n d go ld ( I I I ) complexes. I t is the alloys that d isp lay the largest var ia t i on 
i n isomer shift. T h i s indicates immedia te ly that charge red i s t r ibut ion 
around the go ld site is most flexible i n meta l l i c systems. It is also appar 
ent that even i n most g o l d ( I ) a n d go ld ( I I I ) compounds the contact 
density is greater than i t is i n pure go ld . These observations are best 
considered i n the context of self-consistent field calculations of the contact 
density of 6s electrons at the go ld site. F i g u r e 2 i l lustrates the re lat ive 
contact densities for the 6s e lectron of a free go ld a tom a n d for that 6s 
funct ion renormal i zed to a W i g n e r - S e i t z c e l l . I n meta l l i c systems, a n 
increase of conduct ion electron count a n d the a c c o m p a n y i n g d c o m 
pensat ion should a lways produce a posit ive isomer shift. An« should be 
largest i n the ionic l i m i t ; i n the case of A u C s or of other a l k a l i a n d a lka l ine 
earth systems, the electrons are re lat ive ly l o ca l i zed a n d the ir isomer shift 
effects should be correspondingly large. I n g o l d ( I ) compounds , g o l d ( I ) 
f o rmal ly has lost charge, yet covalency confines the 6s a n d 6p charge 
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METALLIC 
COMPOUNDS 

-AuCs 
ALLOYS Au(I) Au(UT) 

CH 3AuPh 3P 6 

Au(PMe2Ph)2 

AutPPhjJg 5 

Au(C6HM)3CI 

Au(CN)* 

Au PPh 3Br 

• [ A U ( C 5 H 5 N ) J ] * 

[Au(N 3) 2] +

 + 

jAu(PPh3S)2] 

(Cl0H|2)AuCI 2 

[AuCI2] + 

Aul Au 
•AuCI 

*— Au 

-KAu(CNL 

\ 
AsPhAAu(NJ 3 ' 4 

KAu(SCN). 

- KAuCL 

- K A u I 4 

CsAuF. 

[BrF 2] +[AuF 4] 

AuF, 

Figure 1. Representative isomer shifts in metallic and coordination gold 
complexes; metallic data are from Refs. 3, 7, 9, 10, 15, 16, 17; other data 

are selected from Refs. 19-25. 
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2 0 0 

C/) 

z 
LJ Q 

Z 
o u 

p(0) 

R E N O R M A L I Z E D A T O M 

CO 
< 
Ld 

1 0 0 -/»(0) 
F R E E A T O M 

0 

Figure 2. Contact densities at the gold nucleus corresponding to one 
6s electron for the free d10s atom and the same 6s orbital renormalized to 
the metallic Wigner-Seitz cell. The results are based on a relativistic 

calculation with a finite nucleus. 

character w i t h i n the bonds. T h i s seems to overcompensate the effect of 
the charge expected to be lost b y go ld w h e n i t forms compounds w i t h 
more electronegative l igands. I n the go ld ( I I I ) system, the 5d hole has 
considerable effect o n the isomer shift; this w i l l be discussed together 
w i t h quadrupo le sp l i t t ing i n a later section. 

The Pseudoatomic Model and the Interpretation of the 
Quadrupole Splitting in K[mAu(CN)2] 

General Considerations. T h e l o ca l symmetry at the site of the 
Mossbauer atom determines whether or not a n electric field gradient q 
is a l l owed . I f i t is, q involves valence electron a n d lattice contr ibutions 

q = Q W U - Rs) + g iattU - y » ) . (6) 

H e r e R8 a n d y*, Sternheimer factors (37,38), account for the fact that 
the closed-core electron shells, because they are distorted b y the i n f l u 
ences of q V a i a n d qi&tt, interact w i t h the nucleus. O n e evaluates ^ i a t t 

a n d <7Vai b y integrat ing 

rY2°(cosO) , 
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over the charge d i s t r ibut ion i n the surround ing latt ice a n d i n the valence 
electrons at the atomic site, respectively. I n the integrand , Y 2 ° ( c o s 0 ) 
is the spherical harmoni c a n d p is the electron density. qva\ a n d q i a t t 

are commonly expressed as 

QW — - Z <3cos 2 0i - 1> < r V 3 > (7) 

( 3 c o s 2 g « - l ) ( . 

where <rf3> is the expectation value for the valence electron of interest 
a n d fj is the distance of the external l i g a n d charge f r om the nucleus. 
F o r the go ld ( I ) a n d go ld ( I I I ) compounds of concern, the qya\ t e rm is 
dominant . I n meta l l i c systems q is smal l because of conduct ion electron 
screening, so that i n d i lute alloys q\att a n d qva\ are comparable ( 3 9 , 4 0 ) . 
A c c o r d i n g to the T o w n e s - D a i l e y theory (42), qy&\ i n go ld compounds 
of l inear a n d square-planar symmetry w i t h zero asymmetry parameter 
can be expressed 

q - tfvai - 4 / 5 [ - p , + (1 /2) (p , + ft,)]<r-8>«p + 
4 / 7 [ - ( f c + d*.+ + dxy - (1/2) (d„ + dyz)] <r~*>5d (9) 

where pz, d^, etc. are o rb i ta l populat ions . A t o m i c < r ~ 3 > parameters are 
c o m m o n l y employed i n d e r i v i n g orb i ta l popu la t i on counts f r om M o s s 
bauer quadrupo le spl itt ings. T h i s pseudoatomic approach has been used 
b y Fal tens et a l . (20) a n d B a r t u n i k et a l . (21) to study b o n d i n g sys-
tematics i n go ld compounds , a n d more specific appl icat ions of this 
approach , such as the add i t i v i ty m o d e l of electric field gradients i n 
organomain group compounds , have been deve loped (41 ) . 

I f a pseudoatomic m o d e l is to be used general ly , w e need to k n o w 
h o w w e l l the atomic parameter < r ~ 3 > represents the actual contr ibutions 
of different valence charges resul t ing f r om charge red is tr ibut ion . I t has 
been c o m m o n pract ice to calculate < r " 3 > values for the valence orbitals 
of the free atom i n appropr iate configurations. O f t en , the var ia t i on i n 
< r " 3 > is modest and , for a reasonable range of configurations, i t is 
sensible to assume that < r " 3 > is constant for the set of s imi lar structures, 
as was done for the Mossbauer study of t i n ( I V ) compounds (41). 
Unfor tunate ly , the free atom < r " 3 > 6 p values for go ld not on ly vary 
drast ica l ly f rom one configuration to another, bu t they are also too smal l 
to account for the measured quadrupo le sp l i t t ing . F o r example, Fa l tens 
a n d Shir ley (20) c onc luded that charge transfer, f r o m the l i g a n d to the 
6pz o rb i ta l of go ld , is responsible for the large electric field gradients i n 
g o l d ( I ) compounds , a n d that 5d par t i c ipat i on is un important . H o w e v e r , 
they also p o i n t e d out that the ca lcu lated free a tom < r " 3 > e P cannot 
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expla in the large splitt ings observed. A s a result of this observation, two 
different v iews of the electronic behavior i n l inear g o l d ( I ) compounds 
have evolved, i n b o t h of w h i c h the interp lay of 5d a n d 6p b o n d i n g have 
been considered. F o r A u ( C N ) 2 ~ , for instance, some researchers (20,23, 
24) have proposed that the donat ion of charge f rom the l igands to the 
65 a n d 6pz orbitals of go ld v i a 0- b o n d i n g accounts for the observed 
quadrupo le sp l i t t ing , a n d that 5d^ b a c k - b o n d i n g is not important . T h i s 
interpretat ion has been supported b y systematic Mossbauer studies of a 
series of g o l d ( I ) compounds (24,25), b y the observation of negative 
electric field gradients i n K A u ( C N ) 2 (23), a n d b y opt i ca l studies (44). 
Alternat ive ly , other researchers consider that the invo lvement of the 5d 
orbitals v i a back -bond ing is important . E s q u i v e l et a l . (45) have 
attempted, w i t h the b a c k - b o n d i n g argument a n d atomic self-consistent 
H a r t r e e - F o c k calculations of < r " 3 > for go ld i n several electronic c on 
figurations, to rat ional ize the large field gradient observed i n K A u ( C N ) 2 . 
T h e y show that a large deplet ion of 5d character i n the electronic 
configuration of go ld causes a contract ion of 6p orbitals a n d leads to 
comparat ive ly large < r " 3 > 6 p values. T h e y also pred i c t the correct s ign 
for the electric field gradient i n g o l d ( I ) compounds a n d thus argue that 
5d b a c k - b o n d i n g must be important i n the format ion of g o l d ( I ) c om
plexes. T h e p r o b l e m w i t h such approaches is that they invo lve t rouble -
somely large valence electron counts. 

Yet another approach to this p r o b l e m is to invoke deta i led molecu lar 
o rb i ta l calculations. A l t h o u g h there are several reports avai lable of these 
calculations (45,46,47) that y i e l d in format ion about the b o n d i n g i n g o l d 
complexes, i t is s t i l l a diff icult p r o b l e m a n d a h i g h degree of accuracy 
has yet to be achieved (48). T h e most recent results (46) suggest, for 
example, the lack of d back -bond ing . 

Renormalized < r " 3 > 6 p and < r ~ 3 > 5 d Values. Re la t iv i s t i c c a l c u l a 
tions were per formed for the go ld 6p a n d 5d orbitals i n the free atom a n d 
for the atom renormal i zed to the v o l u m e of the W i g n e r - S e i t z c e l l i n g o l d 
meta l . W e used this approach for two reasons. F i r s t , w h i l e 5d electrons 
are somewhat core- l ike , free-atom 6p orbitals , w h i c h have most of the i r 
charge at distances corresponding to ne ighbor ing atom sites i n the crysta l , 
are very diffuse. I t is thus phys i ca l l y preferable , for compounds i n 
the condensed phase, to discuss 6p e lectron charge a n d b o n d i n g i n terms 
of re lat ive ly l o ca l i zed orbitals constrained to the v i c i n i t y of the g o l d 
atom. S u c h a m o d e l paral le ls the explanat ion for the large posit ive isomer 
shift observed i n go ld ( I ) compounds. Second, the W i g n e r - S e i t z rad ius 
fws ( 4 9 ) , that of a sphere enclos ing the vo lume of go ld site i n the m e t a l , 
has zero net charge i n go ld meta l . A s w e w i l l discuss later, this is a 
reasonable first-order estimate of the vo lume inside of w h i c h the pert inent 
6p charge is l o ca l i zed a n d counted , even i n l inear covalent systems. 
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48 m o s s b a u e r s p e c t r o s c o p y a n d i t s c h e m i c a l a p p l i c a t i o n s 

Table I. Gold < r " 3 > Values (in a.u.) for the Free Atom and the 
Atom Renormalized to the Gold Wigner-Seitz Radius ( r W s 

= 3.01 a.u.) in Various Electronic Configurations 

Electronic Free Atom Renormalized Atom 

Configuration Sd5/2 6ps/2 5dS/i 6pS/2 

5d106s 15.8 12.0 16.1 12.4 — 
5d 1 0 6p 16.0 12.2 3.70 16.4 12.6 25.1 
5d 9 6s6p 16.7 12.9 5.98 17.0 13.2 26.4 
5d 9 6p 17.1 13.2 9.66 17.3 13.4 27.1 
5d 8 6s6p 17.8 14.0 12.4 18.0 14.1 28.9 
5d8&p 18.2 14.3 15.7 18.3 14.5 29.8 

Va lues of < r ' 3 > ca lcu lated for the 6p a n d 5d orbitals of the free 
a n d renormal i zed go ld atom (12,31) a c c o r d i n g to L i n d g r e n s D i r a c - F o c k 
scheme (30) are g iven i n T a b l e I . Some prev ious ly est imated values 
(20,45,50,51) are g iven i n T a b l e I I for comparison . L i n d g r e n ' s scheme, 
w h i c h involves the renormal i zat ion of the w a v e functions to the W i g n e r -
Seitz sphere, has been descr ibed elsewhere (30,31) a n d w i l l not be 
discussed here. C h a n g e i n the radius r W s does affect the <r"3>6*> values 
somewhat, a n d the impl i cat ions of this effect w i l l be discussed brief ly , 
later i n the section. 

It is important to note several interest ing features i n the data of 
T a b l e I . ( a ) T h e free atom calculat ions show that < r " 3 > 6 P values 
increase w i t h 5d e lectron deplet ion , whereas < r " 3 > 5 ( 2 values are re la t ive ly 
insensitive to changes of conf igurat ion; the latter result is expected i n 
v i e w of the almost core- l ike character of the g o l d 5d electrons. These 
results are consistent qua l i ta t ive ly w i t h p u b l i s h e d results of nonrelat iv ist ic 
calculat ions (20,45), bu t show larger effects. T h e <r" 3>6j> values 
increase b y a factor of four f r om d10 to d8p, a n d s-d in terp lay is important , 
( b ) W h i l e < r ~ 3 > 5 d values are insensit ive to renormal i za t i on a n d to 
change of configuration after renormal i zat ion , the < r " 3 > 6 P values increase 
w i t h renormal izat ion so dramat i ca l ly that they become m u c h greater t h a n 
the < r " 3 > 5 d values. T h i s , the most r e w a r d i n g result of these ca lculat ions , 
n o w enables us to expla in read i l y the large field gradients i n g o l d ( I ) 
compounds w i t h o u t need ing signif icant 5dv back -bond ing , w h i c h often 

Table II. The < r " 3 > Values in a.u. Available in the Literature 
Prior to This Study 

Electronic 
Configuration < r ' 3 > 5 d < r " 3 > 6 p Reference 

5d 9 6s 2 12.3 — 50 
5d 1 0 6p — 14.6 51 
5d 9 6s6p 13.426 4.571 45 
5d 8 6s6p 14.359 9.599 45 
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2. S H A M E T A L . Inorganic and Organometallic Compounds 49 

has been in t roduced to account for the large field gradients observed, 
( c ) T h e renormal i zed < r " 3 > 6 P values are on ly s l ight ly sensitive to drast ic 
change i n conf iguration, that is, ^ 2 0 % instead of ~ 4 0 0 % i n the free 
a tom i f one compares d8p a n d d10p. 

So far, only electronic configurations of a l o ca l neutra l " a t o m i c " 
sphere of the go ld atom i n a c o m p o u n d have been considered. Several 
problems have to be examined so that the < r " 3 > values can be a p p l i e d 
more general ly . These are: vo lume effects, po lar i za t i on effects, a n d 
c h e m i c a l bond ing . It is obvious that the dmsxpv conf iguration enclosed 
b y the W i g n e r - S e i t z vo lume is on ly an approx imat ion of the ac tua l 
molecu lar system. 

It is not ent ire ly c lear w h a t radius should be chosen to m a i n t a i n 
the atomic - l ike charges loca l ly . N o w , i t is general ly the 6po- electrons, 
p o i n t i n g a long the b o n d axis, that are p r i m a r i l y responsible for qvai. 
N o r m a l i z i n g the pa orbitals ins ide planes intersect ing the bonds at the 
covalent radius can be equivalent to n o r m a l i z i n g them to a sphere of 
s l ight ly larger radius . T h e < r " 3 > 6 p increases as w e shorten the inter -
p lanar distance or the sphere radius , and v i ce versa; a 1 0 % change i n 
vo lume f rom the W i g n e r - S e i t z va lue results i n a 1 0 % order -o f -magnitude 
effect on < r " 3 > 6 p . A pa popu la t i on , in ferred f r om such an < r " 3 > va lue , 
is then the p<r electron count at the go ld site. N o t e that i n l inear c o m 
pounds , such as the g o l d ( I ) complexes, the pv orbitals l i e i n the p lane 
n o r m a l to the a b o n d i n g axis, a n d one m i g h t argue that the i r functions 
are less affected b y renormal izat ion . H e n c e , l i t t le ir b o n d i n g as w e l l as 
smaller < r " 3 > a n d q values are expected. 

T h e Sternheimer factors (36,37), w h i c h account for the d istort ion 
of the core electrons and the resultant contr ibutions to the observed 
quadrupo le sp l i t t ing , have been neglected because latt ice effects i n 
g o l d ( I ) covalent compounds are smal l a n d because the Sternheimer 
valence factor ( 1 - R ) should be on ly s l ight ly less than u n i t y . 

Q u i t e important , however , are chemica l effects, w h i c h can result i n 
different electronic configurations of the go ld atomic sphere or p o l y h e d r o n 
i n the various compounds . A s discussed previous ly , once an appropr iate 
vo lume is chosen, various electronic configurations der ived f rom < r " 3 > 
a n d isomer shift analyses can be discussed i n terms of such b o n d i n g 
characteristics as sp r e h y b r i d i z a t i o n a n d trans influence. 

Quadrupole Splitting in [ A u ( C N ) 2 ] • W i t h the pseudoatomic 
mo de l , the relat ive charge populat ions i n compounds can be est imated 
f r om the < r " 3 > values and the k n o w n geometries of the complexes. F o r 
g o l d ( I ) compounds , w e use the renormal i zed <r~ 3 ;> values ca l cu la ted 
for the d10p conf iguration. T h i s is an appropr iate choice for these 
compounds , i n w h i c h apprec iab le d charge deplet ion is not expected. 
E v e n w i t h deplet ion , for example , i n the case of d9sp, the effect o n 
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50 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

< r " 3 > is only 5 % ( T a b l e I ) . T h e q u a d r u p o l e sp l i t t ing ( Q S ) for g o l d ( I ) 
l inear or go ld ( I I I ) square-planar compounds can be expressed u s i n g the 
theory of Townes a n d D a i l e y , E q u a t i o n 9 ( 42,52), as 

Q S _ l / 2 e 2 Q { (4 /5) [(^j ( p . + V y ) - p/j < r " 3 > 6 p + 

(4 /7 ) -dz> + dxy - (1 /2) (dxz + dyz) ] <r~*>M} (10) 

w h e r e Q = 0.59 b is the nuc lear quadrupo le moment a n d px, dz
2, etc. 

are o r b i t a l populat ions , w i t h pz a n d dz, of course, as the a b o n d i n g 
orbitals . H e r e a is a factor w h i c h m a y be less than one to account for 
the poss ib i l i ty that the p* orbitals are more diffuse t h a n the po- orbitals 
a n d thus have a smaller < r " 3 > value . F o r l inear g o l d ( I ) compounds , 
w h i c h have nearly f u l l d shells, E q u a t i o n 10 c a n be w r i t t e n w i t h Q 
evaluated, 

Q S = 1.116 { (4 /5 ) (px + py) - p . J < r 3 > 6 p + 

+ (4 /7) [4 - dz - (1 /2 ) (dxz + dyz) ] <r*>5d) ( I D 

E q u a t i o n 11 describes the quadrupo le sp l i t t ing i n terms of the par t i c ipa t 
i n g valence charge, a n d the o rb i ta l populat ions are a measure of the 
b o n d i n g properties of the l igands . T h i s approach is i n fact equivalent to 
a s imple molecu lar o rb i ta l f o rmal i sm (41,52), a c cord ing to w h i c h the 
re lat ive contr ibut ions of the molecu lar orbitals to the atomic o rb i ta l 
character of the Mossbauer atom dominate the field gradient . T h e large 
quadrupo le sp l i t t ing observed for [ A u ( C N ) 2 ] " can n o w be understood. 
W e first consider the p^-bonding m o d e l ; E q u a t i o n 11 becomes 

Q S = —1.116[ (4 /5 ) pz < r " 3 > 6 p ] - - 2 2 . 3 7 p . (12) 

W i t h the observed sp l i t t ing —10.21 mms" 1 one obtains pz = 0.46, a va lue 
consistent w i t h the <r b o n d i n g p i c ture i n that the go ld 6s a n d 6p orbitals 
are popu la ted b y l i g a n d charge donat ion a l ong the o- b o n d . T h a t is , the 
approximate atomic conf iguration for go ld i n [ A u ( C N ) 2 ] ~ is such that 
there is an imbalance of p charge w i t h an excess of 0.46 electrons a long 
the b o n d i n g axis. Together w i t h isomer shift considerations, this w o u l d 
indicate that the atomic sphere of g o l d enclosed b y fws i n this covalent 
structure is negat ive ly charged , an observation that is not surpr is ing since 
the W i g n e r - S e i t z v o l u m e is greater t h a n the vo lume enclosed b y the 
covalent rad ius , a n d since go ld is the most electronegative meta l l i c 
element. 
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2. SHAM E T A L . Inorganic and Organometallic Compounds 51 

W e consider the effect of a sma l l n donat ion f r om the dxz{yz) o rb i ta l 
to the l i g a n d . E q u a t i o n 10 has the f o r m 

Q S - 1.116{— (4/5) p, < r ~ 3 > 6 , + (4/7) [2 - (1/2) dxz 

- (1/2) dyz] <r'*>5d} 

— -22.37 p, + 8.985 (2 - dxz/2 - dyz/2) (13) 

where a weighted-average < r ' 3 > 5 d va lue for the 5d10 6p conf igurat ion 
is used. A l t h o u g h the poss ib i l i ty of some 5d par t i c ipa t i on i n c h e m i c a l 
b o n d i n g cannot be tota l ly e l i m i n a t e d on the basis of the result obta ined 
w i t h E q u a t i o n 12, c onv inc ing evidence i n the l i terature exists, such as 
the w o r k reported b y M c A u l i f f e et a l . (24) a n d Jones et a l . (25), i nd i ca t 
i n g that pz > > (2 — dXZ(VZ)) i n g o l d ( I ) compounds . Est imates of the 
extent of 5d back donat ion based on E q u a t i o n 13 a n d isomer shift 
considerations show that 5d c ontr ibut i on to the observed sp l i t t ing is 
smal l , even i n the most favorable case; i f one takes the pz/&ns rat io to be 
0.90 i n [ A u ( C N ) 2 ] ~ due to sp r e h y b r i d i z a t i o n , the va lue for (2 — Vidxz 

— Vidyz) becomes ~0.07, as c o m p a r e d to pz ~0.5. 

Bonding Properties and Mossbauer Parameters in Linear Gold (I) and 
Related Compounds from Isomer Shift and Quadrupole Splitting 

<r Parameter and Additivity Model. T h e previous sect ion makes i t 
appear that the renormal i zed < r " 3 > e P values y i e l d reasonable 6p p o p u l a 
tions a n d that a b o n d i n g dominates the field gradient i n g o l d ( I ) c o m 
pounds . W e m a y n o w go o n to estimate the a b o n d i n g properties of 
the l igands i n g o l d ( I ) chemistry f r o m bo th isomer shift a n d q u a d r u p o l e 
sp l i t t ing measurements. W e use A n , = I S / 8 m m s " 1 a n d E q u a t i o n 12 to 
evaluate a parameter o-, 2o- = ( A n , + pz). T h i s parameter should repre 
sent, consistently a m o n g g o l d ( I ) compounds , the re lat ive b o n d i n g a b i l i t y 
of the l igands . A set of o- parameters der ived f r o m [ A u L 2 ] compounds is 
g iven i n T a b l e I I I . 

I t is interest ing to note f r o m the pz a n d A n , values that C I " is a 
s l ight ly better p t h a n s donor; for the w e a k a l igands s a n d p donat ion 
abi l i t ies are comparable , w h i l e for strong o- l igands there tends to be more 
s than p character i n the m e t a l - l i g a n d b o n d . T h i s t rend is consistent w i t h 
convent ional w i s d o m a n d experience i n coord inat ion chemistry (25). T h e 
overa l l a donat ion a b i l i t y for these l igands can be arranged as: P ( C 6 H n ) 3 

~ P M e 2 P h ~ P E t 3 > P P h 3 ~ P M e P h 2 ~ C N " > A s P h 3 - C 5 H 1 0 N H 
> S M e 2 ~ C 5 H 5 N > N 3 " ~ P P h 3 S > C I " . 

A test a n d app l i ca t i on of these cr parameters is to examine the i r 
a d d i t i v i t y (2o- of A u L L ' = <rL + aL>). I t has been proposed i n earl ier 
Mossbauer w o r k (41,52) that the isomer shifts a n d the q u a d r u p o l e 
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52 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Table III. The o- Parameter Derived from Linear 
[ A u L a ] + Complexes 

Ligand' IS QS An 8 > 2a <r 

c i - 1.72 6.13 0.22 0.27 0.49 0.25 
P P h s S 2.46 6.82 0.31 0.31 0.61 0.31 
[ N , r 2.61 6.84 0.33 0.31 0.63 0.32 
p y 3.19 7.32 0.34 0.33 0.73 0.36 
S M e s 3.43 7.56 0.34 0.43 0.77 0.38 
A s P h e 3.98 8.45 0.50 0.38 0.88 0.44 
C 5 H 1 0 N H 4.04 7.88 0.51 0.36 0.86 0.43 
[ C N ] " 4.30 10.12 0.54 0.45 0.99 0.50 
P M e P h 2 4.75 9.69 0.43 0.59 1.03 0.51 
P P h 3 5.06 9.43 0.63 0.42 1.05 0.53 
P E t 3 5.40 10.18 0.68 0.46 1.13 0.57 
P ( C e H n ) 3 5.44 10.37 0.68 0.46 1.14 0.57 
P M e 2 P h 5.48 10.15 0.69 0.45 1.14 0.57 

tt From Ref. 25 and references therein. 
5 Reference to gold metal, An. = IS/8 mms" 1, p* = QS/22.37 (Equation 12); it 

is assumed here that p», p„ are not populated. 

splitt ings of l o w - s p i n i r o n ( I I ) compounds a n d the quadrupo le spl i tt ings 
of t i n ( I V ) a n d a n t i m o n y ( V ) compounds can be treated i n a n add i t ive 
manner . T h u s , on the basis of a set of parameters , such as p a r t i a l isomer 
shift a n d p a r t i a l quadrupo le spl itt ings der ived f r o m m o d e l compounds , 
the Mossbauer parameters of s imi lar compounds should be predic tab le . 
T h i s procedure , however , has not been successful for g o l d ( I ) compounds 
(24,25), a n d the fa i lure has been at tr ibuted to s-p r e h y b r i d i z a t i o n effects 
resu l t ing f r o m trans influence (25 ) . Since r e h y b r i d i z a t i o n impl ies redis 
t r i b u t i o n of s a n d p charge, <r should be less affected a n d r e m a i n add i t ive . 
A p lo t of the pred i c ted vs. the observed a parameters ( F i g u r e 3 ) for a 
series of l inear A u L C l a n d A u L P P h 3 compounds shows that this is indeed 
the case. I t is also interest ing to note that the <T parameters of i n d i v i d u a l 
l igands correlate w e l l w i t h the nuc lear quadrupo le resonance frequencies 
of ch lor ine ( F i g u r e 4 ) i n a series of A u L C l compounds (53). T h i s result , 
too, indicates that the <r parameters better represent the overa l l b o n d i n g 
properties of the l igands t h a n do parameters based o n either isomer 
shift or quadrupo le sp l i t t ing alone (20). 

W e c a n also use E q u a t i o n 13 to estimate the effects of pressure 
on some of these compounds . F o r example , Prosser et a l . (23) have made 
pressure-dependent Mossbauer measurements of A u C N a n d [ A u ( C N ) 2 ] ~ . 
T h e y f o u n d a n increase i n isomer shift a n d a decrease i n quadrupo le 
sp l i t t ing w i t h a n increase of pressure i n b o t h compounds . A s s u m i n g that 
the increase i n pz is equa l to the decrease i n dxz, dyz popu la t i on , a t tr ibut 
able to donat ion a n d back donat ion , w e estimate f r om the data (22) 
that the m a x i m u m add i t i o na l d dep le t ion is ^ 0 . 0 7 5 i n A u C N a n d /^0.01 
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2. SHAM E T A L . Inorganic and Organometallic Compounds 5 3 

OBSERVED <T FOR AuLL' (L'= CI or PPh 3) 

Figure 3 . Plot of observed vs. predicted cr parameters for a series of 
AuLCl ((O), 1 to 10) and AuLPPhs ((%), 11 to 17) compounds. (L = (1) 
Or; (2) PPhsS; (3) py; (4) SMe2; (5) AsPhs; (6) PMePh2; (7) PEts; (8) 
PMe2Ph; (9) PPhs; (10) P(C10HU)S; (11) PPhsS; (12) SMeB; (13) Nf; 

(14) py; (15) AsPhs; (16) PPhs; (17) CN~.) 

19 

£ I8h 

P 17 

o 
§ 16 
cr 
a> 

o 
14 

CI 
P P h 3 S - P y 

• SMe 2 

•AsPh 7 

C P P h 3 

^ P ( C 6 H | t ) 3 

PEt 3^* 

_L_ _L_ 
0.20 0.30 0.40 0.50 

Mossbauer cr parameter 

0.60 

Figure 4. Plot of chlorine NQR frequency at 77 K vs. <r parameter of L 
in AuLCl complexes. NQR data are from Ref. 5 3 . 
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54 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

i n [ A u ( C N ) 2 ] ~ . A g a i n , these are estimates; nevertheless they do a l l o w 
us to have some fee l ing for TT b a c k - b o n d i n g effects on the gradients. 

Quadrupole Splittings in A u T e 2 and Gold ( I I I ) Compounds. R e 
cently i t was f ound that the quadrupo le sp l i t t ing at the tetragonal ly 
distorted octahedral go ld site i n meta l l i c A u T e 2 is —2.16 mms" 1 , a 
re lat ive ly large va lue for an intermetal l i c c o m p o u n d ( 1 7 ) . U s i n g E q u a 
t i on 12 w e calculate 6 pz to be ~ 0 . 1 . T h i s is consistent w i t h the increase 
i n overa l l conduct ion electron charge (bas ica l ly of s a n d p character) of 
~ 0 . 2 electron, est imated f rom isomer shift considerations. 

It is also possible to extend the <T parameter considerat ion to go ld ( I I I ) 
compounds, t h o u g h less accurately because more b o n d i n g orbitals are 
invo lved . I n square-planar go ld ( I I I ) complexes, sp2d h y b r i d i z a t i o n i n 
v o l v i n g 6 5 , 6px, a n d Sd^-y* is considered, rather than 5s a n d 6p appro 
pr iate to g o l d ( I ) complexes. W e assume the p b o n d i n g character to be 
the same for a g iven l i g a n d i n b o t h g o l d ( I ) a n d go ld ( I I I ) compounds . 
L e t us first consider the quadrupo le sp l i t t ing for [ A u ( C N ) 4 ] ~ . If w e 
focus on the occupancy of the least -bonding dz* a n d the a b o n d i n g 
dx2-y2y w e see that for the square-planar [ A u ( C N ) 4 ] ~ complex , E q u a t i o n 
13 becomes 

Q S — 22.37 [ ( p , + p y ) / 2 ] - 8.98 (d+ - d+.+) (14) 

T h e s ign of Q S is not g iven b y experiment; i f i t is pos i t ive ( 2 0 ) , m e a n i n g 
that the field is p r o d u c e d predominant ly b y charge a long the b o n d 
direct ions, then Q S = + 6 . 9 3 mms" 1 , w h i c h f r om E q u a t i o n 14 gives 
d,* — dx2-y2 = 0.36 under the assumption that (px + py)/2 i n [ A u ( C N ) 4 ] ~ 
= pz i n [ A u ( C N ) 2 ] ~ . S i m i l a r l y , for [AuCL*] " , d^ — d^-y* = 0.55 w h e n one 
accepts for its (px + p „ ) / 2 va lue that for pz of [ A u C l 2 ] " (25) a n d uses for 
the quadrupo le sp l i t t ing of [ A u C L t ] " an average of values measured for 
three [ A u C l 4 ] ~ complexes (21). These considerations show that Paul ing ' s 
e lectroneutral i ty p r i n c i p l e holds very w e l l , even i n go ld ( I I I ) compounds . 

Chemical Correlations Between Gold ( I ) and Gold ( I I I ) . L e t us 
consider the correlations between quadrupo le splitt ings a n d isomer shifts 
for g o l d ( I ) a n d g o l d ( I I I ) complexes. A compi la t i on of these data f r om 
B a r t u n i k a n d K a i n d l (19) appears i n F i g u r e 5. 

I n this figure, h igher points i n the plots correspond to increased 
electron charge a l ong b o n d l ines; increas ing isomer shifts (points to the 
r i g h t ) correspond to increased contact density at the g o l d nucleus . 
Fal tens a n d Shir ley (20) have i n d i c a t e d that the q u a d r u p o l e s p l i t t i n g -
isomer shift correlat ion can be expla ined qua l i ta t ive ly i n terms of a 
b o n d i n g to the sp a n d sp2d hybr ids i n the cases of g o l d ( I ) a n d go ld ( I I I ) , 
respectively . T h e y also observed that quadrupo le sp l i t t ing a n d isomer 
shift together can be used to d i s t inguish between these t w o go ld c o m -
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plexes. B a r t u n i k et a l . (21) have ar r ived at s imi lar conclusions on the 
basis of an L C A O - M O m o d e l i n w h i c h b o t h a a n d TT effects are considered, 
w i t h <T dominant . Jones et a l . (25) also have discussed the b o n d i n g 
questions i n terms of s-p r ehybr id i za t i on . These several efforts, however , 
have not y i e l d e d a quant i tat ive interpretat ion of the trends appear ing i n 
F i g u r e 5. T h e slopes, intercepts, a n d curvatures ( i f present) of l ines 
fitting the quadrupo le sp l i t t ing - i somer shift data are a l l of c h e m i c a l 
relevance. I n the f o l l o w i n g w e discuss the impl i cat ions of the differences 
i n slopes a n d questions associated w i t h the intercepts. 

C o n s i d e r the rat io of the slopes 

p ( A Q S / A l S ) m m , 
^ " ( A Q S / A l S h ( 1 5 ) 

w h i c h f rom the plots is r ough ly equa l to two. N e g l e c t i n g d e lectron 
b o n d i n g for the moment , the rat io should be re lated to changes i n 6s 
a n d 6p populat ions ( A n 8 a n d An„ between compounds ) a n d to the corre
spond ing hyperf ine parameters , that is , 

[ ( A r y < r - 3 > 6 p ) / ( A n 8 / D ( 0 ) ) ] m ( . 
[ ( A ^ < r - 3 > 6 p ) / ( A ^ ( 0 ) ) ] I

 U 0 ; 

I f w e consider the configurations of go ld ( I I I ) a n d g o l d ( I ) to be d8p a n d 
d10p9 respectively, for the purposes of es t imat ing < r ~ 3 > e P values a n d to 
be d8s a n d d10s, respect ively , for est imat ing the contact densities, w e 
ob ta in for free-atom ions 

< r - 3 > m / < r - 3 > 1 = 4.2 

a n d 

p ( 0 ) m / p ( 0 ) i - l i 

but , for atoms renormal i zed to the W i g n e r - S e i t z sphere, 

< r - 3 > m / < r - 3 > 1 = 1.19 

a n d 

P ( 0 ) H I / P ( 0 ) I = 1 . 1 8 

N o w f r o m E q u a t i o n 16, the rat io of ratios of covalent m i x i n g parameters is 

( A y A t t 8 ) i n [<r3>Qp/p(0)]i 
(A n p / A n s ) ! [ < r - 3 > 6 p / P (0) ] I I X 
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2. SHAM E T A L . Inorganic and Organometallic Compounds 57 

~ 0 . 7 w i t h free- ion parameters a n d ^ 2 w i t h r e n o r m a l i z e d i o n parameters . 
T h e va lue based on free- ion parameters indicates that there is less p 
b o n d i n g re lat ive to s i n the go ld ( I I I ) complexes t h a n i n g o l d ( I ) , contrary 
to c h e m i c a l i n t u i t i o n a n d experience. I n contrast, the renormal i zed atom 
m o d e l , w h i c h concentrates valence e lectron charge at r a d i i corresponding 
to the centers of bonds, indicates that the var ia t i on of p b o n d i n g re lat ive 
to that of s is twice as great i n go ld ( I I I ) complexes as i n g o l d ( I ) , a 
palatable result. 

I n the discussion of the slope rat io R, the role of d e lectron b o n d i n g 
has been neglected. F o r the ionic go ld ( I I I ) conf iguration, the dx*.y* 
orb i ta l i n the square-planar crysta l field is unoccup ied . W i t h the in t ro 
d u c t i o n of covalent m i x i n g i t becomes o c cup ied a n d makes a pos i t ive 
contr ibut ion to the field gradient a n d hence to a steepening of the 
( A Q S / A l S ) n i slope. H o w e v e r , the ratio of <r" 3> 5<* to < r ~ 3 > 6 p is smal l , 
bu t this effect is of secondary importance . 

I f one attempts to interpret the intercepts of l ines t h r o u g h the data 
points of F i g u r e 5 i n terms of re lat ive b o n d i n g of g o l d ( I ) a n d go ld ( I I I ) , 
one encounters dif f iculty. T h e p r o b l e m is associated w i t h def ining a 
c o m m o n reference "zero" for the coordinates. Cons ider that the atomic 
n o n b o n d i n g l imi ts correspond to g o l d ( I ) a n d go ld ( I I I ) i n 5 d 1 0 6 s o 6 p ° 
a n d 5d86s°6p° configurations, respectively. T h e s e lectron contact density 
of go ld ( I I I ) w i l l be s l ight ly greater (to the r ight on the p lots ) because 
of r educed 5d screening i n g o l d ( I I I ) i n the core 5s shel l , w h i c h 5d over
laps. N e g l e c t i n g smal l latt ice contr ibut ions , the field gradient of c losed 
d she l l g o l d ( I ) complexes is zero but , i n the presence of a n external 
crysta l field, the gradient f r om the open shel l of go ld ( I I I ) is nonzero : 
the negat ively charged l igands induce electrons to o c cupy d orbitals 
d i rec ted a w a y f rom them. T h i s leads to a negative field gradient , hence 
a negative intercept , for n o n b o n d i n g go ld ( I I I ) . W i t h this 5ds6s°6p° 
descr ipt ion of go ld ( I I I ) , this intercept is ca l cu lated to be —20 m m s " 1 , 
a n d the resul t ing p(0)m o r i g i n w o u l d be to the left , rather than to the 
r ight , of p ( 0 ) i . T h i s is c lear ly unsatisfactory; the p r o b l e m is that the 
l o ca l configurations appropr iate to go ld i n these compounds deviate 
strongly f rom the assumed n o n b o n d i n g l imi ts . A compet i t i on of 5dxy, 
5dxz, 5dyz, 5dzz, 5dx*.y*, 6s, 6px, 6py, a n d 6pz occupancies is invo lved . W h i l e 
i t is possible to compare the b o n d i n g of g o l d ( I ) a n d go ld ( I I I ) w i t h the 
same sets of l igands , as w e have at tempted i n the p r e c e d i n g subsection, 
the results must be regarded as exploratory. 

W e should emphasize the p r i n c i p a l result obta ined w i t h the renor
m a l i z e d atom hyperf ine parameters : the var ia t i on i n b o n d i n g f r om one 
l i g a n d to another i n go ld ( I I I ) complexes involves changes of c o m b i n e d 
6p a n d 5d b o n d i n g re lat ive to the 6s differences w h i c h are larger t h a n 
the analogous ratios for the g o l d ( I ) complexes. 
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Conclusion 
W e have presented a n d discussed some problems i n the interpretat ion 

of 1 9 7 A u isomer shifts a n d quadrupo le spl itt ings. I t has a lready been 
established that d a n d n o n - d charge compensat ion is impor tant i n g o l d 
intermetal l ics . F o r go ld main -group systems, i n v i e w of the s-d c o m 
pensat ion w e propose a conversion IS = 11.6 m m s " 1 A n c , a n d thus express 
the isomer shift i n terms of change of conduct ion electron count. T h i s 
conversion is p r o b a b l y v a l i d for go ld transit ion-metal systems, but i t is 
not c lear whether i t appl ies to go ld a l l oyed w i t h alkal is a n d a lkal ine 
earths. F r o m p(OYs ca l cu la ted for the 6s e lectron of the renormal i zed 
atom, of the free atom, a n d for conduct ion electrons i n p u r e go ld , it no 
longer appears surpr i s ing that pure g o l d has near ly the smallest isomer 
shift. U p o n g o l d ( I ) c o m p o u n d format ion f rom the meta l , the loca l i zat ion 
of the 6s electrons, v i a the format ion of more l o ca l i zed bonds, compensates 
the presumable loss of charge; increas ing covalence further increases the 
isomer shift for g o l d ( I ) compounds . I n go ld ( I I I ) compounds , dep let ion 
of d charge has some effect on the isomer shift, bu t the ac tua l charge at 
the go ld site is far less t h a n + 3 . 

A n e w set of < r " 3 > values for the 5d a n d 6p orbitals of go ld is 
in t roduced . These values, ca l cu lated b y the re lat iv ist ic H a r t r e e - F o c k 
technique w i t h renormal i zat ion to the W i g n e r - S e i t z ce l l , are used to 
estimate the valence charge po pu la t i o n f r o m quadrupo le spl itt ings. I t 
turns out that w i t h these < r " 3 > values, w h i c h are quant i ta t ive ly different 
f r o m the free-atom values, the observed large quadrupo le spl itt ings i n 
g o l d ( I ) compounds are accounted for i n the f ramework of a pseudo-
atomic m o d e l o n the basis of p r e d o m i n a n t l y <r bond ing . A set of a 
parameters characterist ic of the l igands is der ived f r o m the c o m b i n e d 
isomer shift a n d quadrupo le sp l i t t ing data for a n u m b e r of g o l d ( I ) 
compounds . U n l i k e the result w h e n free-atom < r " 3 > values are e m 
p loyed , this set of b o n d i n g parameters is p h y s i c a l l y reasonable a n d 
displays a t rend consistent w i t h c h e m i c a l in tu i t i on . A p p l i c a t i o n of the 
m o d e l to go ld ( I I I ) compounds is compl i ca ted b y the par t i c ipa t i on of 
ad d i t i ona l classes of b o n d i n g orbitals , bu t here too, chemica l ly p laus ib le 
trends emerge. I n par t i cu lar , the relat ive slopes for the g o l d ( I ) a n d 
go ld ( I I I ) data i n F i g u r e 5 are satisfying. 

W a v e funct ions have been renormal i zed for a W i g n e r - S e i t z sphere 
vo lume. O n e c o u l d equa l ly w e l l have u t i l i z e d a p o l y h e d r o n appropr iate 
to a deta i led choice o f boundary condit ions. Important to our considera
tions is the choice of a v o l u m e h a v i n g a radius larger t h a n the covalent 
radius , so that the b o n d i n g charge count is more closely characterist ic of 
the o- electrons i n the b o n d t h a n of the charge solely w i t h i n the go ld site. 
U s e of a smal ler sphere w o u l d y i e l d larger < r " 3 > values a n d result i n 
the lesser counts appropr iate to the g o l d site alone. 
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2. SHAM E T A L . Inorganic and Organometallic Compounds 59 

F i n a l l y , w e have presented here a somewhat in terd isc ip l inary account 
based on Mossbauer isomer shift a n d quadrupo le sp l i t t ing of the general 
behavior of the valence electrons of go ld . Perhaps for the first t ime , the 
b o n d i n g trends der ived w i t h r enormal i zed < r " 3 > values make c h e m i c a l 
sense. W e hope that these observations w i l l fac i l i tate a n d encourage 
further 1 9 7 A u Mossbauer research. 

Glossary of Symbols 

IS Isomer shift 
Q S Q u a d r u p o l e sp l i t t ing 

q E l e c t r i c field gradient 
Q N u c l e a r quadrupo le moment 

P M e 2 P h P ( C H 3 ) 2 C 6 H 5 

P E t 3 P ( C 2 H 5 ) 3 

P P h 3 P ( C 6 H 5 ) 3 

P M e P h 2 P C H 3 ( C 6 H 5 ) 2 

A s P h 3 P ( C 6 H 5 ) 3 

S M e 2 S ( C H 3 ) 2 

P P h 3 S S P ( C 6 H 5 ) 3 

p y C 5 H 5 N 
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Conversion Electron Mössbauer Spectroscopy 

and Its Recent Development 

M. J. TRICKER1 

Department of Chemistry, Heriot-Watt University, 
Riccarton, Currie, Edinburgh EH14 4AS 

The principles and applications of conversion electron Möss-
bauer spectroscopy (CEMS) are reviewed in detail. Con-
sideration is given to the surface selectivity and sensitivity 
of CEMS, and experimental and theoretical aspects of the 
method are discussed in depth. Applications of CEMS in 
areas such as the oxidation of iron and steels, surface treat
ment of steels, metallurgy, measurements of surface stress, 
ion-implantation, thin films, inorganic solids and minerals, 
and archeological materials are described. 

n p h e major i ty of Môssbauer spectroscopic experiments are per fo rmed 
-••in a transmission geometry a n d invo lve the detect ion of g a m m a 

rad ia t i on transmitted through t h i n absorbers. I n this mode a w e a l t h of 
data re la t ing to the b u l k properties of solids m a y be obta ined . H o w e v e r , 
i f in format ion re la t ing to the surface propert ies of solids is sought, the 
use of transmission methods is restr icted to rather spec ia l absorbers. 
These m a y be microcrystal l i tes , either freely supported or dispersed o n 
high-area inert substrates, rather spec ia l solids w i t h h i g h interna l surface 
areas such as zeolites or c lay minerals , or s i m p l y stacks of very t h i n 
absorbers. T o c i r cumvent these restrictions a n d a l l ow the study of the 
surface a n d near-surface regions of solids, there has been a signif icant 
increase i n interest i n the past f ew years i n backscatter ing techniques 
based o n the detect ion of convers ion electrons emit ted f r o m the surface 
f o l l o w i n g the occurrence of a resonant event i n the absorber. Because 
these electrons are attenuated r a p i d l y i n matter , on ly those electrons 

1 Current address: The British Petroleum Company, Ltd., BP Research Centre, 
Chertsey Road, Sunbury-on-Thames, Middlesex TW16 7LN, England. 

0065-2393/81/0194-0063$09.50/0 
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64 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

p r o d u c e d i n regions close to the surface escape the surface, a n d the 
resul t ing Mossbauer spectrum is w e i g h t e d towards the surface regions 
of the absorber. A l t h o u g h , i n p r i n c i p l e , m a n y isotopes are amenable to 
study b y conversion electron Mossbauer spectroscopy ( C E M S ) , most 
studies to date have i n v o l v e d either 5 7 F e or 1 1 9 S n , a n d w o r k w i t h these 
isotopes forms the m a i n content of this rev iew. 

T w o basic types of C E M S experiments m a y be per formed . T h e first 
of these involves the detect ion of the tota l flux of backscattered electrons 
w i t h o u t energy resolution. T h i s approach w i l l be re ferred to as in tegra l 
C E M S . I n the second type of exper iment the flux of backscattered elec
trons is energy-resolved, a n d Mossbauer spectra are a c cumula ted u s i n g 
selected bands of e lectron energies. I t w i l l emerge that this technique 
al lows the surface regions of solids to be p r o b e d as a func t i on of depth . 
A c c o r d i n g l y , this t e chn ique w i l l be re ferred to as depth-resolved con 
vers ion electron Mossbauer spectroscopy ( D C E M S ) . S ince the area of 
C E M S has been rev i ewed i n the past ( 1 , 2 , 3 ) , emphasis here w i l l be 
g iven to recent developments. H o w e v e r , the first section does out l ine the 
pr inc ip les of the technique a n d give a b r o a d overv iew of the deve lop
ments i n the area u p to about mid-1976. L a t e r sections w i l l dea l w i t h 
recent developments i n instrumentat ion , theoret ica l aspects a n d data 
reduc t i on , a n d appl icat ions of C E M S . 

Basic Principles and Overview of CEMS 

Internal Conversion and Backscattering Experiments. F o r m a n y 
Mossbauer nuc l ides the decay of the exc i ted nuc lear sp in state is h i g h l y 
in terna l ly converted ( 4 ) . T h e process of i n t e r n a l conversion is exempl i 
fied b y reference to T a b l e I , where the events that occur d u r i n g the 
decay of the I = 3 / 2 excited sp in state of 5 7 F e are summar ized . T h e 
in terna l convers ion coefficient a for the 7 = 3 / 2 - » I = i t rans i t ion of 
i r o n is large, a n d only about 1 0 % of the decay events occur b y the 
emission of a 14.4-keV g a m m a photon . T h e predominant event is one of 
i n t e r n a l conversion w h i c h results i n the ejection of a 7 .3-keV K-convers i on 
electron together w i t h subsequent A u g e r electrons a n d x-ray photons. 
In terna l conversion also occurs i n the L - a n d M-she l l s , b u t w i t h l o w e r 
p r o b a b i l i t y , a n d leads to the p r o d u c t i o n of further conversion electrons, 
A u g e r electrons, a n d x-ray photons. A s imi lar s i tuat ion is f o u n d for the 
23.8-keV transit ion of 1 1 9 S n , a l though here the K-convers i on process is 
energet ical ly f o r b i d d e n a n d the major i ty of electrons are 19.6-keV L -
convers ion electrons ( T a b l e I ) . 

I n v i e w of this phenomenon , i t is possible to record Mossbauer spectra 
i n a backscatter geometry b y detect ing either the backscattered photons 
or electrons rather t h a n b y the more usua l pract i ce of detect ing the 
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3. TRICKER Conversion Electron Mossbauer Spectroscopy 65 

Table I. Summary of Major Events During the Decay of 
1=3/2 Excited-Spin States of 5 7 Fe and 1 1 9Sn° 

Energy 
57Fe (keV) 

y-photons 14.4 
X - x - r a y s 6.3 
K - c o n v e r s i o n electrons 7.3 
L - c o n v e r s i o n electrons 13.6 
M - c o n v e r s i o n electrons 14.3 
KLL-Auger electrons 5.4 
LMM-Auger electrons 0.53 
119Sn 
y-photons 23.8 
X - r a y s 3.6 
L - c o n v e r s i o n electrons 19.6 
L M M - A u g e r electrons 2.8 

Number 
(per 100) Approximate 

Absorption Maximum 
Events 

9 
27 
81 

9 
1 

63 

17 
9 

83 
74 

Range 

250 n m 
900 n m 

2 . 4 / i m 

° The maximum electron ranges are calculated using the Bethe-Bloch expression 
and are taken from Ref. 29. 

transmitted g a m m a rad ia t i on ( F i g u r e 1 ) . I n a backscatter geometry, the 
requ irement of a t h i n absorber is r emoved a n d t h i c k samples can be 
examined i n a nondestruct ive fashion. I f the backscattered photons are 
detected, in format ion per ta in ing to the b u l k of the so l id or rather th i ck 
overlayers of a surface phase w i l l be obta ined , as the p a t h lengths of the 
g a m m a - a n d x -radiat ion are at least on the order of magn i tude of microns . 
H o w e v e r , because electrons are m u c h more r a p i d l y attenuated i n matter , 
the backscattered C E M spectrum w i l l be w e i g h t e d towards the outermost 

Figure 1. Schematic of possible geometries for Mossbauer experiments 
with detection of (1) transmitted gamma-rays, (2) backscattered electrons, 

and (3) backscattered photons, x-rays, and/or gamma-rays 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 
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surface regions of the sample, as on ly electrons p r o d u c e d close to the 
absorber surface w i l l escape the surface. T h e d e p t h selectivity of a g iven 
experiment w i l l therefore d e p e n d on the energy spectrum of the electrons 
p r o d u c e d d u r i n g the decay of the excited nuc lear l eve l of the isotope 
used, a n d on the energy of the electrons detected. A n i n d i c a t i o n of the 
m a x i m u m ranges of the various electrons used is g iven i n T a b l e I . 

Surface Selectivity and Sensitivity of CEMS. I t fo l lows f r o m the 
previous section that C E M S opens u p the poss ib i l i ty of s t u d y i n g the 
surface regions of l ow-area solids b y Mossbauer spectroscopic techniques. 
I n the simplest integra l C E M S experiment, first per f o rmed b y Swanson 
a n d Sp i jkerman ( 5 ) , the backscattered electrons are detected efficiently 
w i t h a 2?r co l lect ion geometry b y m o u n t i n g the sample ins ide a H e / C H 4 

flow proport iona l counter. H e r e the electron count rates are usua l ly 
signif icantly smaller t h a n i n transmission experiments per un i t source 
strength. H o w e v e r , strong sources can be used w i t h o u t fear of caus ing 
saturation effects either i n the detector or the c ount ing electronics. F o r 
th ick samples conta in ing a natura l abundance of 5 7 F e , the signal-to-noise 
ratios are comparable to or less than those obta ined i n transmission 
experiments. T h e backg ro und arises largely f r om photoelectrons ejected 
f rom the absorber a n d wal l s of the detector. H o w e v e r , i f samples 
enr i ched i n 5 7 F e are used, percentage effects o n the order of hundreds 
of a percent m a y be obta ined (6), a n d data accumulat i on times m a y be 
reduced to the order of minutes . 

A qual i tat ive ind i ca t i on of the surface selectivity of 5 7 F e C E M S is 
shown i n F i g u r e 2 i n w h i c h the integra l C E M spectrum of a n unenr i ched 
i r o n f o i l that h a d been exposed brief ly to moist H C 1 vapor is shown (7). 
A p a r t f rom the s ignal resul t ing f r om the substrate, a doublet w i t h 
parameters corresponding to a h igh - sp in ferrous phase is c learly seen. 
T h i s doublet was not observed i n the transmission mode after a com
parable count ing t ime. T h i s experiment demonstrated that 5 7 F e C E M S 
is capable of revea l ing the presence of surface phases that w o u l d have 
gone undetected i f transmission methods h a d been used alone. A p a r t 
f r o m this observat ion, other studies unequ ivocab ly demonstrated the 
potent ia l of C E M S as a surface too l i n such areas as meta l lurgy (8), 
i on - implantat i on (9-16), corrosion a n d ox idat ion (7,17-20), a n d geo
chemistry (21,22). 

O t h e r experiments establ ished that the p r o b i n g d e p t h of 5 7 F e integra l 
C E M S is approx imate ly 300 n m , a n d that 6 6 % of the electrons detected 
i n a H e / C H 4 counter arise f rom w i t h i n 54 n m of natura l i r on foils (5,19). 
T h e sensit ivity of the method is such that about 10 n m of a n e w surface 
phase m a y be detected, a n d i t has been demonstrated that i t should be 
possible to detect a monolayer of 5 7 F e present o n a Mossbauer inert 
substrate (23). Anomal i es concern ing the measured mean-free p a t h of 
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m a o o 

i 

I f i t „ • J 1 _ 
VI LOCI TV MM I 

Surface Science 

Figure 2. T/ ie 5 7 F e CEM spectrum of an iron foil after brief exposure to 
HCl (7). The inner four peaks of the spectrum of the iron substrate are 

seen together with a new doublet arising from the surface species. 

the 5 7 F e conversion a n d A u g e r electrons w e r e resolved w i t h the discovery 
of a n unexpected component i n C E M spectra (24). I t h a d been noted 
( J ) that the measured p r o b i n g depths of 5 7 F e C E M S were larger t h a n 
expected w h e n c o m p a r e d to ca l cu lated values based on prev ious ly meas
u r e d electron mass-absorption coefficients ( 2 5 ) . T h e o r i g i n of this "elec
t ron t a i l " is caused b y the p r o d u c t i o n of so-cal led g a m m a - a n d x-ray 
correlated photoelectrons ( X P E s a n d G P E s , respec t ive ly ) , p r o d u c e d i n 
surface regions of the absorbers b y the Mossbauer spectrum of g a m m a -
a n d x-rays backscattered f r o m deep w i t h i n the sample. F o r 5 7 F e , the 
X P E s a n d G P E s contr ibute about 1 0 % to the total flux of backscattered 
electrons (26). T h e presence of a s imi lar component i n 1 1 9 S n C E M 
spectra recently has been conf i rmed exper imental ly ( 2 7 ) . 

D e p t h Reso lu t i on b y D C E M S . I t was no ted earl ier that H e / C H 4 

detectors do not permi t the energy spec trum of the backscattered elec
trons to be resolved, a n d i n this sense they can be regarded as in tegra l 
detectors. H o w e v e r , i f the electrons are energy-analyzed a n d spectra are 
accumulated w i t h selected electron energies, each of the i n d i v i d u a l 
D C E M spectra w i l l be w e i g h t e d towards a par t i cu lar d e p t h i n the sample , 
thus p r o v i d i n g the poss ib i l i ty of d e p t h pro f i l ing the i m m e d i a t e surface 
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> 

UJ 

m i c r o ns 

Figure 3. Relation between energy and range of electrons of initial 
energy ((a) 7.3 keV, (b) 13.6 eV, and (c) 19.6 keV) calculated using the 

Bethe-Bloch expression (adapted from Ref. 29) 

regions. T h i s i d e a is i l lustrated i n F i g u r e 3 i n w h i c h the m e a n energy 
loss is p lo t ted against range for 5 7 F e K - a n d L - convers i on electrons a n d 
1 1 9 S n L - c o n v e r s i o n electrons. I t should be noted that such a figure c a n 
on ly be used as a very first approx imat ion i n the interpretat ion of C E M 
spectra, as no a l lowance for e lectron scatter ing or absorpt ion is made . 
H o w e v e r , the figure does g ive a n i n d i c a t i o n of the depths p r o b e d i n 5 7 F e 
a n d 1 1 9 S n w o r k i f electrons of a par t i cu lar energy are detected. 

A degree of d e p t h pro f i l ing m a y be ach ieved either w i t h H e / C H 4 

detectors (6 ) or b y evaporat ing inert overlayers onto the sample (28), 
b u t more accurate w o r k requires the use of more sophist icated equipment . 
I n a p i oneer ing paper , Bonchev , Jordanov , a n d M i n k o v a (29) descr ibed 
the des ign a n d use of a magnet ic iron-free beta-ray spectrometer w i t h 
intermediate image focusing for use i n 1 1 9 S n experiments. T h e spectrom
eter h a d an energy resolut ion of about 5% a n d a luminos i ty of about 8%. 
These workers were able to demonstrate that the 1 1 9 S n C E M spectra of a 
brominated t i n meta l f o i l consisted of superpositions of peaks ar i s ing 
f r o m tt-Sn, S n 0 2 , S n B r 2 , a n d S n B r 4 . M o r e signif icantly, the area ratios of 
the spectral components changed w i t h spectrometer settings (i .e. , chang 
i n g electron energy) i n a manner that suggested that the overlayer 
consisted of S n B r 4 over lay ing S n B r 2 . O t h e r groups, notab ly Bavers tam 
a n d co-workers (30-33) at Stockho lm, constructed s imi lar spectrometers 
a n d demonstrated the feas ib i l i ty of m a k i n g depth-resolved measurements 
w i t h 5 7 F e . Deve lopments i n this area w i l l be descr ibed i n more de ta i l i n 
later sections. 

Advances in Instrumentation 

Integral Detectors. T h e major i ty of in tegra l C E M S experiments 
per f o rmed to date have been carr ied out us ing the ub iqui tous H e / C H 4 
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3. THICKER Conversion Electron Mossbauer Spectroscopy 69 

flow propor t i ona l counters. S u c h detectors are s imple to construct a n d a 
n u m b e r of designs have appeared i n the l i terature (5,6,34-37). T h e 
des ign of a t y p i c a l detector is i l lustrated i n F i g u r e 4 (36). A par t i cu lar 
feature of this detector is the s m a l l sensitive vo lume of 250 m m 2 X 3 m m , 
thus ensur ing that the detector has v i r t u a l l y zero sensit iv i ty for x-ray 
a n d gamma-ray photons. I n fact, for the case of 5 7 F e , a 3 -mm layer of 
h e l i u m gas at one atmosphere has o n l y a 0 . 0 1 % efficiency for the 6.3-keV 
x-rays a n d less t h a n 0 .001% for the 14.4-keV g a m m a rays. I n contrast, 
the backscattered electrons are detected w i t h v i r t u a l l y 1 0 0 % efficiency 
i n a 27r-geometry. W i t h such a device , 2 0 % effects are obtainable w i t h 
u n e n r i c h e d stainless-steel foi ls . T h e b a c k g r o u n d large ly arises f r o m 
photo - a n d A u g e r electrons ejected f r o m the sample a n d detector wa l l s 
b y 14.4-keV g a m m a rays a n d f r o m the « 1 0 0 - k e V photo - a n d C o m p t o n 
electrons p r o d u c e d b y the 122-keV g a m m a rays. Since these latter h i g h -
energy electrons deposit l i t t le energy i n the gas, their contr ibut ion to the 
b a c k g r o u n d m a y be suppressed b y a correct choice of d iscr iminator 
sett ing (36). 

Bulletin of the Institute for Chemical Research 

Figure 4. The FLe\CFLk flow proportional counter for CEMS studies (36). 
(A) Counter frame (Lucite); (B) anode wire (tungsten); (C) Teflon; (D) 
stainless-steel pipe; (E) Teflon pipe; (F) steel spring; (G) sample foil; 
(H) gas inlet; (I) aluminum foil; (J) aluminum-evaporated Mylar foil; (K) 

rubber sheet; (L) brass plate. 
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A serious d r a w b a c k of the simplest H e / C H 4 detectors just re ferred 
to is that it is not possible to vary the sample temperature a n d thus explore 
the Mossbauer parameters of the sample as a funct ion of temperature. 
Su i tab ly modi f ied H e / C H 4 detectors have been descr ibed that operate 
satisfactorily at 80 K (38,39). A t 4.2 K the C H t q u e n c h gas has to be 
omit ted , a n d this can lead to undes irable c ount ing characteristics (40). 
I sozumi (41) recent ly has descr ibed a H e / C H 4 detector that operates at 
temperatures u p to 290°C. T h e detector is of convent ional des ign b u t 
the b o d y is of Tef lon rather t h a n the more c o m m o n l y used L u c i t e . T h e 
entire detector is located i n a furnace a n d is filled w i t h H e / C H 4 before 
use. T h e u p p e r w o r k i n g temperature is l i m i t e d b y the p r o d u c t i o n of 
spurious signals at 290° C caused b y electric d ischarge at a Tef lon p i p e 
surround ing the anode lead . T h i s author also discusses the h igh - tempera 
ture e lectr ical characteristics of other materials i n re lat ion to the ir use i n 
detector construction. 

W e y e r a n d others (42,43) have descr ibed a paral le l -p late avalanche 
counter. T h e construct ion is s imi lar to a H e / C H 4 detector except that 
the t h i n w i r e anodes are rep laced b y p a r a l l e l plates between w h i c h the 
gas m u l t i p l i c a t i o n takes place . C E M spectra w e r e obta ined w i t h 5 7 F e , 
1 1 9 S n , 1 8 1 T a , a n d 1 6 1 D y . 

A n alternative approach to gas detectors is to use other e lectron 
detectors such as channeltrons or open-ended pho ton -mul t ip l i e r tubes. 
If this is done, the sample a n d detector must necessarily be m o u n t e d i n 
a v a c u u m chamber , but under these condit ions no difficulties are en 
countered i n v a r y i n g the sample temperature. O s w a l d a n d O h r i n g (44) 
have descr ibed a s imple apparatus i n w h i c h the electrons scattered f rom 
the sample surface are col lected i n the cone of a homemade channel tron 
that is careful ly sh ie lded f r om the inc ident g a m m a photons. A 4 0 % 
effect (on L i n e s 1 a n d 6) was obta ined us ing a 5000-A th i ck enr i ched 
i r o n f o i l at a count rate of several hundreds per second w i t h a 5 - m C i 
source. Jones a n d co-workers (45) have descr ibed a s imi lar apparatus 
based on a commerc ia l ly avai lable channeltron. T h i s apparatus also 
i n c l u d e d faci l i t ies to cool the absorber to 80 K . O n e disadvantage of 
arrangements of this type is that because of the smal l size of the c h a n 
nel tron cone ( « l c m ) , only electrons scattered into a rather smal l so l id 
angle are detected. T h i s s i tuation can be i m p r o v e d b y focus ing the 
scattered electrons into the cone of the channel tron us ing a u n i f o r m 
l o n g i t u d i n a l magnet ic field (46) ( F i g u r e 5 ) . F o r the case of 5 7 F e , the 
7.3-keV K-convers ion electrons are brought to focus i n the channel tron 
cone w h i c h is located 245 m m f rom the absorber i n a field of «=*60 G . It 
was further observed that app l i ca t i on of a smal l posit ive potent ia l , « 2 0 0 
V , to the channel tron cone increased the useful count rate b y 1 0 0 % . 
T h i s effect arises f r om the co l lect ion of l ow-energy secondary electrons 
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HIGH VOLTAGE 
Journal of Physics 

Figure 5. Schematic of low-temperature CEMS apparatus using a chan
neltron detector (46) 

f r om the wa l l s of the detector p r o d u c e d b y convers ion electrons that 
miss the detector. C o u n t rates of 20,000 c o u n t s / m i n were obta ined w i t h 
a 1 0 0 - m C i 5 7 C o source w i t h 1 0 % effects for na tura l i r o n foi ls . A n 
a d d i t i o n a l a n d significant feature of the device is that the sample m a y be 
coo led to 4.2 K . A s imi lar apparatus has been descr ibed b y T i b y ( 4 7 ) . 
A n extremely versati le device for C E M S w o r k has been descr ibed b y 
C a r b u c c i c h i o ( 4 8 ) . T h e electrons are detected u s i n g a n E M I 9 6 4 3 / 2 B 
open-ended pho ton -mul t ip l i e r tube . T h e device incorporates faci l i t ies for 
e lectron detect ion as w e l l as for i n - s i t u treatment of the sample , c ontro l l ing 
the sample temperature i n the range 80 to 800 K a n d h a v i n g an external ly 
m o u n t e d detector to count backscattered photons. T h e capabi l i t ies of the 
apparatus are i l lus trated i n F i g u r e 6, where the C E M S a n d backscattered 
x-ray spectra of a l i g h t l y o x i d i z e d unenr i ched i r o n f o i l are shown. T h e 
C E M spectrum reveals the presence of a t h i n ( « 1 0 0 n m ) i r o n oxide 
overlayer. T h e count ing times were 5 a n d 3 days for the C E M a n d 
x-ray spectra, respect ively , u s i n g a 5 - m C i 5 7 C o source. 

Beta-Ray Spectrometers for D C E M S Studies. T o p e r f o r m d e p t h -
selective measurements, a n u m b e r of groups (30-33,45,49-52) have 
constructed magnet ic beta-ray spectrometers s imi lar to that descr ibed b y 
B o n c h e v (29) ( re ferred to ear l i e r ) . S u c h spectrometers have energy 
resolutions of « 5 % a n d transmission of « 8 % . Because the e lectron 
spectrum is n o w energy-resolved, the count rates are l o w e r t h a n those 
obta ined w i t h in tegra l detectors, a n d the use of enr i ched samples is 
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-6 -4 -2 0 2 4 
velocity (mm I sec) 

Nuclear Instruments and Methods 

Figure 6. Room-temperature Mossbauer spectra of 6.3-keV x-rays (a) 
and electrons (b) for a natural iron sample previously heated for 10 min 
in air at 350° C, obtained using the apparatus of Carbucicchio (48). (I) 
Sextet due to metallic iron; (II) sextet due to Fe2Os; (III and IV) sextets 

due to FesOh. 

unavo idab le i f data acquis i t i on t imes are to be real ist ic . A t y p i c a l 
magnet i c beta-ray spectrometer is s h o w n schemat ica l ly i n F i g u r e 7. I n 
the device , the electrons of different energies emit ted f r om the sample 
surface are brought to focus o n the detector b y c h a n g i n g the current 
flowing i n the coils . T h e e lectron spec trum of a n i r o n f o i l i n the " i n 
resonance" c ond i t i on is s h o w n i n F i g u r e 8 where i t c a n be seen that the 
13.6-keV L - a n d K-convers i on electrons are c lear ly reso lved f r o m one 
another. C E M spectra of a fluorinated i r o n f o i l ob ta ined w i t h spectrom
eter settings ^7 k e V a n d ^ 1 3 . 6 k e V are shown i n F i g u r e 9. I t can be 
seen that the doub le t ar i s ing f r o m the surface phase is re la t ive ly more 
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MOVING SAMPLE 

VACUUM 
[<*>'* ton) 
* ' A • LEAD APERTURES 

Applications of Surface Science 

Figure 7. Essential features of a magnetic beta-ray spectrometer (45). 
The radius of the magnetic coils is 10 cm and the sample detector dis

tance is 26 cm. 

Applications of Surface Science 

Figure 8. Electron energy spectrum obtained from a 90%-enriched 57Fe 
foil illuminated by a moving 57Co source using a magnetic beta-ray spec

trometer (45) 
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—I 1 l , 1 L 

•8 *4 0 -4 8 
V E L O C I T Y mm s 1 

Figure 9. The 57Fe DCEM spectra of a fluorinated iron foil using mainly 
(a) K-conversion electrons (lower) and (b) L-conversion electrons (upper) 

(45). 
The surface phase is manifest as a doublet with one resolved peak at « 0 mms'1 

and another obscured by Line 3 of the iron substrate spectrum. Note the en
hanced intensity doublet in the spectrum obtained with the K-conversion elec

trons compared to the spectrum obtained with the L-conversion electrons. 

intense i n the K-convers ion electron spectrum t h a n i n the L - convers i on 
electron spectrum. I t is of interest to note that the ratios of the area 
of the substrate-to-surface s ignal i n the L - convers i on electron spectrum 
is comparable to that ob ta ined u s i n g a H e / C H 4 detector, thus e m p h a 
s i z ing the contr ibut ion of the L - convers i on electrons, the X P E s , a n d the 
G P E s i n the latter spectrum. F u r t h e r degrees of d e p t h resolut ion m a y 
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be obta ined b y re cord ing spectra at spectrometer settings a long the 
K-edge . A s an example of this mode of operat ion, F i g u r e 10 shows the 
spectra of a stainless-steel f o i l covered w i t h 36 n m of i r o n recorded at 
various spectrometer settings b y Bavers tam et a l . ( 3 2 ) . T h e change i n 
surface-to-substrate s ignal is c lear ly seen to be a func t i on of the spec
trometer setting. T h e deta i led analysis of spectra of this type w i l l be 
descr ibed later. 

O v e r the past f ew years, significant advances have been m a d e i n the 
design a n d construct ion of electrostatic beta-ray spectrometers, notab ly 
b y the Stockho lm group. T h e y have descr ibed (53) the des ign a n d 

(c) 
Nuclear Instruments and Methods 

Figure 10. The 57Fe DCEM spectra of a 360-A thick layer of iron on a 
stainless-steel substrate obtained at various electron energies along the 
K-edge (32). Note the relative enhancement of the iron signal relative to 
the stainless-steel signal as the electron energy is increased (bottom to top). 
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Nuclear Instruments and Methods 

Figure 11. Drawing of the main parts of the electrostatic spectrometer 
(53): (Ct) inner cylinder (radius = 54 mm); (C2) outer cylinder (radius = 
158 mm); (G) thin grids; (A) absorber (i.e., electron source) (B) detector 

baffle; (D) detector 

construct ion of a n electrostatic c y l i n d r i c a l m i r r o r spectrometer ( F i g u r e 
11) operat ing at a 2 . 5 % energy resolut ion, a 6 % luminos i ty , a n d w i t h a 
5 -mm diameter electron source. T h e des ign of the spectrometer was 
o p t i m i z e d u s i n g a computer p r o g r a m , a n d i t is p r i m a r i l y in tended for 
depth-reso lut ion w o r k w i t h 5 7 F e . T h e electron spectrum of an i r o n f o i l 
i n the " i n resonance" c ond i t i on is shown i n F i g u r e 12, where i t c a n be 
seen that the 5.6-eV A u g e r peak is c lear ly resolved f r o m the 7.3-keV 
K-convers ion electron peak. Exper iments w i t h this apparatus w i l l be 
discussed i n a later section. 

B e n c z e r - K o l l e r a n d K o l k (54) have b u i l t a h i g h transmission spher i 
c a l electrostatic spectrometer w i t h a transmission of 7 % a n d a n energy 
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reso lut ion of 1.5% at 14.4 k e V for a 1-cm diameter source. T h i s spec
trometer is p r i m a r i l y in tended for the measurement of 5 7 F e L - a n d 
M - i n t e r n a l conversion coefficients, w h e r e good resolut ion of the M - a n d 
L - convers i on e lectron peaks is necessary. T o r i y a m a a n d co-workers (55) 
have descr ibed a retarding- f ie ld electron spectrometer w i t h a n energy 
range 0-20 k e V . U s i n g a hot f i lament as a source of electrons, the 
resolut ion was 0 . 1 % at 1 % transmission. H o w e v e r , for conversion elec
trons the transmission was f o u n d to be a n order of magn i tude worse. 
T h e system incorporated a v a c u u m evaporator for sample preparat ion . 

Advances in Theoretical Aspects and Data Reduction 
A major objective i n the field of C E M S is the extract ion of in format ion 

f r o m the r a w data concern ing the w a y i n w h i c h the Mossbauer p a r a m -

K conv 

5 0 0 0 5 5 0 0 6 0 0 0 

(Volts) 
Nuclear Instruments and Methods 

Figure 12. Experimental (- • -) and computer-simulated ( ) line 
profiles from a thin 57Co source with radius = 5 mm, obtained using the 

spectrometer shown in Figure 11 (53). 
The inserted figure shows the spectrometer profile used for convolution with the 
simulated K-conversion-electron energy-loss distribution; it is constructed on 
the basis of the computed spectrometer profile. A source thickness of 47 fig/cm2 

(corresponding to 600 A of iron) was used in the electron scattering simulation. 
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78 MOSSBAUER SPECTROSCOPY AND ITS CHEMICAL APPLICATIONS 

eters vary as a funct ion of depth . These parameters may then be re lated 
to the variat ions of the properties of the sample w i t h depth a n d / o r the 
nature a n d d i s t r ibut ion of surface phases. T h e past f ew years have 
witnessed significant advances i n this area a n d these advances have 
u n d e r p i n n e d the essentially pragmat i c a n d e m p i r i c a l approach to data 
reduct ion adopted b y m a n y workers . T h i s section is again d i v i d e d into 
two parts dea l ing w i t h data obta ined w i t h integra l detect ion a n d energy-
resolved studies. 

I n t e g r a l C E M S Studies . M a n y of the p r a c t i c a l problems amenable 
to study b y C E M S invo lve the character izat ion of rather discrete over-
layers of, for example, a corrosion product , on a th i ck substrate. It is 
c lear ly important to develop methods w h e r e b y the thickness of such 
substrates m a y be extracted f rom integra l C E M S measurements. M u c h 
of the w o r k i n this area so far has assumed a s imple exponential l a w for 
the attenuation of electrons i n matter. B a i n b r i d g e (56) has extended 
the early w o r k of K r a k o w s k i a n d M i l l e r (57) a n d has der ived expressions 
f r om w h i c h the thickness of i n d i v i d u a l layers w i t h i n a mul t ip lex film m a y 
be extracted f rom exper imental spectra, p r o v i d i n g the composi t ion a n d 
order of these layers is k n o w n . H e discusses the case of 5 7 F e C E M S a n d 
on ly includes the K-convers ion electrons i n his analysis. H u f f m a n n (58, 
59) has der ived s imi lar expressions to extract quantit ies of interest f r om 
C E M spectra. B o t h 5 7 F e a n d 1 1 9 S n C E M S w e r e considered, a n d the 
effects of conversion a n d A u g e r electrons were i n c l u d e d i n the theory. 
T o use theories of this type , a k n o w l e d g e of the appropr iate mass 
absorpt ion coefficients (fi) is necessary. Mass absorpt ion coefficients 
should theoret ical ly be der ivable f r om first pr inc ip les , but i n pract i ce are 
more often ca lcu lated f r om e m p i r i c a l laws such as those of Cosslett a n d 
Thomas (25). A n alternative approach is to der ive t h e m f rom ca l ibrat ion 
experiments i n v o l v i n g C E M S studies of substrates coated w i t h k n o w n 
thicknesses of we l l - character ized overlayers. S u c h experiments have been 
per formed b y T h o m a s et a l . (19) for the case of 5 7 F e C E M S b y the use 
of stainless-steel substrates coated w i t h k n o w n thicknesses of i r o n us ing 
a H e / C H 4 detector. T h e area rat io of the overlayer to to ta l s ignal 
(substrate a n d over layer ) was measured as a func t i on of over layer 
thickness, a n d a value of fi = 1.3 X 10 4 c m 2 g _ 1 was der ived . T h i s figure 
is r ough ly ha l f that expected for the K-convers ion electrons ca lcu lated 
f r om the f o rmula of Cosslett a n d T h o m a s ( 2 5 ) . U s i n g this va lue , a curve 
re la t ing the oxide overlayer thickness on a n i r on substrate to the spectral 
area ratios can be ca lcu lated p r o v i d e d that p is insensitive to change i n 
a tomic number (19,60). G r a h a m , M i t c h e l l , a n d C h a n n i n g (61) have 
per formed s imi lar 5 7 F e C E M S ca l ibrat i on experiments b y g r o w i n g m a g 
netite films i n the range 265-4250 A on natura l i r on substrates. T h e oxide 
thicknesses were moni tored d u r i n g g r o w t h b y measur ing the oxygen 
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3. TRICKER Conversion Electron Mossbauer Spectroscopy 79 

uptake of the foils a n d ca lcu lated b y assuming smooth surfaces. T h e 
percentage ( P ) of the tota l C E M spectrum area contr ibuted b y the 
oxide was determined as a func t i on of thickness (d) a n d f o u n d to f o l l o w 
a l a w of the f orm d(k) = - 1 . 9 5 X 10 3 In (1-0 .01 P ) . T h e exper imental 
data were c ompared w i t h the predict ions of H u f f m a n n (58 ,59 ) a n d 
B a i n b r i d g e (56 ) . Ca l cu lat ions of P based on p-values ca lculated f r o m 
the expression of Cosslett a n d T h o m a s (19) a n d the H u f f m a n n treatment 
(58 ,59 ) y i e l d e d values of P 30 to 4 0 % h igher than the exper imental 
data. Better fits to the data w e r e obta ined w i t h values of fi e q u a l to 
1.10 X 10 4 c m V a n d 1.73 X 1 0 4 c m V for the 7.3-keV a n d 5.4-keV 
electron, respectively. H u f f m a n n a n d P o d g u r s k i (62) have per fo rmed 
s imi lar experiments but i n v o k e d changes i n surface roughness to exp la in 
the nonl inear i ty of plots of overlayer thickness der ived f rom the C E M S 
data vs. the oxygen uptake measurements. 

Subsequent to these studies, a comprehensive study of the intensity 
a n d energy d i s t r ibut ion of i n i t i a l l y monochromat ic electrons emanat ing 
f r om an absorber surface was made us ing M o n t e C a r l o methods b y 
L i l j e q u i s t et a l . ( 2 6 ) . T h e to ta l transmission as w e l l as the transmission 
into various angular a n d energy intervals of electrons f r om different 
depths i n a 5 7 F e absorber were ca lcu lated . T h e L - , A u g e r , G P E , a n d 
X P E electrons were a l l i n c l u d e d i n the calculat ions. T h e scattering a n d 
energy loss of the electrons were computed for i r o n , F e 2 0 3 , a n d a l u m i n u m . 
It was f o u n d that the difference i n the results was neg l ig ib le a n d that 
the d e p t h may be measured as m a s s / u n i t area. T h e results of the i r 
calculations were compared w i t h the exper imental ly measured area ratios 
of the stainless-steel i r on s a n d w i c h descr ibed earlier. T h e results are 
i l lustrated i n F igures 13 a n d 14, where i t can be seen that an excellent 
fit to the data was obta ined . These figures emphasize the need to 
account for a l l the electrons cont r ibut ing to the s ignal i n any theory 
des igned to extract in format ion f r om integra l 5 7 F e C E M S data. I n 
add i t i on , these figures show that the use of any theory that neglects the 
contr ibut ions f rom L - convers i on , G P E , a n d X P E electrons to the to ta l 
flux, w h e n c o m b i n e d w i t h the p values of Cosslett a n d T h o m a s (25) w i l l 
l ead to poor estimations of over layer thickness, regardless of e ither the 
correctness of the //.-values or the appropriateness of the exponential l a w . 
T h e apparent discrepancies be tween the / i -values der ived f r o m the 
ca l ibra t i on experiments just descr ibed arise f r om the fact that the va lue 
measured b y T h o m a s et a l . (19) is s imp ly an effective va lue for a l l 
electrons detected, whereas the values der ived b y G r a h a m et a l . (61) 
are effective values ar is ing f r om the expressions used. H o w e v e r , there is a 
r e a l d iscrepancy between the oxide thicknesses der ived b y the method of 
T h o m a s et a l . (25) a n d those der ived b y G r a h a m et a l . ( 6 1 ) . T h e o r i g i n 
of this d iscrepancy is not understood a n d warrants further invest igat ion. 
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Nuclear Instruments and Methods 

Figure 13. Relative contribution from various electrons in the integral 
CEM spectrum of an iron overlayer on a stainless-steel substrate as a 
function of overlayer thickness (dFe is the thickness of the iron overlayer) 

(26). 

I n re lat ionship to F i g u r e 13, i t is of interest to note the enhanced d e p t h 
select ivity ga ined b y detect ing the K-convers ion electrons alone rather 
t h a n w i t h the integrated signals, as m e n t i o n e d earl ier i n connect ion w i t h 
the spectra of fluorinated i r o n foi ls . 

T h e size of the resonant Mossbauer effects on /?-Sn, C a S n 0 3 , a n d 
S n 0 2 have been measured u s i n g 1 1 9 S n C E M S a n d c o m p a r e d w i t h theo
re t i ca l values ( 2 7 ) . T h e measured percentage effects w e r e 4 6 % , 5 2 0 % , 
a n d 5 1 0 % for £-Sn, S n 0 2 , a n d C a S n 0 3 , respectively . G o o d agreement 
was obta ined between experiment a n d theory, i f the effects of noniso-
t rop i c scattering of photoelectrons are i n c l u d e d i n the theory. T h e 
anomalous ly large percentage effect of 9 5 0 % for S n 0 2 measured b y 
Y a g n i k et a l . (63) was shown to arise f r o m a n inadequate curve- f i t t ing 
procedure caused b y neglect of quadrupo le l ine b roaden ing of the 
resonance. 

D e p t h - R e s o l v e d C E M S Studies . A s p o i n t e d out earl ier , the area 
ratios of the components of C E M spectra of inhomogeneous absorbers 
recorded at different spectrometer settings w i l l v a r y a n d conta in i n f o r m a -
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Nuclear Instruments and Methods 

Figure 14. Relative stainless-steel signal in an iron-on-steel CEMS (inte
gral) measurement (26). 

Dots show experimental results from Thomas et al. Full curve (a) shows the 
result predicted by the present theory. Dashed curve (b) shows the predicted 
result if the XPE and GPE electrons are neglectd. Full curve (c) shows the 
predicted result if the APK interval is selected in the detector (all angles). 
Dashed curve (d) shows the same result if the GPE and L-conversion electrons 

are neglected. d*> is the thickness of the iron layer. 

t i o n re la t ing to the d e p t h d i s t r ibut i on of the Mossbauer parameters. 
Bavers tam et a l . (32) have shown that the n u m b e r of counts recorded i n 
the n t h channe l i n a Mossbauer spectrum b y means of scattered electrons 
at a spectrometer setting corresponding to a n energy E m a y be w r i t t e n as 

T(E) w(E,x)P(x)ndx 

where w(E,x) is a ( w e i g h t ) funct ion g i v i n g the p r o b a b i l i t y of an electron 
or ig inat ing at d e p t h x to be detected i f the spectrometer sett ing is £ . 
P(x)n is the emiss ion p r o b a b i l i t y for electrons at d e p t h x w h e n the 
g a m m a source ve loc i ty corresponds to the n t h channel . T h e func t i on 
w(E,x) not on ly describes the intensity a n d energy d i s t r ibut i on of 
electrons emanat ing f rom the surface, b u t also contains in fo rmat ion 
re la t ing to the response of the detect ion device. U s i n g a magnet i c 
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82 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

beta-ray spectrometer, Bavers tam et a l . (33) carr ied out a series of 
experiments i n v o l v i n g the scattering of electrons w i t h energies close to 
7.3 k e V t h r o u g h t h i n i r o n films, i n order to determine the func t i on 
w(E,x). G i v e n w(E,x), P(x)n can now, i n p r i n c i p l e , be extracted f r o m 
a series of C E M spectra accumulated at different spectrometer settings 
Ej as 

T(Ej)n= £ [ J^1 w{Ehx)dx^ P i n j — 1 , 2 , 3 , . . . 

where P i n is u n k n o w n , / the n u m b e r of spectra recorded , I the n u m b e r of 
layers separated, a n d U the l imits of these layers. A prac t i ca l example of 
this technique is shown i n F i g u r e 15. H e r e the separate signals ar i s ing 
f rom the substrate a n d overlayer have been extracted f r o m the series of 
spectra shown i n F i g u r e 10. T h e d e p t h resolut ion of the m e t h o d was 
est imated to be about 50 A for their magnet ic beta-ray spectrometer 
w h i c h h a d a 5 % energy resolut ion. 

M o r e recently these workers (26) have ca l cu lated we ight functions 
( F i g u r e 16) us ing the M o n t e C a r l o - t y p e calculations descr ibed prev ious ly , 
i n the energy in terva l 6.3-7.3 k e V corresponding to almost p u r e K - c o n 
vers ion electrons. T h e so l id l ine i n F i g u r e 13 is i n fact c o m p u t e d on the 
basis of these functions convoluted w i t h a suitable spectrometer l ine 
shape. T h e interpretat ion a n d prac t i ca l analysis of depth-select ive C E M 
spectra also have been discussed us ing a s impl i f ied theory (64). E x p e d i 
ent analysis i n terms of absorber structure has demonstrated that D C E M S 
reveals more fundamenta l in format ion than integra l C E M S . 

B o n c h e v a n d co-workers (64) have deve loped an e m p i r i c a l approach 
to the interpretat ion of 1 1 9 S n data. T h e method was based o n the experi 
menta l determinat ion of the change i n energy d i s t r ibut ion of L - convers i on 
electrons emit ted f rom a source that was progressively covered w i t h t h i n 
absorb ing layers of copper i n the range 0.02-0.25 m g cm" 2 . U s i n g these 
data the d i s t r ibut i on of 1 1 9 S n i n u n k n o w n samples m a y be determined 
either b y sui tably constructed nomograms or b y so lv ing a series of l inear 
equations w i t h exper imental ly determined coefficients. I n a later extension 
of this work , B o n c h e v a n d co-workers (66,67) invest igated the influence 
of atomic number , crysta l structure, a n d a p p l i e d electric field on the 
d i s t r ibut i on of 1 1 9 S n conversion electrons after passage t h r o u g h suitable 
layers. I t was demonstrated that electron energy d i s t r ibut i on was 
dependent o n atomic n u m b e r b y p e r f o r m i n g experiments w i t h overlayers 
of b e r y l l i u m , copper, s i lver , a n d go ld . F u r t h e r m o r e , i t was noted (66, 
67) that the results c o u l d not be exp la ined i n terms of present theories 
of the interactions of low-energy electrons w i t h matter . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



(b
) 

N
uc

le
ar

 I
ns

tru
m

en
ts

 a
nd

 M
et

ho
ds

 

Fi
gu

re
 

15
. 

Th
e 

"d
ep

th
-s

el
ec

te
d"

 
sp

ec
tr

a 
co

rr
es

po
nd

in
g 

to
 t

he
 l

ay
er

 (
a)

 0
-3

75
 

A 
an

d 
(b

) 
fr

om
 

35
0 

A 
an

d 
in

w
ar

d 
in

 t
he

 a
bs

or
be

r 
ex

tr
ac

te
d 

fr
om

 t
he

 s
pe

ct
ra

 
sh

ow
n 

in
 F

ig
ur

e 
10

 
(3

2)
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 
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I N T E N S I T Y 

( F e A ) 

Journal of Vacuum Science and Technology 

Figure 16. "Weight functions" corresponding to the settings, 5400, 
5600, and 5800 V in the Stockholm group's electron spectrometer (104). 
These functions give the relative probabilities to detect electrons of initial 
energy 7.3 keV, ejected at different depths in iron and at different electron 

spectrometer settings. 

Applications of 57Fe CEMS 

T h e po tent ia l of 5 7 F e C E M S appl icat ions to the so lut ion of rea l 
prob lems connected w i t h the properties of surfaces has been rea l i zed 
over the past f e w years. T h e a b i l i t y of the technique to probe the surface 
regions of l ow-area solids i n s i tu a n d i n a nondestruct ive manner has 
made the method par t i cu lar ly suitable for the examinat ion of t e chn ica l 
problems such as those encountered i n meta l lurg i ca l studies (68,69). 
T h e major i ty of appl icat ions to date have used integra l C E M S techniques , 
often c o m b i n e d w i t h the x-ray scattering Mossbauer method , thus a l l o w i n g 
the outer f e w microns of the surface to be p r o b e d a n d the d i s t r ibut i on 
of the surface phases determined . V a r i o u s appl icat ions of the techniques 
are n o w descr ibed i n more deta i l . 

Aqueous Oxidation Corrosion of Iron and Steels. E a r l y w o r k f u l l y 
establ ished the potent ia l of C E M S as a p o w e r f u l technique for the study 
of the i n i t i a l stages of the corrosion of i r o n a n d steels. S immons a n d 
co-workers (18) have s tudied the ox idat ion of enr i ched i r o n foils at 
225°C, 350°C, a n d 450°C, a n d f u l l y demonstrated the a b i l i t y of the 
technique to ident i fy n e w surface phases such as F e 3 0 4 a n d F e 2 0 3 

f o r med at surfaces i n the thickness range of five to several tens of 
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3. TRICKER Conversion Electron Mossbauer Spectroscopy 85 

nanometers. S i m i l a r studies (19,20) have been per formed w i t h na tura l 
i r on substrates, a n d F e 3 0 4 , a - F e 2 0 3 , a n d wust i te were a l l ident i f ied as 
ox idat ion products . 

I n a d d i t i o n to this phase identi f icat ion aspect of C E M S , the data 
reduct i on methods descr ibed earl ier have been used to der ive k inet i c 
parameters for ox idat ion processes f rom a knowledge of total oxide 
thicknesses der ived f rom spectral area measurements (18,20,60). Infor 
mat ion concern ing the d e p t h d i s t r ibut i on ( zon ing ) of oxide layers also 
can be ga ined . I n cases where the oxide thickness is the order of the 
p r o b i n g d e p t h of C E M S , this m a y be done b y either m a k i n g use of the 
l i m i t e d energy resolut ion of H e / C H 4 detectors (6) or b y the use of a 
beta-ray spectrometer (50,52,70). F o r th i cker layers in format ion m a y 
be d r a w n f r o m a combinat i on of C E M S a n d backscattered x-ray M o s s 
bauer spectra. A n interest ing example of this latter approach is shown 
i n F i g u r e 17, w h i c h relates to a s tudy (71) of the ox idat ion of a 9 % 
chrome-steel i n C 0 2 . Spec t rum a is the integra l C E M spectrum of the 
o r ig ina l steel. H e r e there are at least five different in terna l hyperf ine 
fields at the i r o n sites ar i s ing f r o m di f fer ing numbers of i r o n - c h r o m i u m 
neighbors i n the d isordered alloys. Spectra b a n d c are C E M spectra of 
the corrosion product . T h i s p roduc t consists of an outerlayer of magne
t i te a n d an inner layer of a n i r o n - c h r o m i u m spine l of composi t ion 
F e i + ^ C r ^ a A i (1.4 < x < 1.8). D u r i n g the ox idat ion , i r on diffuses out to 
the ox ide /gas interface to g ive F e 3 0 4 a n d c h r o m i u m remains b e h i n d to 
give the m i x e d spinel . Beneath the l ower oxide layer is a reg ion that is 
c h r o m i u m depleted. T h i s is c lear ly revealed i n the backscattered x-ray 
spectrum d where the outmost 20 pm or so of the sample are p robed . 
T h i s spectrum is cons iderably sharper t h a n that of the o r ig ina l steel, 
i n d i c a t i n g a reduct i on i n the var iety of i r on environments caused b y the 
c h r o m i u m deplet ion . T h e feas ib i l i ty of dep th -prob ing the outer 100 n m 
of oxide or oxyhydrox ide overlayers o n i r o n b y D C E M S at a resolut ion 
on the order of 5 n m also has been demonstrated (50, 52, 70). 

I n the area of aqueous corrosion, G u t l i c h a n d co-workers (72) have 
s tudied the f ormat ion of protect ive oxide coatings on steam generator tubes 
i n the presence of water at h i g h temperatures a n d pressures. M a g n e t i t e 
was the only oxide phase detected at the surface of a martensit ic i r o n -
c h r o m i u m steel a n d on an austenitic i r o n - c h r o m i u m - n i c k e l steel, whereas 
a n i r o n - n i c k e l ferrite was f o rm e d on an Inco loy 800 steel after treatment. 
T h e t ime dependence of the oxide g r o w t h was moni tored a n d oxide 
thicknesses were der ived u s i n g the m e t h o d of Thomas et a l . (19). A n 
analysis of these data revealed that the ox idat ion process is most p r o b a b l y 
contro l led b y short -c ircuit dif fusion. I n a later paper (73) these workers 
extended this research to study the inf luence of the presence of P 2 0 5 a n d 
S i 0 2 i n the water u p o n corrosion. T i b y (47) recent ly has made a n 
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I 1 1 i i i i i i 1 1 
-8 -6 -4 -2 0 2 4 6 8 10 

Velocity (mm/s) 
Non-Destructive Testing 

Figure 17. Mossbauer scattering spectra of 9% chromium-steel after 
oxidation in COt (68): (a) original steel (CEM); (b) outer oxide layer 
(CEM); (c) inner oxide layer (CEM); (d) first 20 pm below inner oxide 

layer using the scattered x-rays 

app l i ca t i on of integra l C E M S to the study of corrosion products f o rmed 
d u r i n g the aqueous corrosion of i r o n , at various p H a n d i n the presence 
of d issolved salts, us ing the var iab le temperature device descr ibed i n a 
previous section. T h e aqueous corrosion of i r o n m a y l e a d to a var ie ty of 
products that inc lude 0 - F e O O H , y - F e O O H , a - F e O O H , y - F e 2 0 3 , « - F e 2 0 3 , 
a n d F e 3 0 4 . I f on ly room-temperature C E M spectra are recorded , di f f i 
culties m a y be encountered i n the assignment of spectra that conta in 
on ly quadrupo le doublets , s ince these m a y arise f r o m either /?- or 
y - F e O O H or even superparamagnet ic part ic les of either a - F e O O H , 
y - F e 2 0 3 , <x-Fe 2 0 3 , or F e 3 0 4 . H o w e v e r , b y m a k i n g a var iab le temperature 
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3. THICKER Conversion Electron Mossbauer Spectroscopy 87 

study the occurrence of superparamagnet ic behavior or the onset of 
magnet ic o rder ing m a y be detected, thus p r o v i d i n g a further ins ight into 
the nature a n d compos i t ion of the corrosion product . A s an example of 
this approach , F i g u r e 18 shows the var iab le temperature spectra of a n 
i r o n f o i l corroded i n concentrated H C 1 at 21 ° C for 60 h . I t can be seen 
that b o t h /?- a n d y - F e O O H are f o rme d u n d e r these condit ions . 

S u r f a c e T r e a t m e n t s o f Steels. M a n y surface treatments of steels 
invo lve chemica l modi f i cat ion of the outermost surface regions of the 
steel i n order to prov ide , for example, a h a r d wear-resistant surface or to 
afford protect ion against corrosion. 

T h e phosphat ing of i r o n surfaces to p r o v i d e corrosion protec t ion 
has been examined b y 5 7 F e C E M S ( 7 4 , 7 5 ) . I r o n samples were treated 
w i t h various phosphat ing solutions, a n d C E M S was used to establ ish the 
format ion of i r o n ( I I ) phosphate octahydrate at the i r o n surface. I t was 

108.0-

106.0-

104.0-

102.0-

'A 

100.8-

100.6 
100.4-

1 0 0 2 -
100.0-

H — 

T=300K-

(VYFtOOH 

T=77K -

J I I I (3 FeOOH 
J I I I Y FeOOH 

_ l _ l 
-10.0 -5.0 5.0 10.0 

v/mms 
C. Tiby (PhD Thesis) 

Figure 18. Temperature dependence of the S7Fe CEM spectra of an 
iron foil after exposure to concentrated HCl for 60 h (47) 
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observed that heat ing i n a ir dehydrates the surface phase w i t h o u t ox id i z 
i n g i ron ( I I ) ions, whereas the b u l k of the i r on ( I I ) phosphate octahydrate 
samples was read i ly ox id i zed to an i r on ( I I I ) species as ev idenced b y 
transmission techniques. ( T h i s observation paral le ls a s imi lar one m a d e 
concern ing the stabi l i ty of the surface regions of the m i n e r a l v iv ian i te , 
w h i c h is discussed i n a later sect ion) . It was further observed that 
phosphat ing processes that produce heavier surface coatings l ead to the 
inc lus ion of h y d r o l y z e d i ron ( I I I ) species i n the i r o n ( I I ) phosphate 
surface phase. 

U j i h a r a a n d co-workers (76, 77) have used integra l C E M S techniques 
to characterize the surface regions of n i t r i d e d steels. Po l i shed surfaces of 
a c a r b o n steel (0.56 at. % carbon) w e r e n i t r i d e d b y (a ) heat ing the 
steel i n a flow of a m m o n i a for 30 h at 793 K ; ( b ) d i p p i n g the steel i n fused 
salt baths conta in ing potass ium cyanide a n d potass ium cyanate for 7 h 
( tu f f t r id ing ) ; a n d ( c ) p l a c i n g the steel i n flowing n i trogen a n d h y d r o g e n 
subject to a g l o w discharge for 4 h at 793 K ; under these condit ions N + 

ions were f o rmed . T h e c h e m i c a l state of the outer f e w tens of microns 
of the surface was prof i led b y m e c h a n i c a l g r i n d i n g of the surface u s i n g a 
fine S i C abrasive grit . I t was f o u n d that a gas -ni tr ided steel surface is 
composed of an outer layer of e - F e 2 N ( « 1 0 - ^ m t h i c k ) f o l l owed b y 
distorted F e 3 + a ? N , (0 < x < 1 ) , y ' - F e 4 N , martensite , a n d then a n a - i ron 
layer s l ight ly distorted b y i n t r u d e d nitrogen. Tu f f t r ided steel surfaces 
consisted of c - F e 2 N , intermediate c - F e 3 N a n d y ' - F e 4 N , y ' - F e 4 N , a n d a 
distorted a- iron layer . I on -n i t r ided steel surfaces have an outermost layer 
of y / - F e 4 N ( 2 - 3 pm t h i c k ) then y 2 ' - F e 4 N over ly ing a d istorted a - i ron 
layer . 

L o n g w o r t h a n d H a r t l e y (78) have made a 5 7 F e C E M S study of 
n i t rogen- implanted i r o n foils i n re lat ionship to the ir w e a r resistance. 
P u r e - i r o n 125-/xm foils were i m p l a n t e d w i t h 100-keV N 2

+ mo lecu lar ions 
at doses of 1, 2, 3, a n d 6 X 1 0 1 7 ions c m " 2 . C l e a r ev idence for the 
f ormat ion of i r o n nitr ides was observed, as shown i n F i g u r e 19. I n this 
figure the top spectrum is of the p u r e - i r o n f o i l whereas Spectra A l -
A 4 correspond to increas ing doses of n i t rogen implantat i on . T h e spectrum 
of Sample A 2 contains an a d d i t i o n a l s ix- l ine component (Hint « 220 
k O e ) , c lear ly seen i n Sample A 3 , a t t r ibuted to the presence of y / - F e 4 N . 
T h e spectra of Samples A 3 a n d A 4 conta in a q u a d r u p l e doublet a t t r ibuted 
to the format ion of F e 2 N . T h e r e was no evidence for the f o rmat ion of 
y ' - F e 4 N i n Sample A 4 . T h e f o rmat ion of nitr ides was l i n k e d to the m a x i 
m u m reduct ion i n w e a r rate that occurs at these doses. T h e effects of 
annea l ing o n the s tabi l i ty of the surface nitr ides was examined also. I n a 
re lated study (79), h igh - carbon martensite steel was i m p l a n t e d w i t h N + 

ions. I t was observed that the pre-existence of interst i t ia l ca rbon atoms 
affects the sequence of f o rmat ion of surface compounds at tr ibutable to 
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NITROGEN IMPLANTATION 

- 8 - 6 - 4 - 2 0 2 4 6 8 
- I I I I l I 1 1 L. 

V e l o c i t y (mm sec " ' ) 

Thin Solid Films 

Figure 19. The 57Fe CEM spectra at room temperature of iron foil and 
iron foil implanted with doses of 1 X 1017 (Curve Al), 2 X 1017 (Curve 
A2), 4 X l(fi7 (Curve A3), and 6 X 1017 (Curve A4) nitrogen ions cm-2. 
The full curves represent least-squares fits to the data points, and the zero 

on the velocity scale refers to the isomer shift of a-iron (78). 
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nitrogen implantat i on . I n add i t i on , some structural modif ications of m a r 
tensite were f o u n d at h igher doses, a n d the format ion of € - F e 2 + a ? ( C , N ) was 
observed. O t h e r workers (80) have descr ibed 5 7 F e C E M S studies of the 
h a r d e n i n g of steels b y various carbur izat ion processes. E v i d e n c e for 
carb ide format ion i n the outermost surface regions was f ound . 

Metallurgical Applications. A n area of p a r t i c u l a r techno log i ca l 
importance that has p r o v e d to be amenable to s tudy b y C E M S is the 
character izat ion of steel surfaces. E a r l y w o r k establ ished that austenitic 
phases i n steel surfaces c o u l d read i ly be d is t inguished f r om either ferr i t i c 
or martensit ic phases, a n d these studies have l e d to the more a p p l i e d 
meta l lurg i ca l appl icat ions descr ibed here. Swartzendruber (81) has 
carr ied out studies of the ferr ite content of essentially austenit ic steels 
( conta in ing 1 5 - 2 0 % c h r o m i u m a n d « 1 0 % n i c k e l ) i n stainless-steel 
we lds a n d castings. T h i s group also d iscovered b y the use of C E M S that 
apprec iable amounts of austenite m a y be f o rmed at the surface of carbon 
steels after l i g h t cut t ing , even i n the presence of copious quantit ies of 
cu t t ing o i l ( 8 ) . T h i s w o r k was later extended i n a study (82) of the 
influence of cobalt on surface austenite format ion . I t was discovered that 
as cobalt raises the martensi t ic transformation temperature, the amount 
of surface austenite f ound decreased w i t h increas ing cobalt concentrat ion. 
Iron-57 C E M S also has been used to explore the changes i n lubr i ca ted 
(83) steel surfaces i n d u c e d d u r i n g s l i d i n g fat igue wear . Scor ing was 
associated w i t h the f ormat ion of a surface carb ide ar i s ing f r o m the 
b r e a k d o w n of the o i l -based lubr i cant , whereas scuffing was re lated to the 
format ion of a de formed mixture of austenite a n d martensite w i t h some 
evidence for the b r e a k d o w n of the lubr i cant . 

T h e effects of co ld w o r k on steel surfaces also has been examined 
( 6 8 ) . It has been demonstrated that an austenit ic 1 8 % c h r o m i u m , 8 % 
n i c k e l steel w i l l undergo a surface martensit ic transformation w h e n 
subjected to c o ld work . B y us ing a combinat i on of e lectron a n d x-ray 
backscatter ing techniques i t was observed that the amount of martensite 
f o rmed increased w i t h increas ing co ld w o r k a n d that the transformation 
was most pronounced i n the outermost surface regions. Interest ingly , 
w h e n a sample was chemica l ly t h i n n e d the n e w surface martensite 
concentrat ion remained h i g h . A s imi lar effect has been observed i n a 
1095 stainless-steel w h i c h h a d been austenized at 930°C a n d o i l quenched 
(84) . A g a i n i t was demonstrated that exposure of a fresh surface b y 
e lectropol ishing l e d to further transformation of austenite to martensite 
i n the surface. T h i s study c lear ly demonstrates the important influence 
of surface energy on the transformation. 

T h e effect of shot-blast ing a n d shot-peening on steel surfaces also 
has been examined b y C E M S (68). 
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T h e decarbur izat ion of i r o n foils i n hydrogen atmospheres has been 
examined (85 ) . T h e films w e r e prepared b y evaporat ion techniques a n d 
conta ined u p to 8 % carbon. T h e carbon was incorporated into the film 
d u r i n g g r o w t h b y interact ion of the active g r o w i n g surface w i t h res idua l 
gas i n the v a c u u m chamber. T h e decarbur izat ion process was s tud ied i n 
an apparatus that a l l owed the spec imen to be passed f r om the d e c a r b u r i 
zat ion area to the C H 4 / H e detector w i t h o u t exposure to the atmosphere. 
It was discovered that at 290° C decarbur izat ion was re lat ive ly fast i n 
hydrogen since the carbon was contained i n the f o rm of i r on c-carbide. 
A t temperatures greater than 300°C x- a n d / o r 0-carbides prec ip i ta ted 
a n d caused a drastic reduct i on i n the rate of decarbur izat ion . A t 500° C 
the decarbur izat ion process was f ound to be essentially constant after a 
sharp decrease f rom the i n i t i a l l y h i g h carbon content. T h i s sharp decrease 
was re lated to the segregation of carbon to the surface. T h e interp lay of 
the decarbur izat ion react ion a n d the prec ip i ta t i on of i r o n carbides has 
been discussed elsewhere (85 ) . 

Measurement of Surface Stress. I n p r i n c i p l e i t is possible to m e a 
sure surface stress levels b y examin ing the smal l pressure- induced changes 
i n the Mossbauer parameters, b u t unfortunately these shifts are smal l . 
F o r example, a hydrostat ic stress of 700 M N / m 2 w i l l shift the centers of 
an i ron spectrum b y « 6 /xm/s (68). T o measure such smal l shifts Y a g n i k 
a n d co-workers (86) have descr ibed a device i n w h i c h the resonance is 
scanned b y m a k i n g use of the second-order D o p p l e r shift brought about 
b y changes i n the source temperature. S u c h measurements have been 
used to determine isomer shift changes a n d hence surface stresses. F o r 
the case of ferrite , changes i n the other hyperf ine parameters w i l l also 
contr ibute to the shift i n the resonance l ine (87 ) . I n fact, these changes 
have been demonstrated exper imental ly b y M e r c a d e r a n d C r a n s h a w ( 8 7 ) , 
w h o measured the C E M spectra of an i r o n bar h e l d b o t h i n tension a n d 
compression. T h e technique needs further development , b u t i t is felt that 
surface stress eventual ly shou ld be measured to w i t h i n 35 M N / m 2 b y 
C E M S , a n accuracy comparable to exist ing x-ray di f fract ion techniques 
(68 ) . 

Ion-Implantation Studies. Iron-57 C E M S has p r o v e d to be a p a r 
t i cu lar ly va luable technique i n the study of i on - implanted surfaces since 
the depth of imp lanta t i on is usual ly on the order of a f e w tens to a f e w 
hundreds of nanometers—depths that are comparable to the p r o b i n g 
d e p t h of the 5 7 F e C E M S . T h e experiments invo lve either the study of 
the environment of 5 7 F e i m p l a n t e d into host matrices or the effect of 
fore ign implants o n i ron-conta in ing hosts as descr ibed earlier. I n the 
field of i on - implantat i on studies, m u c h of the early w o r k was carr ied out 
b y S a w i c k i a n d S a w i c k a (9-15,88), w h o made w i d e - r a n g i n g studies of 
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the systematics of the Mossbauer parameters of i r o n i m p l a n t e d into a 
var ie ty of host matrices. O n e system that has rece ived par t i cu lar attention 
is 5 7 F e - i m p l a n t e d a l u m i n u m . S a w i c k i a n d co-workers (13) first observed 
that the C E M spectra of foils i m p l a n t e d w i t h 5 7 F e at r oom temperature 
consisted of a superposit ion of a doublet a n d a singlet. T h e rat io of these 
two sub-spectra v a r i e d as a func t i on of doses, w i t h the doublet increas ing 
i n intensity at the expense of the singlet at h i g h doses. T h e doublet a n d 
singlet were assigned to the presence of i r o n dimers a n d monomers w i t h 
the a l u m i n u m . M o r e recently , other workers (89) have studied , i n s i tu , 
the C E M spectra of a l u m i n u m foils i m p l a n t e d at 80 a n d 300 K . S i m i l a r 
spectra to those of S a w i c k i w e r e observed for room-temperature i m p l a n t e d 
foi ls , but these workers assigned the doublet to an ordered A l 6 F e phase. 
Implanta t i on at 80 K resulted i n spectra s imi lar to those of the 300 -K 
i m p l a n t e d samples, but a g i n g studies b e l o w 373 A suggested that the 
doublet consisted of a superposit ion of several components. T h e g radua l 
changes caused b y low-temperature annea l ing were associated w i t h the 
o rder ing of i r o n atoms, enhanced b y the presence of supersaturated 
vacancies ar i s ing f r o m co l l i s i on - induced defects. A D C E M S study of 
5 7 F e a l u m i n u m foils i m p l a n t e d at h i g h doses of 1 0 1 7 ions c m ' 2 has been 
m a d e (90 ) . I t was establ ished that the quadrupo le sp l i t t ing of the 
doublet increased as the surface was approached , whereas the isomer 
shift r emained constant. T h i s behavior was thought to arise f r om either 
the enhanced electric field gradient near the surface at tr ibutable to the 
surface d iscont inui ty itself, or b y an increase i n rad ia t i on damage i n the 
surface regions. 

D e t a i l e d studies (91-94) have been made of copper , si lver, a n d go ld 
al loys of i r o n p r o d u c e d b y i on implantat i on as a func t i on of dose a n d 
subsequent anneal ing temperature. T h e i r o n - c o p p e r alloys w e r e p r o 
d u c e d b y 5 7 F e imp lanta t i on at doses between 1 X 1 0 1 5 a n d 5 X 1 0 1 6 ions 
c m " 2 ( 91 ) . Effects a t tr ibutable to defects on the hyperf ine parameters of 
i r o n clusters were observed. A t h i g h dose rates the signif icantly different 
observed spectra were associated w i t h bo th the effects of sputter ing a n d 
w i t h the presence of w idespread damaged regions. I n a re lated paper 
(92) i t was demonstrated that the onset of di f fusion of the i r o n implants 
d u r i n g annea l ing experiments was re lated to the i r o n concentrat ion a n d 
the nature of defects p r o d u c e d d u r i n g implantat i on . F o r h i g h dose rates 
(5 X 1 0 1 6 ions c m ' 2 ) , an add i t i ona l stage associated w i t h the release of 
vacancies t r a p p e d at i r on atoms was discovered. S i m i l a r studies (93) 
have been carr ied out for si lver i m p l a n t e d w i t h i r on . A n apprec iab le 
concentrat ion of the i ron implants res ided at subst i tut ional sites. Super 
paramagnet i c a- iron precipitates were observed also. A n analogous 
s i tuat ion pertains to i r on - imp lanted go ld foils (94), a l though i n this case 
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the degree of c luster ing of i r on atoms was m u c h less than i n c o p p e r - i r o n 
or s i l v e r - i r o n alloys. T h i s is understandable since the e q u i l i b r i u m so lu 
bi l i t ies of i r on i n copper and s i lver are m u c h smaller than i n go ld . 

T h i n Films. I n a compar ison of transmiss ion a n d C E M S techniques 
i n the study of t h i n films, O s w a l d a n d O h r i n g (44) demonstrated that 
larger s ignal - to -background ratios are to be expected b y the use of C E M S , 
thus a l l o w i n g a signif icant decrease i n c ount ing times. These workers 
s tud ied t h i n films of F e S i 2 a n d showed that the quadrupo le sp l i t t ing of 
the observed doublet increased w i t h decreasing film thickness. O t h e r 
studies (97) have been made of the anneal ing , t h i n , amorphous i r o n -
s i l i con films prepared b y v a c u u m evaporat ion techniques ( 9 5 ) . Massenet 
a n d D a v a r (46,96) have s tudied t h i n films of amorphous i r o n - g e r m a n i u m 
d o w n to 4.2 K u s i n g the apparatus descr ibed i n a previous section. F i l m s 
of compositions of F e ^ G e ^ (x = 0.08 to 0.53) were s tudied , a n d for x 
> 0.4, the films were f o u n d to be ferromagnet ica l ly ordered. 

Inorganic Solids and Minerals and Archaeological Artifacts. M i n -
k o v a a n d Schunck (49) demonstrated i n a D C E M S study that the q u a d 
rupo le sp l i t t ing of y - F e O O H increases w i t h decreasing film thickness. T h e 
quadrupo le spl itt ings were f ound to vary f r om 0.94 ± 0.02 m m s"1 for 
10 -A films to 0.73 ± 0.01 m m s"1 for 5 0 - A films, values that are to be 
compared w i t h the b u l k value of 0.553 ± 0.001 m m s"1. T o m i n a g a a n d 
Sato (97) recorded C E M a n d transmission spectra of photo i r rad iated 
potass ium tr isoxalato ferrate ( I I I ) . T h e C E M spectrum demonstrated that 
v i r t u a l l y complete photo ly t i c reduct i on of the surface regions occurred 
after exposure of the c o m p o u n d to a 5 0 0 - W superhigh-pressure m e r c u r y 
l a m p (spectral range 300-600 n m ) for 10 s, whereas the b u l k mater ia l 
was only 2 0 % converted. S i m i l a r differences between surface a n d b u l k 
react iv i ty have been observed i n studies of i ron -phosphate glasses ( 9 8 ) . 
T h e F e 2 + / F e 3 + ratio of these glasses was f o u n d to be strongly reduced i n 
surface regions compared to the b u l k v a l u e after heat treatment i n air . 
T h i s process was p a r t l y reversed after heat treatment i n vacuo. Iron-57 
C E M S also has been used i n a study of i o n imp lanta t i on phenomena i n 
y t t r i u m - i r o n garnets i n re lat ionship to h a r d - b u b b l e suppression ( 9 9 ) . 

I n the area of geochemistry, Forester (21) has used 5 7 F e C E M S to 
character ize the surface regions of lunar materials , a n d has establ ished 
the existence of fine superparamagnet ic i r o n partic les i n these areas. T h e 
changes that occur i n the surface region of biotites subjected to t h e r m a l 
treatment also have been moni tored b y 5 7 F e C E M S ( 2 2 ) . D u r i n g the 
ear ly stages of heat-treatment, changes i n the C E M spectra were observed, 
whereas the transmission spectra of the b u l k of the mater ia l r e m a i n e d 
unchanged . T h e spectra were discussed i n terms of the mechanism of 
ox idat ion of biotites. T h e t h e r m a l decompos i t ion of a natura l ly o c curr ing 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



94 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

i r o n ( I I ) phosphate octahydrate ( v iv ian i te ) also has been studied b y a 
combinat i on of 5 7 F e C E M S a n d transmission techniques (100). F r e s h l y 
m i n e d v iv ian i te is colorless but r a p i d l y attains a pale b lue co lorat ion after 
exposure to air . T h e b l u e co lorat ion has been at t r ibuted to an inter -
valence charge transfer b a n d caused b y the p a r t i a l ox idat ion of F e 2 + ions 
to F e 3 + ions. T h e r m a l treatment at 120°C revealed that the surface regions 
of s ingle crystals of v iv ian i te are r emarkab ly stable to ox idat ion , whereas 
the b u l k of the m i n e r a l was r a p i d l y converted to a F e 3 + - c o n t a i n i n g species 
( F i g u r e 2 0 ) . These results para l l e l the observations of B e r r y a n d M a d 
dock (74, 75) on the phosphat ing of i r o n surfaces descr ibed earlier. T h e 
stabi l i ty of the surface towards ox idat ion of F e 3 ( P 0 4 ) 2 ' 8 H 2 0 is a n 
intr ins i c property of the c ompound . It is possible that the dehydrat i on 
rate of the surface regions is faster t h a n the ox idat ion rate, a n d that as a 
consequence, a layer of a l ower hydrate is f o rmed at the surface. I n this 
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Figure 20. (a) Transmission and (b) CEM spectra of a vivianite single 
crystal before heating (100). The spectrum after heating for 1 h at 120° C 
indicates conversion of the bulk ((c) is the transmission spectrum) to a 
mainly ferric-containing species, whereas the CEM spectrum (d) suggests 

that the surface is mainly ferrous in nature. 
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context i t is k n o w n that certain l ower i r on ( I I ) phosphate hydrates are 
resistant to ox idat ion (101). 

Iron-57 C E M S also has been used i n combinat i on w i t h scanning 
electron microscopy a n d x-ray scattering Mossbauer spectroscopy to study 
the nature of r e d a n d b lack glazes on Greek - a n d Ind ian -pa in ted w a r e 
(102). C E M S was shown to be par t i cu lar ly useful i n the study of I n d i a n 
pottery where the glazes are extremely t h i n . 

A p p l i c a t i o n s of D C E M S . A p a r t f r o m its a p p l i c a t i o n to studies of 
y - F e O O H ( 4 9 ) , i r o n oxide a n d oxyhydrox ide (50,52,70), a n d i r o n -
i m p l a n t e d a l u m i n u m (90) just descr ibed, D C E M S has been used to 
measure the magnet ic field near the surface of i r o n (103). I t was 
demonstrated that the interna l magnet ic hyperf ine field i n the outermost 
50 A of the f o i l was 5 % smaller than the b u l k value . T h e Stockho lm 
group has used the electrostatic beta-ray spectrometer descr ibed earl ier 
to examine the surface c ond i t i on of i r on samples i n an o i l - d i f f u s i o n -
p u m p e d v a c u u m system (104). A f t e r annea l ing at 750°C, the presence 
of F e C 0 3 was detected i n the surface regions of the sample. T h e data 
were ana lyzed u s i n g the w e i g h t functions c o m p u t e d accord ing to the 
method descr ibed i n an earlier section. It was f o u n d that the concentra
t i o n of F e C 0 3 decreased l inear ly f r om the surface d o w n to 1100 A , w h e r e 
as a Mossbauer inert phase increased i n concentrat ion f r o m the surface 
d o w n to at least 1200 A . I n a cleaner t u r b o - p u m p e d v a c u u m system, 
austenite was p r o d u c e d at the surface of an i r o n f o i l after repeated 
o x i d a t i o n / r e d u c t i o n cycles over a per i od of one month . Ana lys i s of these 
data showed that the austenite is confined to w i t h i n 500 A of the surface. 
I t w o u l d appear that even i n the c lean v a c u u m system carbon contamina
t i o n of samples can occur after l o n g periods of t ime. 

A D C E M S study (52) of the nature of the corrosion produc t f o r m e d 
o n i ron after exposure to a h u m i d atmosphere also has been descr ibed. 
I t was demonstrated that after 48 h a nonuni f o rm layer of y - F e O O H about 
300 n m thick was formed. I t also was shown that a layer of F e 3 ( P 0 4 ) 2 * 
8 H 2 0 , « 4 0 n m th i ck f ormed at an i r o n surface after immers ion i n 0 . 1 M 
H 3 P 0 4 for 20 s. 

Applications of 119Sn CEMS 

I n a d d i t i o n to the app l i ca t i on of 1 1 9 S n D C E M S to the study of 
brominated t i n foils descr ibed earlier, other appl icat ions of 1 1 9 S n C E M S 
have been made . Y a g n i k a n d co-workers (63) obta ined very large effects 
for u n e n r i c h e d S n 0 2 absorbers. Sano a n d co-workers (105) est imated the 
range of the 1 1 9 S n L- convers i on electrons to be 1.17 rfc 0.20 m g cm* a n d 
also used the technique to study the aqueous corrosion of t i n (106). I n 
this latter study the corrosion products f o rmed o n t i n m e t a l immersed i n 
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Figure 21. The 119Sn CEM spectra of tinplate samples with coatings of 
0.15 Ib/bb (top) and 0.22 Ib/bb (bottom,) (106). The approximate contri
butions of the oxide, metal, and alloy (FeSn2) layers are indicated sepa

rately in the top spectrum. 

6 . 7 M H N 0 3 , 5 . 7 M H C 1 , a n d 9 . 0 M H 2 S 0 4 w e r e de termined to be S n 0 2 • 
n H 2 0 ; S n 4 ( O H ) 2 C l 6 , a n d S n S 0 4 , respect ively . H u f f m a n n a n d D u n m y r e 
(106) have m a d e deta i led 1 1 9 S n C E M S studies of t inplate . T y p i c a l spectra 
of t inplate o n i r o n are s h o w n i n F i g u r e 21 where the contr ibut ions f r o m 
meta l l i c Sn , S n 0 2 , a n d F e S n 2 c a n be c lear ly seen. T h e overlayer t h i c k 
nesses w e r e de te rmined a n d s h o w n to be i n good agreement w i t h the 
results ob ta ined f r o m standard s t r i p p i n g techniques. A c o m b i n e d E S C A 
a n d 1 1 9 S n C E M S study (108) was m a d e of the ox idat i on of t i n . T i n m e t a l 
was exposed to d r y oxygen at 1000°C, a n d i t was demonstrated that u n d e r 
these condit ions r e d S n O was f o rm e d at the t i n surface. Schunk, F r i e d t , 
a n d L l a b a d o r (52) m a d e a D C E M S study of a fluorinated t i n f o i l ; 
D C E M spectra recorded at various energy settings demonstrated that 
S n F 4 a n d S n F 2 were f o rmed at the surface. 
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Conclusions 

I t is c lear f rom the divers i ty of appl icat ions descr ibed here that 
C E M S , even i n its simplest mode of operat ion, has b e g u n to make a 
signif icant i m p a c t i n m a n y areas of p u r e a n d a p p l i e d research. I t is 
expected that the recent advances i n data reduc t i on , theory, a n d i n s t r u 
mentat ion , especial ly w i t h regard to the contro l of sample temperature 
a n d d e p t h selection, w i l l be used advantageously i n future studies of 
academic a n d technolog ica l problems. 

Literature Cited 

1. Tricker, M. J. "Surface and Defect Properties of Solids"; Chemical So
ciety Specialist Periodical Report: London, 1977; Vol. 6, p. 106. 

2. Berry, F. J. Trans. Metall. Chem. 1979, 4, 209. 
3. Mahieu, B. Rev. Quest. Sci. 1979, 150, 187. 
4. Greenwood, N. N.; Gibb, T. C. "Mössbauer Spectroscopy"; Chapman & 

Hall: London, 1971. 
5. Swanson, K. R.; Spijkerman, J. J. J. Appl. Phys. 1970, 41, 3155. 
6. Tricker, M. J.; Freeman, A. G.; Winterbottom, A. P.; Thomas, J. M. 

Nucl. Instr. Methods 1976, 135, 117. 
7. Tricker, M. J.; Thomas, J. M.; Winterbottom, A. P. Surf. Sci. 1974, 45, 

601. 
8. Swartzendruber, L. J.; Bennett, L. H. Scr. Metall. 1972, 6, 737. 
9. Stanek, J.; Sawicki, J. A.; Sawicka, B. D. Nucl. Instr. Methods 1975, 130, 

613. 
10. Sawicka, B. D. ; Sawicki, J. A.; Stanek, J. Nukleonika 1966, 21, 949. 
11. Sawicka, B. D.; Sawicki, J. A.; Stanek, J. Phys. Lett. 1976, 59A, 59. 
12. Sawicki, J. A.; Sawicka, B. D.; Stanek, J.; Kowalsk, J. Phys. Status Solidi 

B 1976, 77, K1. 
13. Sawicki, J. A.; Sawicka, B. G.; Lazarski, A.; Maydell, E.; Ondrusz, E. M. 

Phys. Status Solidi B 1973, 57, K143. 
14. Sawicki, J. A.; Sawicka, B. D.; Lazarski, A.; Ondrusz, E. M. Phys. Status 

Solidi B 1973, 18, 85. 
15. Sawicka, B. D.; Orwiega, M.; Sawicki, J. A. Hyperfine Interact. 1978, 

5, 147. 
16. Tricker, M. J.; Thorpe, R. K.; Freeman, J. H.; Gard, G. A. Phys. Status 

Solidi A 1976, 33, K97. 
17. Onodera, H.; Yamamoto, H.; Watanabi, H.; Ebiko, H. J. Appl. Phys., 

Jpn. 1972, 11, 1380. 
18. Simmons, G. W.; Kellerman, E.; Leidheiser, H. Corrosion (Houston) 

1973, 29, 227. 
19. Thomas, J. M.; Tricker, M. J.; Winterbottom, A. P. J. Chem. Soc. Faraday 

2, 1975, 71, 1708. 
20. Sette-Camara, A.; Keune, W. Corros. Sci. 1975, 15, 441. 
21. Forester, D. W. Proc. Lunar Sci. Conf., 4th 1973, 3, 2697. 
23. Petreva, M.; Gonser, U.; Hasmann, U.; Keune, W.; Lauer, J. J. Phys. 

(Paris) Colloq. 1976, C6, 295. 
24. Tricker, M. J.; Ash, L. A.; Cranshaw, T. E. Nucl. Instr. Methods 1977, 

143, 307. 
25. Cosslett, V. E.; Thomas, R. N. Br. J. Appl. Phys. 1964, 15, 883. 
26. Liljequist, D.; Ehdahl, T.; Bäverstam, U. Nucl. Inst. Methods 1978, 155, 

529. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



98 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

27. McCarthy, P. J.; Deeny, F. A. Nucl. Instr. Methods 1979, 159, 381. 
28. Tricker, M. J.; Ash, L. A.; Jones, W. Surf. Sci. 1979, 79, L333. 
29. Bonchev, Z. W.; Jordanov, A.; Minkova, A. Nucl. Instr. Methods 1969, 

70, 36. 
30. Bäverstam, U.; Bohm, C.; Ekdahl, T.; Liljequist, D.; Ringström, B. 

"Mössbauer Effect Methodology"; Plenum: New York, 1974; Vol. 9, 
p. 259. 

31. Bäverstam, U.; Ekdahl, T.; Bohm, C.; Ringström, B.; Stefansson, V.; 
Liljequist, D. Nucl. Instr. Methods 1974, 115, 373. 

32. Bäverstam, U.; Ekdahl, T.; Bohm, C.; Liljequist, D.; Ringström, B. Nucl. 
Instr. Methods 1974, 118, 313. 

33. Bäverstam, U.; Bohm, C.; Ringström, B.; Ekdahl, T. Nucl. Instr. Methods 
1973, 108, 439. 

34. Fenger, J. Nucl. Instr. Methods 1973, 106, 203. 
35. Spijkermann, J. J. "Mössbauer Effect Methodology"; Plenum: New York, 

1971; Vol. 8, p. 85. 
36. Takafuchi, M.; Isozumi, Y.; Katano, R. Bull. Inst. Chem. Res., Kyoto 

Univ. 1973, 51, 13. 
37. Isozumi, Y.; Lee, D. I.; Kadar, I. Nucl. Instr. Methods 1974, 120, 23. 
38. Sawicki, J. A.; Sawicka, B. D.; Stanek, J. Nucl. Instr. Methods 1976, 

138, 565. 
39. Isozumi, Y ; Takafuchi, M. Bull. Inst. Chem. Res., Kyoto Univ. 1975, 53, 

63. 
40. Sawicki, J. A.; Stanek, J.; Sawicki, B. D.; Kowalski, J., Internal Report 

No. 1009/PL, Inst, of Nuclear Physics, Cracow, Poland, 1978. 
41. Isozumi, Y; Kurahado, M.; Kabano, R. Nucl. Instr. Methods 1979, 166, 

407. 
42. Weyer, A. "Mössbauer Field Methodology"; Plenum: New York, 1976; 

Vol. 10, p. 301. 
43. Salomon, D.; West, P. J.; Weyer, G. Hyperfine Interact. 1977, 5, 61. 
44. Oswald, R.; Ohring, M. J. Vac. Sci. Technol. 1976, 13, 40. 
45. Jones, W.; Thomas, J. M.; Thorpe, R. K.; Tricker, M. J. Appl. Surf. Sci. 

1978, 1, 388. 
46. Massenet, O. J. Phys. (Paris) Colloa. 1979, C1, 26. 
47. Tiby, C., Diplomarbeit (Thesis), Johannes Gutenburg, Universität, 

Mainz, 1979. 
48. Carbucicchio, M. Nucl. Instr. Methods 1977, 144, 225. 
49. Minkova, A. ; Schunck, J. P. C. R. Acad. Bulg. Sci. 1975, 28, 1171. 
50. Toriyama, T.; Saneyashi, K.; Hisatake, K. J. Phys. (Paris), Suppl. C2 

1979, 14. 
51. Gruzin, P. L.; Petrikin, V.; Stukan, R. A. Prib. Tekh. Eksp. 1975, 48. 
52. Schunk, J. P.; Friedt, J. M. ; Llabador, Y. Rev. Phys. Appl. 1975, 10, 121. 
53. Bäverstam, U.; Bodlund-Ringström, B.; Bohm, C.; Ekdahl, T.; Liljequist, 

D. Nucl. Instr. Methods 1978, 154, 401. 
54. Benczer-Koller, N.; Kolk, B., AIP Conf. Proc. 1977, 38, 107; Chem. Abstr. 

88.43634. 
55. Toriyama, T.; Saneyashi, K.; Hisatake, K. J. Phys. (Paris) Colloq. 1979, 

14. 
56. Bainbridge, J. Nucl. Instr. Methods 1975, 128, 531. 
57. Krakowski, R. A.; Miller, R. B. Nucl. Instr. Methods 1972, 100, 93. 
58. Huffmann, G. P. Nucl. Instr. Methods 1976, 137, 267. 
59. Huffmann, G. P. "Mössbauer Effect Methodology"; Plenum: New York, 

1976; Vol. 10. 
60. Tricker, M. J. J. Mater. Sci. 1979, 14, 995. 
61. Graham, M. J.; Mitchell, D. F.; Channing, D. A. Oxid. Met. 1978, 12, 

247. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



3. TRICKER Conversion Electron Mossbauer Spectroscopy 99 

62. Huffmann, G. P.; Podgurski, H . H. Oxid. Met. 1976, 10, 377. 
63. Yagnik, C. H.; Mazak, R. A.; Collins, R. L. Nucl. Instr. Methods 1974, 

114, 1. 
64. Liljequist, D.; Bodlund-Ringström, B. Nucl. Instr. Methods 1979, 160, 

131. 
65. Bonchev, Ts.; Minkova, A.; Grozdanov, M . Nucl. Instr. Methods 1977, 

147, 481. 
66. Grozdanov, M . ; Bonchev, Ts.; Likov, A. Nucl. Instr. Methods 1979, 165, 

231. 
67. Bonchev, Ts.; Grozdanov, M . ; Shev, L . Nucl. Instr. Methods 1979, 165, 

237. 
68. Longworth, G., Non-Destr. Test. 1977, 242. 
69. Rao, K. R. P. M . Trans. Ind. Inst. Metall. 1979, 32, 10. 
70. Ekdahl, T.; Ringström, B.; Bäverstam, U. "Report No. 74," Univ. Stock

holm Inst. Phys., 1974, p. 14. 
71. Pritchard, A. M . ; Truswell, A. E . "Corrosion of Steels in CO2. Interna

tional Conference, Reading, September 1974"; Holmes, D . R.; Hill, 
P. B.; Wyatt, L . M. , Eds.; British Nuclear Energy Society, p. 234. 

72. Ensling, J.; Fleisch, J.; Grimm, R.; Grüber, J.; Gütlich, P. Corros. Sci. 
1978, 18, 797. 

73. Ensling, J.; Gütlich, P.; Riess, R. Werkst. Korros. 1978, 29, 250. 
74. Berry, F. J. J. Chem. Soc. Dalton Trans. 1979, 1736. 
75. Berry, F. J.; Maddock, A. G. J. Chem. Soc. Chem. Commun. 1978, 308. 
76. Ujihara, Y.; Handa, A.; Abe, Y.; Okabe, I. Nippon Kagaku Kaishi 1979, 

234. 
77. Ujihara, Y.; Handa, A. J. Phys. (Paris) Colloq. 1979, C1, 586. 
78. Longworth, G.; Hartley, N. E. W. Thin Solid Films 1978, 48, 95. 
79. Principi, G.; Mattaezzi, P.; Ramous, E . ; Longworth, G. J. Mater. Sci., 

in press. 
80. Sedunov, V. K.; Men'shikova, T. Ya.; Mitrofanov, K. P.; Reiman, S. I.; 

Rokhlov, N. I. Mater. Sci. Heat Treatment 1977, 19, 742. 
81. Swartzendruber, L . J.; Bennett, L . H.; Schoefer, E . A.; Delong, W. T.; 

Campbell, H . C. Weld. J. (Miami), Suppl. 1974, 53, 1. 
82. Swartzendruber, L . J.; Siegal, E . , Magnetism and Magnetic Materials, 

AIP Conf. Proc. No. 18, 1974, 735. 
83. Cranshaw, T. E.; Campany, R. G. J. Phys. (Paris), Colloq. 1979, C2, 589. 
84. Schwartz, L . H.; Kim, K. J. Metall. Trans. 1976, 1567. 
85. Goodwin, J. G.; Parravano, G. J. Phys. Chem. 1978, 82, 1040. 
86. Yagnik, C. M . ; Collins, R. L.; Mazak, R. A.; Boer, W. H. Proc. 10th 

Symp. on NDT, San Antonio, April 1975, 194. 
87. Mercader, R. C.; Cranshaw, T. E . J. Phys. F. 1975, 5, L124. 
88. Sawicka, B. D.; Sawicki, J. A. J. Phys. (Paris) Colloq. 1979, C2, 576. 
89. Sassa, K . ; Ishida, Y.; Kaneko, K. J. Phys. (Paris) Colloq. 1979, C2, 556. 
90. Jones, W.; Tricker, M . J.; Gard, G. A. J. Mater. Sci. 1979, 14, 751. 
91. Longworth, G.; Jain, R. J. Phys. F. 1978, 8, 351. 
92. Jain, R.; Longworth, G. J. Phys. F. 1978, 8, 363. 
93. Longworth, G.; Jain, R. J. Phys. F. 1978, 8, 993. 
94. Atkinson, R.; Longworth, G. J. Phys. F., in press. 
95. Yamakowa, K.; Fujita, F. E. J. Phys. (Paris) Colloq. 1979, C2, 101. 
96. Massenet, O.; Daver, H . Solid State Commun. 1977, 21, 37. 
97. Tominaga, T.; Sato, H. Radiochem. Radioanal. Lett. 1978, 33, 53. 
98. Sawicki, J. A.; Sawicki, B. D.; Gzowski, O. Phys. Status Solidi A, in press. 
99. Skrimshire, C. P.; Longworth, G.; Dearnaley, G. J. Phys. D. 1979, 12, 

1951. 
100. Tricker, M . J.; Ash, L . A.; Jones, W. J. Inorg. Nucl. Chem. 1979, 41, 891. 
101. Mattievich, E.; Danon, J. J. Inorg. Nucl. Chem. 1977, 39, 569. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



100 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

102. Longworth, G.; Tite, M . S. J. Phys. (Paris) Colloq. 1979, 460. 
103. Bäverstam, U. ; Ekdahl, T.; Ringström, B. J. Phys. (Paris) Colloq. 1974, 

C6, 685. 
104. Bodlung-Ringström, B.; Bäverstam, U. ; Bohm, C. J. Vac. Sci. Technol. 

1979, 16, 1013. 
105. Endo, K.; Shilbuya, K.; Sano, H . Radiochem. Radioanal. Lett. 1977, 28, 

363. 
106. Shibuya, M . ; Endo, K.; Sano, H . Bull. Chem. Soc. Jpn. 1978, 51, 1363. 
107. Huffmann, G. P.; Dunmyre, G. R. J. Electrochem. Soc. 1978, 125, 1652. 
108. Lau, C. L.; Wertheim, G. K. J. Vac. Sci. Technol. 1978, 622. 

R E C E I V E D June 27, 1980. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
3

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



4 
The Use of Conversion Electron Mössbauer 

Spectroscopy to Study Ion-Implanted Alloys 

and Archaeological Materials 

G. L O N G W O R T H and R. ATKINSON 

Nuclear Physics Division, Atomic Energy Research Establishment, 
Harwell, Oxfordshire, U K 

Analysis of Mössbauer electron spectra for copper foils 
implanted with 1-5 x 1016 57Fe ions cm-2 suggests that the 
iron atoms end up on substitutional sites, with a fraction 
being associated with nearby lattice defects. Simi lar spectra 
for iron foils implanted with up to 8 Χ 1017 carbon ions 
cm-2 contain a component attributable to Fe5C2. O n aging 
the foils, the carbon atoms migrate appreciably above 4 0 0 ° C . 
Finally, Mössbauer electron and x-ray backscattering are 
used to characterize the iron compounds in the glazes on 
examples of Attic Black, Samian, and Indian Northern 
Black Polished Wares. 

n p h e techniques of conversion electron Môssbauer spectroscopy ( C E M S ) 
a n d conversion x-ray Môssbauer spectroscopy ( C X M S ) have been 

used increas ingly i n recent years, m a i n l y i n the study of ox idat ion p r o d 
ucts at i r o n or steel surfaces (1,2). T h i s chapter i l lustrates the use of 
such techniques b o t h i n the study of surface alloys p r o d u c e d b y i o n 
implanta t i on a n d as a too l i n archaeology to characterize the i r o n c o m 
pounds present i n certa in types of glaze on p a i n t e d ceramic objects. 

Experimental 

C E M S or C X M S allows the near-surface layers of a sample to be charac
terized to a depth of either several tenths of a micron or about ten microns, 
respectively. E a c h type of radiation may be detected i n a gas-filled propor
tional counter. In the former case, the energy resolution is poor and scattered 

0065-2393/81/0194-0101$05.00/0 
© 1981 American Chemical Society 
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electrons are detected with energies from the K conversion electron energy 
7 keV in iron) to essentially zero. Thus in the case of 5 7 F e the L Auger 

electrons at approximately 5 keV are detected also. 
Figure 1 shows a simple backscatter counter viewed from the back through 

which either h e l i u m / 5 % methane (electrons) or argon/10% methane (x-
rays) is allowed to flow by means of pipes ( C ) . The anode wire (A ) is 
25-/Am stainless steel and is sufficiently long so that end effects are small. The 
gamma-ray beam passes into the counter through the front window, made of 
Perspex, and is incident on the sample which is mounted behind a hole i n an 
aluminum backplate using sealing compound. Electrons backscattered into a 
solid angle of approximately 2-rr are detected. The counter thickness (2 cm) 
ensures a low efficiency for incident 14-keV gamma radiation while having a 
relatively high efficiency for scattered electrons. 

T o set a lower energy threshold in the pulse height spectrum so as to 
avoid unnecessary electronic noise, the spectrum measured with the source on 
resonance with a fluorescer foil for about 30 s is compared with that taken wi th 
the source moving so as to destroy resonance. The difference between the 
spectra indicates the energy dependence of the resonant electrons. A conven
ient fluorescer foil is Rh Fe 10 at. which is mounted on a movable arm B inside 
the counter so that it may be removed from the gamma-ray beam once the 
energy threshold has been set. The counter has a good energy resolution for 
iron K x-rays, and also has been used to measure conversion electrons from 
either 1 1 9 S n or 1 5 1 E u . 

Since scattered electrons are detected over a range of energies, the amount 
of depth information in the spectrum is small. Even if electrons are detected 
over a narrow range of energies using a magnetic or electric spectrometer, the 
depth information is not directly available since al l electrons detected at a 
given energy do not originate at the same scatterer depth. However, spectra 
measured at several electron energies may be used to produce depth-selective 
spectra (3,4), although the technique requires the use of scatterers highly 
enriched in 5 7 F e . 

Nevertheless, when proportional counters are used for samples consisting 
of natural iron, it is possible to derive a l imited amount of depth information. 
The probability that an electron emitted at a certain depth w i l l escape and be 
detected has been determined approximately by measuring the areas of the 

A 

Figure 1. Simple backscattering counter for conversion electrons or x~ 
rays. (A) anode; (B) fluorescer foil; (C) gas inlet and outlet pipes 
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Figure 2. Relative area T(x) in CEM spectrum attributable to iron atoms 
within a distance x of scatterer surface as a function of x 

C E M spectra for natural iron foils on which layers of 5 7 F e , varying from 0.02 
to 0.3 /mi, had been evaporated. The layer thicknesses were determined by 
weight. From the variation of area with layer thickness, a graph may be derived 
(Figure 2) for the relative area in the C E M spectrum P(x) that is produced 
by electrons within a distance x from the surface. This suggests that about 5 0 % 
of the spectrum results from iron atoms within the first 0.1/xm below the 
surface. 

Ion Implantation 

I o n i m p l a n t a t i o n provides a means of i n t r o d u c i n g a contro l l ed 
amount of a g i v e n atomic species into a target mater ia l . T o do this , the 
atoms are first i o n i z e d a n d accelerated to 50-200 k e V i n v a c u u m before 
enter ing the target. T h e ions lose energy b o t h b y electronic excitat ion 
a n d b y elastic col l isions w i t h the target atoms, a n d come to rest w i t h a n 
approx imate ly Gauss ian d i s t r ibut i on about a m e a n range ( F i g u r e 3 ) . 
T h e w i d t h of the d i s t r ibut i on is caused b y the statist ical nature of the 
co l l i s ion process. I n po lycrysta l l ine materials the range a n d s tandard 
dev iat ion of the i m p l a n t e d ions m a y be ca lcu lated approx imate ly u s i n g 
the theory of L i n d h a r d , Scharff, a n d Schiott ( L S S ) ( 5 , 6 ) . F o r the t w o 
systems discussed here, 85 -keV 5 7 F e ions on copper a n d 4 0 - k e V carbon 
ions o n i r o n , the approximate m e a n ranges are 230 A a n d 500 A , w i t h 
s tandard deviations of 90 A a n d 250 A , respect ively . 

I n this w a y large amounts of i m p u r i t y atoms m a y be i n t r o d u c e d 
irrespect ive of the usua l e q u i l i b r i u m so l id solubi l i t ies . H o w e v e r , a n 
u p p e r l i m i t for the i m p u r i t y concentrat ion is set b y sputter ing effects 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
4

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



104 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Figure 3. Schematic of ion-implantation process 

where the i n c o m i n g ions knock off atoms f r o m the target surface. T h i s 
leads to a m a x i m u m reta ined dose, a n d to a d isturbance of the i m p l a n t a 
t i o n prof i le at h igher doses. T h e effect of increas ing dose is to f latten the 
d i s t r ibut ion a n d move i t closer to the target surface. T h e degree of 
sputter ing is usua l ly expressed as a sputter ing rat io , w h i c h is the rat io 
of target atoms removed per inc ident i on . 

W h e n the inc ident ions undergo elastic col l isions w i t h the host atoms, 
the latter are ejected f r om the ir latt ice sites i f the transferred energy 
exceeds about 25 e V , c reat ing vacancies a n d interstit ials ( 7 ) . T h e re co i l 
energy of the d i sp laced atoms is often enough to produce secondary 
displacements , a n d a cascade of atomic displacements is f o rmed . T o w a r d s 
the end of its p a t h , the i o n creates a large n u m b e r of a tomic displacements 
w i t h i n a very s m a l l reg ion a n d i n a short amount of t ime ( ~ 10~ 1 3 s ) . 
H e r e the p r o b a b i l i t y of a n i o n o c c u p y i n g a subst i tut ional site is h i g h . 
I m p l a n t a t i o n is a lways ac companied b y rad ia t i on damage, w h i c h m a y 
l ead to m i g r a t i o n of the i m p u r i t y atoms at temperatures b e l o w w h i c h 
t h e r m a l di f fusion is operat ive . T h u s , the final m e t a l l u r g i c a l state of an 
a l loy w i l l depend on the extent of this rad iat ion-enhanced dif fusion 
w h i c h is governed b y the n u m b e r of excess vacancies a n d interst i t ia l 
atoms created d u r i n g the implantat i on . F o r h i g h inc ident dose rates i t is 
also possible for the target temperature to become sufficiently h i g h for 
t h e r m a l di f fusion to occur. 
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A l t h o u g h the so lub i l i ty l imi ts for a g iven a l loy m a y be exceeded i n 
implanta t i on , i t must be emphas ized that the so l id solutions f o rmed are 
metastable. T h e i r decomposi t ion either b y solute prec ip i ta t i on or b y the 
format ion of in termeta l l i c compounds w i l l occur o n t h e r m a l anneal ing . 

Suitable alloys m a y be prepared either b y i m p l a n t i n g 5 7 F e in to any 
mater ia l or b y i m p l a n t i n g essentially any i o n into i ron . H e r e w e g ive one 
example of each type of al loy. T h e spectra of the first t ype are easier 
to interpret since i n the second case, part of the scattered spectrum 
comes f rom i ron atoms outside the imp lanta t i on profile. 

Studies of Iron-Implanted Copper Alloys 

I n previous w o r k (8,9,10) w e have demonstrated h o w the n o r m a l 
solubi l i t ies of i r o n i n copper or si lver m a y be exceeded. C E M spectra 
were ana lyzed to determine the l oca l atomic surroundings of the i r o n 
atoms, a n d the decomposi t ion of the phases present was s tudied after 
the samples were aged. 

H e r e w e present s imi lar measurements o n copper foils (12.5 /xm) 
i m p l a n t e d w i t h h i g h doses ( 2 , 3 , 4 , a n d 5 X 1 0 1 6 ions cm" 2 ) of 5 7 F e i n 
order to study further an anomalous feature of the spectrum observed 
previous ly . T h e changes i n the C E M spectrum occurr ing as a f u n c t i o n 
of increas ing 5 7 F e dose are i l lustrated i n F i g u r e 4, where the spectrum 
for a dose of 1 X 1 0 1 6 ions c m " 2 is taken f r o m previous w o r k ( 8 ) . T h e 
C E M spectra were fitted us ing a least-squares m i n i m i z a t i o n p r o g r a m w i t h 
the f o l l o w i n g V o i g t profiles, resu l t ing f rom a Gauss ian d i s t r ibut ion of 
L o r e n t z i a n l ines, each h a v i n g the natura l l i n e w i d t h : 

1. a singlet (shift S ~ 0.2 mms" 1 ) resul t ing f r om i r o n atoms 
w i t h a l l 12 copper nearest ne ighbors—iso lated i r o n atoms; 

2. a doublet ( sp l i t t ing Q ~ 0.6 mms" 1 ) resul t ing f rom i r o n 
atoms w i t h one or more i r on nearest neighbors; 

3. a singlet (S ~ —0.09 mms" 1 ) resul t ing f rom i ron atoms w i t h 
a l l 12 i ron nearest neighbors ; 

4. a singlet (S ~ 0.4 m m s " 1 ) not observed i n the spectra for 
convent ional alloys p r o d u c e d b y mel t ing . 

T h e values for the hyperf ine parameters der ived f r om the fits are shown 
i n T a b l e I . 

T h e re lat ive ampl i tudes of L i n e s 1, 2, a n d 3 are governed b y the 
arrangement of i r o n atoms on subst i tut ional sites. T h e approximate i ron 
concentrat ion was ca l cu lated , i n c l u d i n g the effects of sputter ing , a n d i t 
was shown (8) that there are more i r o n - i r o n pairs a n d hence fewer 
isolated i r o n atoms than expected for a r a n d o m arrangement. T h u s , the 
radiat ion-enhanced dif fusion has promoted short-range order ing of the 
i r o n atoms. E v e n t u a l l y some i r o n atoms w i l l be surrounded b y a l l 12 i r o n 
nearest neighbors g i v i n g rise to Singlet 3, s imi lar to the singlet observed 
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106 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

T 1 1 1 1 1 1 i r 

VELOCITY ( m m . s 1 ] 

Figure 4. CEM spectra for iron-implanted copper alloys for doses of (A) 
1 X 1W«; (B) 3 X IV*; and (C) 5 X 1016 57Fe ions cm'2. The full curves 
are derived from fits to the data and signify the total fit and component 
fits described. The zero of the velocity scale refers to the shift of a-iron. 

Table I. Hyperfine Parameters Derived from Least-Squares 
Copper—Iron 

Dose 
(ions cm'2) 

1 X 1 0 1 6 

2 X 1 0 1 6 

3 X 1 0 1 6 

4 X 1 0 1 6 

5 X 1 0 1 6 

Singlet (1) 

S 
( mms'1) 

0.22 
0.23 
0.23 
0.23 
0.22 

Area 
(%) 

37 
37 
31 
27 
19 

Doublet (2) 

S 
(mms'1) 

0.24 
0.20 
0.20 
0.19 
0.19 

Q 
( mms'1) 

0.58 
0.66 
0.66 
0.67 
0.66 

Area 
(%) 

53 
26 
28 
27 
34 

* S is the shift with respect to a-iron and Q is the quadrupole splitting. 
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4. LONGWORTH AND ATKINSON Ion-Implanted Alloys 107 

for fee y- i ron . T h e r e m a i n i n g i r o n atoms h a v i n g b o t h i r o n a n d copper 
neighbors w i l l see a finite quadrupo le interact ion attr ibutable to the 
distort ion of the i r electronic screening charges (11) g i v i n g rise to the 
D o u b l e t 2. T h e appearance of Singlet 4 at about 0.4 m m s " 1 is unexpected. 
I n the spectrum for a previous sample (5 X 1 0 1 6 ions c m " 2 ) , Singlets 1 
a n d 4 were fitted to a broad singlet (S ~ 0.3 m m s ' 1 ) , a n d i t was observed 
that the w i d t h decreased a n d its shift reverted to that for Singlet 1 after 
the sample was aged for 2 h at 245°C ( 8 , 9 ) . I t was suggested that this 
singlet was at tr ibutable to i r o n atoms s ituated near vacancy clusters that 
produce a decreased S electron density. T h e vacancy clusters dispersed 
at a re lat ive ly l o w temperature. I n a previous section i t was ment ioned 
that i m p l a n t e d atoms create vacancies as they come to rest i n the latt ice . 
H o w e v e r , as the damage is i n a metastable state d u r i n g imp lanta t i on , 
subsequent i m p l a n t e d atoms m a y break u p exist ing clusters of vacancies 
a n d trap these vacancies. T h e present w o r k suggests that the anomalous 
l ine is present for doses above about 2 X 1 0 1 6 ions c m " 2 , w i t h the re lat ive 
amount increas ing w i t h dose. A l t h o u g h the cause is s t i l l not ent irely clear, 
i t is be ing invest igated further b y care ful a g i n g of the present samples 
a n d b y electron microscopy. I t is interest ing to note that the "defect-
associated" l ine is not present i n the spectra for carbon- implanted i r o n 
alloys (see next sect ion) , a l though the carbon doses were an order of 
magni tude higher . T h i s i l lustrates the difference between the damage 
caused b y l ight a n d heavy ions. 

Studies of Carbon-Implanted Iron Toils 

Ion implanta t i on provides a means of i m p r o v i n g the d u r a b i l i t y of 
meta l surfaces (12). A s an example, the wear resistance of steel surfaces 
m a y be increased b y two orders of magni tude b y i m p l a n t i n g w i t h l ight 
ions such as ni trogen, carbon , or boron (13). F o r these measurements a 

Fits to Mossbauer Electron Scattering Spectra of Implanted 
Alloys 0 

Singlet (3) Singlet (4) 

S 
(mms'1) 

Area s 
( mms'1) 

Area 
(%) 

- 0 . 1 1 
- 0 . 0 9 
- 0 . 0 9 
- 0 . 0 8 
- 0 . 0 8 

10 
20 
23 
26 
24 

0.42 
0.41 
0.41 
0.37 

17 
19 
21 
22 
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108 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

l oaded p i n wears against the rotat ing i o n - i m p l a n t e d disc , a n d the w e a r 
rate of the couple is assessed m a i n l y f r om the loss of mater ia l f r om the 
p i n a n d f rom an analysis of the total w e a r debris . C E M spectra for i r o n 
foils i m p l a n t e d w i t h n i trogen ions were used (14) to show that n i tr ides 
were f o rmed above a dose of about 1 X 1 0 1 7 ions c m " 2 , w h i c h is c o m 
parable to the dose at w h i c h the m a x i m u m increase i n w e a r resistance of 
steel surfaces h a d been observed (13). T h e p r i n c i p l e of n i t r i d i n g surfaces 
is not n e w a n d has been used prev ious ly to harden surfaces b y i n t r o d u c 
i n g strong interatomic bonds. F o r i m p l a n t e d steel, a l though the o r i g i n a l 
penetrat ion d e p t h of n i trogen ions is shal low, the increased w e a r resist
ance is l ong last ing a n d is m a i n t a i n e d even w h e n the w e a r track is several 
t imes the imp lanta t i on depth (12). A n n e a l i n g the n i t rogen - implanted 
i r o n foils showed (14) changes i n the C E M spectra above about 275°C 
associated w i t h dif fusion of the n i trogen atoms w i t h i n the i m p l a n t e d 
layer . A t h igher temperatures ( ~ 5 0 0 ° C ) the ni trogen atoms h a d diffused 
out of the i m p l a n t e d layer into the b u l k of the i r o n fo i l . T h e re lat ive ly 
l o w temperature of 275°C c o u l d w e l l be reached i n the near-surface 
layers d u r i n g wear , a l l o w i n g the ni trogen ions to migrate to dislocations. 
T h i s w i l l impede the movement of the dislocations a n d give rise to 
harden ing . A s wear proceeds b o t h the dislocations a n d n i trogen atoms 
are d r i v e n deeper, thus cont inuously recreat ing a h a r d surface (12). 

C E M spectra have been measured also for i r o n foils i m p l a n t e d w i t h 
40 -keV carbon ions ( F i g u r e 5 ) . T h e spectra for inc ident doses of 5 X 
1 0 1 6 a n d 1 X 1 0 1 7 ions c m " 2 c onta in components f r om i r on a n d F e 3 C 
(H ~ 195 k O e ) ( T a b l e I I ) . F o r the h igher doses as w e l l as the i r o n 
component there is an increas ing contr ibut i on f rom F e 5 C 2 (H ~ 220, 
180, a n d 120 k O e ) . A l s o shown i n T a b l e I I are the reta ined doses, peak 
carbon concentrations, a n d profi le peak positions as a func t i on of inc ident 
dose, assuming a sputter ing rat io of 0.95 (15,16). I n the absence of 
sputter ing the m e a n range is 500 A a n d o- is 250 A . T h e effect of sputter
i n g on the imp lanta t i on profi le is m a r k e d above about 2 X 1 0 1 7 ions c m " 2 . 
F o r this dose the expected peak concentrat ion, ~ 27 at. % , is sufficient 
to a l l ow the f ormat ion of F e 5 C 2 . U s i n g F i g u r e 2 a n d the parameters for 
the expected implanta t i on profi le w e can calculate the expected re lat ive 
area attr ibutable to carb ide i n the C E M spectrum. I f w e approximate 
the Gauss ian profi le b y a rectangular d i s t r ibut i on centered at 400 A a n d 
of w i d t h 500 A (2a), then the expected contr ibut ion f r o m i r on atoms 
w i t h i n this d i s t r ibut i on is about 2 8 % of the to ta l C E M spectrum. T h i s is 
i n good agreement w i t h the observed va lue of 3 0 % ( T a b l e I I ) . H o w e v e r , 
for greater inc ident doses, since the peak carbon concentrat ion is m u c h 
h igher t h a n the carbon concentrat ion i n F e 5 C 2 , i t is c lear that some expan
s ion of the i m p l a n t a t i o n profiles must have taken place . 

T h e effect of t h e r m a l annea l ing on one sample (4 X 1 0 1 7 ions cm" 2 ) 
is s h o w n i n F i g u r e 6. N o change was observed be low about 400°C w h e n 
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4. LONGWORTH AND ATKINSON lon-lmplanted Alloys 109 

VELOCITY ( m m s 1 . ) 

Figure 5. CEM spectra for iron foils in the received condition (ASR) or 
implanted with 5 X 1016, and 1, 2, 4, 6, and 8 X J O 1 7 carbon ions cm'2 

Table II. Variation of Retained Dose, Implantation Profile 
Parameters, and Relative Area Attributable to Carbide in C E M 

Spectrum, with Implanted Dose for 40-keV Carbon in 
Iron, Using a Sputtering Ratio of 0.95 

Incident Retained Peak Carbon Carbide 
Dose Dose Position Concentration Area 

(ions cm'2) (ions cm'2) (A) (at. %) (%) 

5 X 1 0 1 6 4.90 X 1 0 1 6 500 8.7 ~ 5 
1 x i o 1 7 9.60 X 1 0 1 6 450 15.9 9 
2 X 1 0 1 7 1.88 X 1 0 1 7 400 27 30 
4 X 1 0 1 7 3.40 X 1 0 1 7 300 40 59 
6 X 1 0 1 7 4.20 X 1 0 1 7 150 47 61 
8 X 1 0 1 7 4.40 X 1 0 1 7 50 49 67 
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110 m o s s b a u e r s p e c t r o s c o p y a n d i t s c h e m i c a l a p p l i c a t i o n s 

T i i i i i r 

VELOCITY (mm.s ' 1 ) 

Figure 6. CEM spectra for a carbon-implanted iron foil for a dose of 
4 X 1017 carbon ions cm'2 as a function of annealing for 1 h at various 

temperatures 

the carb ide cont r ibut i on began to decrease, b e c o m i n g zero at about 600°C. 
T h i s suggests that above 400°C thermal di f fusion of carbon atoms is 
sufficient to a l l o w t h e m to migrate a w a y f r o m the i m p l a n t e d layer . S u c h 
a relat ive l o w temperature m i g h t suggest that the carb ide is present i n 
the f o r m of s m a l l precipitates surrounded b y a- iron rather t h a n as 
a u n i f o r m layer . I t should be possible to check this us ing electron 
microscopy . 

Carb ides p r o d u c e d b y i o n i m p l a n t a t i o n are more stable t h a n ni tr ides , 
a n d therefore m a y show more promise for improvements i n w e a r resist
ance. S u c h w e a r measurements for p u r e - i r o n foils i m p l a n t e d w i t h either 
n i t rogen or carbon current ly are i n progress i n con junct ion w i t h M o s s 
bauer measurements. I n this w a y i t should be possible to check whether 
i n fact the n i t r o g e n / c a r b o n atoms are d r i v e n deeper i n as w e a r proceeds. 
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4. LONGWORTH AND ATKINSON Ion-Implanted Alloys 111 

Studies of Glazes on Painted Ceramic Objects 

There have been several publ i cat ions i n w h i c h Mossbauer absorpt ion 
spectra have been used to study the b o d y fabr i c of potsherds (see, for 
example, Refs. 17,18,19). H e r e w e are concerned w i t h invest igat ing the 
feas ib i l i ty of us ing Mossbauer scattering to examine surface glazes. 

T h e decorat ion on A t t i c pottery f requent ly was based on the use of 
b lack or red colors. These colors are associated w i t h various forms of 
i r on oxide der ived f rom the i r o n i n the o r ig ina l clay. T h e surface glazes 
t y p i c a l l y are several tens of microns th ick a n d thus are amenable to 
nondestruct ive examinat ion b y Mossbauer scattering. Idea l ly w e m a y 
ident i fy the par t i cu lar oxide to ga in in fo rmat ion about the method of 
manufacture . T h e Greek or A t t i c B l a c k W a r e dat ing f r om around 500 B C 
consists of a shiny b lack gloss on a red body fabr ic (20). A t about the 
same t ime o n the I n d i a n subcontinent, the P a i n t e d G r e y W a r e of I n d i a 
h a d reached its highest development i n the N o r t h e r n B l a c k Po l i shed W a r e 
(21). H e r e the b lack gloss is somewhat du l l e r a n d is based on a grey b o d y 
fabric . I n each case the colors were p r o d u c e d essentially us ing the same 
c lay as i n the b o d y fabr ic , b y contro l of the atmosphere d u r i n g the firing, 
a n d i t is interest ing to ident i fy a n d compare the i ron-conta in ing c o m 
p o u n d i n each case. A s a n example of red -pa inted pottery w e s tudied 
some samples of r e d Samian W a r e da t ing f r o m several centuries later. 
T h e thickness a n d degree of s inter ing or v i tr i f i cat ion of the surface glazes 
were invest igated us ing scanning electron microscopy ( S E M ) b y M . S. 
T i t e of the B r i t i s h M u s e u m Research L a b o r a t o r y . P r e l i m i n a r y results of 
this c o m b i n e d study have been p u b l i s h e d prev ious ly (22). 

Attic Black Ware. S E M measurements ind icate extensive v i t r i f i ca 
t i o n of the gloss a n d body fabr i c , the gloss b e i n g 20 -30 /xm th ick . I n one 
sample, G A 2 A , the gloss was f o u n d to consist of two layers of r ough ly 
equa l thickness, w i t h the outer layer s h o w i n g more v i tr i f i cat ion. T h e 
C X M spectra ( F i g u r e 7 ) conta in magnet ic components (H ~ 489 a n d 
465 k O e ) that m a y be identi f ied w i t h an i m p u r e f o rm of magnetite . T h e r e 
is an a d d i t i o n a l component (H ~ 503 k O e ) i n the spectrum for G A 2 A 
that is s imi lar i n field value to that i n the absorpt ion spectra ( F i g u r e 8 ) 
for the b o d y fabr i c (H ~ 505 k O e ) ; this is at tr ibutable to ferr ic oxide 
(hemat i t e ) . T h e appearance of t w o different oxides i n the gloss for 
G A 2 A is p r o b a b l y associated w i t h the dua l - layered nature . I t must be 
remembered also that for this approximate gloss thickness, about 6 0 % of 
the spectrum comes f rom the gloss mater ia l , w i t h the remainder c o m i n g 
f r om the b o d y fabr i c . 

Samian Ware. B o t h C X M a n d absorpt ion spectra ( F i g u r e s 7 a n d 8) 
give a c lear i n d i c a t i o n of hematite as expected (H ~ 505 k O e ) , a n d 
aga in the gloss appears to be f u l l y v i t r i f i ed . 
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Figure 7. CXM spectra for surface gloss on samples of Greek Attic Black 
Ware (GA2A, GA1C), Samian Ware (BM1, BRH1), and Indian Northern 

Black Polished Ware (IND2, IND4) 

V E L O C I T Y ( m m . s - 1 ) 

Figure 8. Mossbauer spectra for body fabric of Greek Attic Black Ware 
(GA2A, GA1A), Samian Ware (BM19 BRH1), and Indian Northern Black 

Polished Ware (IND2, IND4) 
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4. LONGWORTH AND ATKINSON Ion-Implanted Alloys 113 

Northern Black Polished Ware. S E M measurements on t w o s a m 
ples indicate a gloss thickness of only 10-15 / m i , w i t h nei ther gloss nor 
b o d y fabr i c be ing v i tr i f ied . Because of this restr icted thickness, i t is not 
surpr i s ing that the C X M a n d absorpt ion spectra on four samples are very 
s imi lar ( F i g u r e s 7 a n d 8 ) . T h e y consist of two doublets , one c o m p r i s i n g 
about 6 0 % of the total area attr ibutable to ferrous ions (shi ft S ~ 1.07 
mms" 1 , sp l i t t ing Q ~ 2.35 mms" 1 ) a n d the other, the r e m a i n i n g 4 0 % , 
attr ibutable to ferr ic ions (S ~ 0.48 mms" 1 , Q ~ 1.07 m m s " 1 ) . F o r the 
measured gloss thickness the i ron atoms i n the gloss w i l l contr ibute only 
about 2 0 % of the C X M spectrum. I n the C E M spectra for the same 
samples there is predominant ly a doublet at tr ibutable to ferr i c ions (S ~ 
0.41 m m s - 1 , Q ~ 0.93 m m s " 1 ) . T h i s comprises the entire spectrum for 
the t w o samples I N D 1 a n d I N D 5, 7 0 % of the spectrum for I N D 4 
( F i g u r e 9 ) , the remainder b e i n g a doublet at tr ibutable to ferrous ions, a n d 
5 0 % of the spectrum for I N D 2, the remainder be ing a magnet ic spectrum 
w i t h H ~ 487 k O e ( F i g u r e 9 ) . 

T h u s , only i n the spectrum for the gloss on one sample is there 
evidence for a component that reasonably m a y be associated w i t h an 
i m p u r e f orm of magnetite. I t is possible that for the r e m a i n i n g samples, 
any magnetite is i n such a finely d i v i d e d f o rm that i t is superparamagnet ic 
at r oom temperature. A l t e rnat ive ly , the layer s tudied b y C E M S ( ~ 10 3 

A ) m a y not be characterist ic of the m a i n thickness of the gloss ( ~ 1 0 

1 

- 0 6 % 

i i i i i 

-0 . ' . . • ' : ' • J V 
1 

IND 2 

- 0 6 % I -

- 1 5 -10 - 5 
i 

0 5 
i 

10 
i 
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' 15 
i 

VELOCITY (mm s 1 ) 

Figure 9. CEM spectra for surface gloss on samples of Indian Northern 
Black Polished Ware (IND2, IND4) 
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1 1 4 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

ju,m) because of the effects of weather ing . I f this were the case, t h e n 
neither type of scattering spectrum w o u l d be representative of the gloss 
as a who le . 

T h e differences i n v i tr i f i cat ion between the three types of pottery 
ind i cate a l ower firing temperature for N o r t h e r n B l a c k Po l i shed W a r e 

800°C) a n d a somewhat h igher temperature for A t t i c B l a c k a n d 
Samian W a r e s ( 8 5 0 - 1 0 5 0 ° C ) . W h e n samples of I N D 1 a n d I N D 2 w e r e 
heated i n a ir at 900°C, b o t h gloss a n d b o d y fabr i c became r e d i n color, 
i n d i c a t i n g ox idat ion . T h e Mossbauer absorpt ion spectra showed no 
component attr ibutable to ferrous ions, a n d i n one case, I N D 2 showed 
a component attr ibutable to hematite (H ~ 514 k O e , 4 0 % of the to ta l 
a rea ) . These results are i n contrast to those ob ta ined o n ref i r ing samples 
of A t t i c B l a c k W a r e i n air , w h e n the color of the gloss d i d not change. 
T h i s is i n agreement w i t h the suggested l ower o r ig ina l firing temperature 
for N o r t h e r n B l a c k Po l i shed W a r e , w h i c h leaves the gloss par t ia l l y 
v i t r i f i ed a n d thus able to be reox id ized . 

It is diff icult to ident i fy the compounds responsible for the ferrous 
a n d ferr ic doublets i n the spectra for N o r t h e r n B l a c k P o l i s h e d b o d y fabr i c 
on the basis of the ir hyperf ine parameters because of the relat ive lack of 
sensit ivity of these parameters to structural changes i n si l icate structures. 
P a r t of the ferr ic doublet i n the spectrum for Sample I N D 2, however , 
appears to result f rom finely d i v i d e d i ron oxide, since at 4.2 K the 
spectrum contains about 1 5 % of a magnet ic component ( f l ^ 480 k O e ) . 

A l t h o u g h the amount of in format ion to be ga ined f r om Mossbauer 
scattering spectra is l i m i t e d b y their re lat ive ly poor qua l i ty , p a r t i c u l a r l y 
the C E M spectra, the difference between the structures of the b lack gloss 
on A t t i c a n d N o r t h e r n B l a c k Po l i shed W a r e is qu i te apparent . F u t u r e 
w o r k w i l l depend u p o n i m p r o v i n g the q u a l i t y of these spectra b y reduc 
i n g the back g round scattering i n the detector. Identi f icat ion of the i r o n 
compounds w o u l d be fac i l i ta ted b y measur ing the scattering spectra at 
77 K . T h i s w o u l d also a l l o w a measurement of the superparamagnet ic 
f ract ion , f rom w h i c h an idea of part i c le size m a y be gained . 
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5 
Conversion Electron Mössbauer Spectroscopy 

of Europium-151 and Thulium-169 

G. K. SHENOY, D. NIARCHOS, P. J. VICCARO, and B. D. DUNLAP 

Argonne National Laboratory, Argonne, IL 60439 

We demonstrate the feasibility of conversion electron 
Mössbauer spectroscopy of rare-earth systems using the 
21.53-keV transition in 151Eu and the 8.4-keV transition in 
169Tm. The resonance spectra of 151Eu are measured using 
L conversion electrons with kinetic energy of about 13.5 
keV. For 169Tm the conversion process involves M electrons 
that have kinetic energy of approximately 6.1 keV. The com
parison of the conversion electron spectra to transmission 
data for a number of europium-based compounds indicates 
that an enhancement of the resonant effect occurs in most 
cases using the conversion electron technique. For 169Tm, 
a dilution of the effect occurs from photoelectrons of 
thulium. 

T n recent years, the use of 5 7 F e a n d 1 1 9 S n conversion electron Mossbauer 
spectroscopy ( C E M S ) has g r o w n steadily ( I ) . I n this technique , the 

in terna l conversion a n d associated A u g e r electrons w h i c h result f r o m the 
de-excitat ion of Mossbauer n u c l e i f o l l o w i n g resonant absorpt ion of i n c i 
dent g a m m a rays are detected. T h e p r i n c i p a l difference between this type 
of Mossbauer spectroscopy a n d the more usua l one i n v o l v i n g the detect ion 
of resonantly absorbed g a m m a rays i n a transmission or scattering geom
etry is the m u c h smal ler range of the conversion electron i n a g iven 
absorber compared to the g a m m a ray. A s a result , C E M S is sensitive 
to those resonant n u c l e i conta ined i n a t h i n layer (50-3000 A ) at the 
surface of the absorber. O n the other h a n d , methods based on g a m m a 
ray detect ion probe depths o n the order of tens of microns. T h i s u n i q u e 
proper ty of C E M S makes i t suitable for s t u d y i n g surfaces. 

I n p r i n c i p l e , C E M S c o u l d be used for any of the Mossbauer isotopes 
for w h i c h the nuc lear de-excitat ion has a large enough p r o b a b i l i t y of 
o c curr ing t h r o u g h the in te rna l convers ion process. H o w e v e r , except for 

0065-2393/81/0194-0117$05.00/0 
© 1981 American Chemical Society 
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118 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

5 7 F e a n d 1 1 9 S n , l i t t le is k n o w n concerning the app l i ca t i on of the C E M S 
technique to other isotopes. O t h e r candidates for w h i c h C E M S c o u l d 
prove useful are some of the Mossbauer isotopes f r o m the rare-earth 
series. W i t h this i n m i n d , w e have invest igated C E M S a p p l i e d to two of 
the rare-earth isotopes, 1 5 1 E u a n d 1 6 9 T m . O u r results ind icate that the 
21.53-keV transit ion i n 1 5 1 E u is i n fact very convenient for C E M S . T h e 
8.4-keV transi t ion i n 1 6 9 T m , on the other h a n d , does not appear to be 
as favorable . 

F o r bo th isotopes, the conversion electron spectra are compared to 
s imultaneously measured gamma-ray transmission spectra. A n evaluat ion 
of the sensit ivity of C E M S is made i n each case, a n d i n add i t i on , the 
or ig in of nonresonant a n d resonant electrons is discussed. 

Experimental 

F o r the 8.4-keV 3 /2 -1 /2* t rans i t ion i n 1 6 9 T m , an 1 6 9 E r : A l source at 
ambient temperature was used. T h e T m 2 0 3 oxide absorber was approx i 
mate ly 2 m g / c m 2 of c o m p o u n d . T h e 21.53-keV 7 /2 + -5 /2 + resonance i n 
1 5 1 E u was invest igated us ing a 1 5 1 S m 2 0 3 source at ambient temperature . 
T h e absorbers consisted of approx imate ly 5 m g / c m 2 of c o m p o u n d . 

T h e transmission spectra a n d conversion electron spectra were c o l 
lected s imultaneously us ing the same absorber. T h e electron detector was 
of the backscatter type s imi lar i n design to that g iven i n Ref . 2 i n w h i c h 
the flow gas was H e - 1 0 % C H 4 . T h e transmission spectra were co l lected 
b y p l a c i n g the appropr iate propor t i ona l counter at the exit w i n d o w of 
the conversion electron detector. T h e spectra were ac cumulated i n a 
m u l t i c h a n n e l analyzer operated i n the t ime mode a n d synchron ized to 
the s inusoidal mot i on of the ve loc i ty transducer o n w h i c h the source 
was mounted . 

Results and Discussion 

1 5 1 E u 21.53-keV Resonance. T h e resonant absorpt ion of the 21.53-
k e V g a m m a ray b y 1 5 1 E u results i n the excitat ion f r om the 5/2 + nuc lear 
g round state to the 7/2 + exc i ted state. T h e subsequent de-excitat ion c a n 
occur through either the emission of a g a m m a ray or t h r o u g h the ejection 
of an electron f r om one of the inner shells. T h e p r o b a b i l i t y for electron 
emission ( in te rna l conversion) is approx imate ly 28.6 (3) t imes that for 
gamma-ray emission ( in te rna l convers ion coefficient a = 28.6). 

T h e p a r t i a l in terna l conversion coefficients for each of the electronic 
shells have been determined prev ious ly (3) for the 21.53-keV transi t ion . 
A s can be seen f r om T a b l e I , L i convers ion is most probab le (71%) , 
p r o d u c i n g electrons w i t h a k inet i c energy of approx imate ly 13.5 k e V . 
Higher - energy electrons f r om the M shells are also present. I n a d d i t i o n , 
the filling of the vacancies p r i m a r i l y i n the L shells results i n either l o w -
energy x-rays or secondary low-energy electrons. 
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5. SHENOY E T A L . Europium-151 and Thulium-169 119 

Table I. Partial Internal Conversion Coefficients (3) for the 
21.53-keV 7/2 + -> 5/2 + Transition in 1 5 1 E u a 

Binding Energy Electron Energy 
Shell (keV) Conversion (keV) 

K 48.5 
I* 8.05 71 13.5 
La 7.62 9 13.9 
Lm 6.98 4 14.6 
Mi-Mx ~ 1.40 16 ~ 20 

a The total conversion coefficient is «T = 28.6. 

A l l electrons p r o d u c e d i n this manner that result f r o m the resonant 
absorpt ion process constitute the resonant effect i n C E M S . A l l other 
sources of electrons such as photoelectr ic absorpt ion of the source g a m m a 
rays or those gamma rays resul t ing f rom nonresonant re-emission proc 
esses i n the absorber w i l l contr ibute to the background . T h e efficiency 
or sensit ivity of the technique is then determined b y the n u m b e r of 
resonant electrons that escape the surface of the absorber compared to 
those a r i s i n g f r o m nonresonant processes b o t h i n the absorber a n d 
detector. 

A n estimate of the thickness of the layer p r o b e d b y the C E M S tech 
n ique can be made b y cons ider ing the range of the conversion electrons 
i n a g iven c o m p o u n d . It has been s h o w n exper imental ly (4 ) that for 
electrons w i t h a k inet i c energy between approx imate ly 5 a n d 15 k e V , 
the range fo l lows a n attenuation l a w of the f o r m 

I = h e'f 

where 7 0 is the i n i t i a l flux a n d I is the final flux after transversing a 
distance z i n the mater ia l . T h e attenuat ion coefficient /*, i n A " 1 is g iven b y 

H — 4.43 X 10" 3
 P/Ez/2 

where p is the density i n g / c c of the mater ia l a n d E is the i n i t i a l k ine t i c 
energy of the e lectron i n k e V . 

F o r L i electrons w i t h energy 13.5 k e V i n e u r o p i u m meta l (p = 5.26 
g / c c ) , the half - thickness is approx imate ly 1500 A . T h e attenuation l ength 
for the 21.53-keV g a m m a ray of 1 5 1 E u , o n the other h a n d , is the order of 
60 p. W i t h o u t consider ing secondary p r o d u c t i o n of photoelectrons p r o 
d u c e d b y resonantly scattered g a m m a rays deep ins ide the mater ia l ( 5 ) , 
the relat ive range of g a m m a rays a n d convers ion electrons indicates that 
C E M S is sensitive to a re lat ive ly t h i n surface layer of the mater ia l . 

I n F i g u r e 1 w e show the conversion electron spectra for three c o m 
pounds of e u r o p i u m c o m p a r e d to corresponding spectra taken s imultane
ously i n the transmission geometry. F o r the two tr iva lent compounds 
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I 1 1 1 1 I I I | I I I 1 1 I I I I I I I I 1 1 I I 1 I I 1 I I I 1 I 

I I I I I I I I I I I i 1 i l I I I I I I I I I I I 1 I I I 

-16 "8 0 *8 +I6-I6 -8 0 *8 *I6 

VELOCITY (mm/sec) 

Figure 1. Transmission 151Eu Mossbauer effect spectra at 300 K for (a) 
Eu2Os, (c) EuFs, and (e) Eu2SiOu. The conversion electron spectra also 
are shown for (b) Eu202, (d) EuFs, and (f) Eu2SiO^ A 151Sm2Os source 

was used. 

E u 2 0 3 (F igures l a a n d b ) a n d E u F 3 ( F i g u r e s l c a n d d ) the most s t r ik ing 
difference between the convers ion e lectron a n d gamma-ray transmission 
spectra i n each case is the 6- to 10-fold enhancement of the resonant effect 
ach ieved w i t h the C E M S technique. F o r each c o m p o u n d the resonance 
w i d t h s for the conversion electron a n d transmission spectra are a p p r o x i 
mate ly equal . Consequent ly , the enhancement of the effect represents 
a n increase i n sensit ivity w i t h o u t loss of resolut ion. 

F o r the spectra of d iva lent c o m p o u n d E u 2 S i 0 4 s h o w n i n F i g u r e s l e 
a n d f, an enhancement of the resonant effect s imi lar to that f o u n d for the 
t r iva lent compounds is f ound . I n add i t i on , t w o other differences be tween 
the conversion electron a n d gamma-ray transmission spectra are evident. 
F i r s t of a l l , a w e a k resonance at —0.33 ± 0.1 m m / s corresponding to a 
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i I I I I l l I i | i I l i I i i i i 

i i i i i i i i i I I i i i i i 1 1 1 
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Figure 2. Conversion electron151 Eu 
Mossbauer spectrum for 170 ppm 

europium in magnesium 

E u 3 + species is present i n the conversion electron spectrum ( F i g u r e I f ) 
a n d absent i n the transmission one ( F i g u r e l e ) . Since b o t h spectra have 
approximate ly the same signal-to-noise rat io for the m a i n E u 2 + resonance, 
i t appears that the E u 3 + component arises p r i m a r i l y i n the surface layer 
( ~ 2000 A ) p r o b e d b y C E M S . 

T h e second aspect of the C E M S data for E u 2 S i 0 4 is the presence of 
some structure i n the E u 2 + resonance w h i c h is not apparent i n the trans
miss ion data. T h i s structure appears to be associated w i t h the presence 
of a sma l l quadrupo le interact ion at the E u 2 + site. I f an axial e lectric 
field gradient is assumed, the value of e2qQ = — 12 ± 1 m m / s is 
obta ined f rom a fit to the data. T h i s va lue is the same as that determined 
(6) be l ow the magnet ic transi t ion of 9 K for this c o m p o u n d i n a trans
miss ion geometry. T h e presence of a quadrupo le interact ion of this order 
w o u l d account for the asymmetr ic broaden ing observed i n our transmis
s ion data for E u 2 S i 0 4 at 300 K . T h e increased resolut ion the C E M S data 
i n d i c a t e d by these results fo l lows f rom the fact that th ickness -broadening 
effects are m i n i m a l for this t echnique because of the t h i n layer probed . 

A f our th example of 1 5 1 E u C E M S that i l lustrates the sensit ivity of 
the technique is europ ium-doped magnes ium meta l . F i g u r e 2 shows the 
C E M S data at 300 K for 170 p p m e u r o p i u m i n magnes ium. A s can be 
seen, b o t h a E u 2 + species at —13.0 ± 0.3 m m / s a n d a E u 3 + one at —0.27 
± 0.1 m m / s are detected. T h e total resonant ampl i tude i n the E u 3 + 

resonance is approx imate ly 3 % . T h e range of the L i 13.5 -keV conver
s ion electrons i n magnes ium is character ized b y a hal f thickness of about 
4500 A . O n the other h a n d , the ha l f thickness for photoelectr ic absorpt ion 
of the 21.53 -keV g a m m a ray is approx imate ly 1.6 m m , i n d i c a t i n g a m i n i m a l 
contr ibut ion of photoelectrons resul t ing f r om the m a g n e s i u m matr ix . T h i s , 
i n t u r n , faci l itates the detect ion of smal l quantit ies of europ ium i n the 
mater ia l . T h i s result demonstrates that under favorable condit ions C E M S 
is capable of detect ing smal l amounts of e u r o p i u m impur i t ies i n the 
surface, such as those rea l i zed i n i m p l a n t a t i o n experiments ( ^ 1 0 1 8 

a t o m s / c m 3 ) . 
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1 6 9 T m 8.4-keV Resonance. T h e resonant absorpt ion of the 8.4-keV 
g a m m a ray b y 1 6 9 T m results i n the transit ion f r om the l / 2 + g round to the 
3 / 2 + nuc lear excited state. T h e interna l conversion coefficient for the 
decay is large w i t h aT = 291 ( 7 ) . T a b l e II shows the b i n d i n g energies 
for the K, L, a n d M shells of t h u l i u m , a n d as can be seen, on ly M conver
sion is possible. T h e theoret ical estimate (8 ) of the p a r t i a l convers ion 
coefficients shows that M i shel l conversion is most probable . T h e k inet i c 
energy of the resultant convers ion electrons is approx imate ly 6.1 k e V . 
A n estimate of the ha l f thickness for electrons w i t h this energy i n t h u l i u m 
meta l based o n the same e m p i r i c a l re lat ion g iven earlier results i n 
z1/2 ~ 250 A . 

Table II. Estimated Partial Internal Conversion Coefficients (8) 
for the 8.4-keV 3/2 + -> l / 2 + Transition in 1 6 9 T m ° 

Binding Energy % Electron Energy 
Shell (keV) Conversion (keV) 

K 69.4 — — 
Li-Lin 8.6-10.1 — — 
M i 2.3 95 6.1 
MU-MY 1.5-2.1 5 - 6 

° The total conversion coefficient is a T = 291 (7). 

T h i s value is nearly a factor of ten smaller than that for 1 5 1 E u 
conversion electrons i n e u r o p i u m meta l a n d indicates that a m u c h th inner 
surface layer is p r o b e d w i t h 1 6 9 T m C E M S . 

O n e m i g h t expect that 1 6 9 T m w o u l d be a more favorable candidate 
for C E M S than 1 5 1 E u . B o t h the resonance f ract ion a n d the in te rna l con
vers ion coefficient are larger for the 8.4-keV transit ion i n 1 6 9 T m than i n 
1 5 1 E u . H o w e v e r , F i g u r e 3 shows that the resonant effect for T m 2 0 3 is 
smal ler for the C E M S data than for the transmission data. T h i s is just 
the opposite of w h a t was observed for 1 5 1 E u . T h e apparent decrease i n 
resonant effect for 1 6 9 T m C E M S is attr ibutable to an increase i n the back
ground contr ibut ion , associated i n par t w i t h a large increase i n photo -
electron produc t i on . F o r t h u l i u m meta l , for example, the rat io of the 
resonant absorpt ion cross section of the 8.4-keV g a m m a ray to that for 
photoelectr ic p roduc t i on is approx imate ly six. W h i l e this is about four 
times smaller than that f o u n d for 1 5 1 E u , i t cannot f u l l y account for the 
severe reduct i on i n the observed intensity i n 1 6 9 T m C E M S data c o m p a r e d 
to the transmission data. I n add i t i on , the re lat ion used for the hal f -
thickness ca l cu lat ion is perhaps not v a l i d i n the 6 -keV range, a n d as a 
consequence, w e m a y be s a m p l i n g considerably smaller numbers of reso
nant atoms. These results o n 1 6 9 T m C E M S suggest that the technique 
m a y be useful on ly under special c ircumstances. 
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VELOCITY (mm/sec) 

Figure 3. Transmission 169Tm Moss
bauer effect spectrum (a) at 300 K 
compared to the conversion electron 
spectrum (b) for Tm2Os. An 169Er:Al 

source was used. 
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6 

Electron Spectrometer for Iron-57 

Mössbauer Spectroscopy 

T. SHIGEMATSU, H . - D . PFANNES, and W. K E U N E 

Laboratorium für Angewandte Physik, Universität Duisburg, 
D-4100 Duisburg, West Germany 

A commercial electron energy analyzer (150° spherical sec
tor analyzer) was used to detect energetically selected 
electrons that are emitted after the 57Fe Mössbauer effect. 
The analyzer entrance aperture has a solid angle of 3.4 X 
10-2 sterad, and the accepted sample area is approximately 
10 X 4 mm 2 , resulting in a luminosity of about 0.1 mm2. For 
2% energy resolution, 7.2-keV conversion electrons and 
KLM-, KLL-, and LXY-Auger electrons of iron have been 
identified in the electron spectrum of a 57Co source. Detec
tion of 6.6-keV and 7.2-keV electrons (with 2% energy 
resolution) from enriched α-Fe foils as Mössbauer absorbers 
resulted in typical α-Fe six-line spectra with up to 300% 
effect for the outer lines, accompanied, however, by ex
tremely low count rates of the order of 1 count/h/channel. 
Clear evidence for depth-selective Mössbauer spectra was 
obtained for a composite sample of 250-Å iron evaporated 
on a stainless-steel foil. 

/ C o n v e r s i o n e lectron Mossbauer spectroscopy ( C E M S ) is a use fu l t e ch -
^ n i q u e for s t u d y i n g corrosion a n d surface meta l lurgy because of the 
s m a l l penetrat ion d e p t h of low-energy electrons i n matter ( I ) . I n a n 
extension of C E M S , k n o w n as "depth-se lect ive" or energy-di f ferent ial 
C E M S , one detects the emerg ing electrons energy-select ively b y means 
of a n electron spectrometer ( 2 ) . Mossbauer scattering spectra thus are 
obta ined at different e lectron energies, u n l i k e convent iona l ( in tegra l ) 
C E M S . T h i s t echnique is especial ly use fu l for the invest igat ion of 
surface propert ies of solids, since monochromat i c electrons are e m i t t e d 
after the Mossbauer excitat ion, a n d the ir energy loss is re lated to the 
penetrat ion d e p t h b e l o w the surface of the mater ia l . 

0065-2393/81/0194-0125$05.00/0 
© 1981 American Chemical Society 
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126 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

K r a k o w s k i a n d M i l l e r ( 3 ) per f o rmed a theoret ica l analysis of the 
resonant l ine shape a n d the area u n d e r a Mossbauer spectrum, a n d 
est imated the d e p t h p r o b e d b y 5 7 F e energy-di f ferential C E M S . I n this 
ca l cu lat ion , on ly 7.3-keV K-convers i on electrons were considered, a n d a n 
exponent ia l attenuat ion l a w a n d F e r m i age /d i f fus i on theory were 
assumed. T h i s analysis y i e l d e d the re lat ive p r o b a b i l i t y that a n emerg ing 
e lectron of measured energy E K o r ig inated f r o m a p a r t i c u l a r d e p t h b e l o w 
the surface (assuming 2 % energy reso lut ion ) . F o r convers ion electron 
energies greater than about ha l f of the i n i t i a l energy of 7.3 k e V , a spat ia l 
reso lut ion exists that shou ld p e r m i t the measurement of Mossbauer spec
t r a f r o m selected regions b e l o w the resonator surface. H o w e v e r , a n 
exponent ia l attenuat ion l a w for electrons of this energy range m a y not 
be v a l i d . L i l j e q u i s t et a l . (4) a n d P r o y k o v a (5 ) used the M o n t e C a r l o 
m e t h o d to compute the to ta l transmiss ion as w e l l as the transmiss ion into 
various angles a n d energy intervals of electrons f r o m different depths i n 
a C E M S 5 7 F e absorber. These results are useful for in tegra l as w e l l as 
energy-selective C E M S analysis . Bavers tam et a l . ( 6 ) a n d L i l j e q u i s t 
a n d B o d l u n d - R i n g s t r o m ( 7 ) have obta ined exper imenta l evidence for 
depth-selectiveness of C E M S f r o m surface layers o n metals. 

F o r the purpose of energy-di f ferential C E M S , several types of 
electrostatic e lectron energy analyzers w i t h sufficiently h i g h reso lut ion 
a n d luminos i ty have been constructed recently ( 8 - J I ) , b u t extensive 
exper imenta l a p p l i c a t i o n of this technique is s t i l l l a c k i n g . I n this inves t i 
gat ion w e tested a c o m m e r c i a l electrostatic analyzer ( w h i c h usua l ly is 
used for E S C A or A u g e r studies) for its a p p l i c a b i l i t y to energy-dif fer
ent ia l 5 7 F e C E M S . 

Experimental 
A schematic view of our apparatus is shown in Figure 1. The commercial 

electron energy analyzer (A ) used is a 100-mm mean-radius-of-curvature, 150° 
spherical sector analyzer fitted with a channeltron electron multiplier detector 
(C ) (manufacturer: Vacuum Generators, L t d . ; Model C L A M 100). Electrons 
emerging from the specimen (SP) are focused onto the analyzer entrance slit 
by an electrostatic inlet lens ( L ) that also acts as a (low-resolution) band pass 
filter. Electrons entering the analyzer slit are then deviated by the radial elec
tric field within the analyzer, and only electrons with the "correct" pass energy 
reach the analyzer exit slit and the detector ( C ) . External adjustment of 
entrance and exit slits (0.5-, 1-, 2-, or 4-mm slit width) allows discrete setting 
of the energy resolution AE/E (0.25, 0.5, 1.0, or 2 .0%, respectively). For a 
chosen setting AE/E is constant over the entire energy range. Since the work
able energy range usually is l imited to 2.5 keV in E S C A or Auger experiments, 
modifications of the usual analyzer and inlet lens control electronics were 
necessary to allow for electron pass energies suitable for 5 7 F e K-conversion 
electrons (7.3 k e V ) , the analyzer itself being essentially unmodified. The 
maximum pass energy is 10 keV for our instrument. Though the solid angle 
from the center of the sample (SP) to the entrance aperture of the focusing 
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6. SHIGEMATSU E T A L . Iron-57 Mossbauer Spectroscopy 127 

Figure 1. Schematic of the elec
tron spectrometer for CEMS studies: 
(A) 150° spherical-sector electron 
analyzer; (C) channeltron detector; 
(SP) specimen (Mossbauer absorber); 
(L) electrostatic inlet lens; (S) 57Co 
Mossbauer source; (B) flexible metal 
bellows; (E) Auger electron gun; 

E UHV (D) Mossbauer drive rod 

lens ( L ) is only about 0.034 sterad (transmission ~ 0.27% of 4TT), the accepted 
sample area is relatively large (about 10 mm X 4 m m ) . However, the low 
luminosity (accepted sample area X transmission) of about 0.1 m m 2 results in 
very low count rates for C E M S experiments. 

The whole assembly is located in a bakeable ultrahigh vacuum system 
with a base pressure in the 10~ 1 0-Torr range or better. To avoid U H V - t i g h t 
windows for the 14.4-keV Mossbauer radiation, our approximately 40 -mCi 5 7 C o 
source (S) (Rh matrix) was put into the U H V chamber at a distance of 15-20 
m m from the sample center and moved in the sine mode by an electromechani
cal Mossbauer drive system that was located outside of the U H V chamber and 
connected to the source-carrying drive rod ( D ) v ia U H V - t i g h t flexible metal 
bellows ( B ) . To release these bellows from air pressure, a high-vacuum, tightly 
closed cylinder surrounded the Mossbauer drive and bellows and was evacuated 
to approximately 10" 2 Torr during Mossbauer measurements. The angle be
tween the incident gamma-radiation and the sample normal was about 62°. 

The arrangement also permits Auger sample analysis by the analyzer (A ) 
and an Auger electron gun ( E ) as wel l as sample depth profiling and cleaning 
by argon sputtering. 

For Mossbauer measurements we used conventional counting electronics 
consisting of a preamplifier, a main amplifier, and a 512-multichannel analyzer 
i n multiscaling mode. ( A l l Mossbauer spectra shown in the next section are 
direct (folded) printouts from the multichannel analyzer, and the velocity 
scale (channel number) is weakly nonlinear due to the sinusoidal velocity 
mode) . 

Results and Discussion 

T o measure the in te rna l conversion a n d A u g e r electrons emi t ted 
d u r i n g de-exci tat ion of the 14.4-keV exc i ted state, the 5 7 C o source was 
first set i n p lace of the spec imen. T h e e lectron spec trum taken w i t h a 
constant analyzer reso lut ion A E / E of 2 % is s h o w n i n F i g u r e 2. W e c a n 
c lear ly ident i fy the K- convers i on e lectron peak at 7.2 k e V , a n d K L M - , 
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Figure 2. Electron spectrum of the 57Co Mossbauer source (Rh matrix) 
taken with the present spectrometer at constant energy resolution AE/E 

= 2% 

K L L - , a n d m a y b e L X Y - A u g e r peaks of i r o n at 6.2, 5.4, a n d about 0.6 k e V , 
respect ively . T h e surface of the 5 7 C o conta in ing r h o d i u m f o i l was not 
c leaned b y electron b o m b a r d m e n t or argon sputter ing p r i o r to the 
measurement. Therefore , cer ta in ly surface contaminat ion a n d / o r a t h i n 
oxide layer existed on the source f o i l a n d poss ib ly weakened the L X Y -
A u g e r s ignal b y absorb ing these low-energy electrons. 

F i g u r e 3 shows Mossbauer scatter ing spectra taken w i t h a 9 5 . 2 % 
5 7 F e - e n r i c h e d a - F e f o i l (1.9 m g 5 7 F e / c m 2 ) as spec imen. T h e e lectron 
energy was set to 7 . 2 0 k e V (top) a n d 6 . 6 0 k e V (bottom), w i t h 2% energy 
resolut ion. T h e 7.2-keV electrons have a m u c h larger p r o b a b i l i t y of 
o r ig inat ing f r o m a reg ion closer to the surface t h a n 6.6-keV electrons ( 3 ) . 
W e observe t y p i c a l s ix- l ine a - F e spectra i n each case. T h e s ignal - to -
noise rat io i n these spectra is very good because of the l o w photoe lectron 
b a c k g r o u n d of the e lectron spectrometer; for example , t y p i c a l l y a 3 0 0 % 
effect or more has been observed for the outer a - F e l ines. H o w e v e r , 
these large effects are compensated for b y extremely l o w count rates of 
the order of 1 c o u n t / h / c h a n n e l because of the l o w analyzer luminos i ty . 
C o m p a r i s o n of the theoret i ca l ly est imated count rate for our spectrometer 
arrangement w i t h the exper imenta l count rate shows that b o t h are of 
the same order of magni tude . T h e t y p i c a l measur ing t ime for a spec t rum 
of F i g u r e 3 was 4 days, u s i n g our 4 0 - m C i 5 7 C o source. 

T h e enr i ched a - F e f o i l used for t a k i n g the spectra of F i g u r e 3 was 
not surface c leaned b y electron or argon i o n b o m b a r d m e n t p r i o r to the 
Mossbauer measurements. A u g e r e lectron spectra ( F i g u r e 4 ) of this 
f o i l ind i cate i r o n A u g e r l ines at about 600-700 e V a n d also oxygen a n d 
c a r b o n peaks (at 510 a n d 2 7 2 e V , respec t ive ly ) . W e conc lude that a 
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Figure 3. Conversion electron Mossbauer spectra of a 95.2% -enriched 
a-Fe foil (1.9 mg 57Fe/cm2) measured with the present system. The en
ergy of the detected electrons was 7.2 keV (top) and 6.6 keV (bottom,) at 

2% energy resolution (source: 40-mCi57Co in Rh matrix). 

rather t h i n oxide layer covered our i r o n sample surface, a n d that a d d i 
t i o n a l c ontaminat ion (perhaps b y hydrocarbons ) existed. F i g u r e 3 i n d i 
cates, however , that such a n oxide layer or surface contaminat ion was not 
detectable b y C E M S since on ly the pure a -Fe pattern c o u l d be observed 
for the 7.2-keV or 6.6-keV energy setting. O b v i o u s l y the m e a n free p a t h 
of 7.3-keV electrons of r ough ly 100 A (12) is too large a n d apparent ly 
does not p e r m i t a surface sensit ivity for a f e w outermost atomic layers 
b e l o w the sample surface. 

Figure 4. Auger electron spectrum of the surface-contaminated a-Fe 
foil that was used for taking the Mossbauer spectra of Figure 3 

C 
300 500 3 700 900 

electron energy (eV) 
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T o test the depth-selectiveness of energy-di f ferential C E M S , w e 
made measurements on a layered sample consist ing of a 250-A th i ck 5 7 F e 
film ( 9 5 % enr i ched ) that was v a c u u m depos i ted onto a 9 0 . 7 % - e n r i c h e d , 
310 stainless-steel f o i l ( 1 m g 5 7 F e / c m 2 ) . ( T h i s sample was exposed to a i r 
after preparat i on a n d p r i o r to the C E M S exper iments ) . O u r first results 
of Mossbauer measurements w i t h 7.2-, 6.9-, a n d 6.6-keV electron energy 
sett ing (at 2 % energy reso lut ion )are s h o w n i n F i g u r e 5 ( f r o m top to 
bottom, r espec t ive ly ) . C l e a r exper imenta l evidence for d e p t h selective-
ness is f o u n d f r o m these spectra. T h u s the s igna l f r o m the 250 -A a - F e 
overlayer is c lear ly enhanced relat ive to the centra l stainless-steel peak 
of the substrate i f electrons of h igher energy ( 7 . 2 k e V ) are selected. 
Decreas ing the e lectron energy reduces the a - F e overlayer s igna l a n d 
enhances the stainless-steel peak; thus at the 6 .6-keV electron energy 
sett ing the stainless-steel l ine is d o m i n a t i n g a n d the a - F e pat te rn is 
on ly bare ly detectable i n F i g u r e 5. N o computer eva luat ion of the area 
ratios i n these p r e l i m i n a r y spectra has been per f o rmed yet, b u t a n est i 
mate of the re lat ive spectral area for the a - F e pat tern gives r ough ly (80 
± 5 ) % at 7.2-keV, (30 db 3 ) % at 6.9-keV, a n d (10 ± 1 0 ) % at 6.6-keV 
electron energy. These values appear to be somewhat l ower t h a n theory 
predicts ( 7 ) . 

I n agreement w i t h our former observat ion no oxide pat tern c o u l d be 
f o u n d i n any spectra i n F i g u r e 5, that is , the oxide phase ( w h i c h cer
t a i n l y is present for our air -exposed sample ) is too t h i n to be detectable 
even at 7 .2-keV e lectron energy. 

W e have made a n at tempt to observe a t h i n oxide layer b y our 
technique . F o r this purpose a 9 0 . 7 % enr i ched a - F e f o i l (1.9 m g 5 7 F e / c m 2 ) 
was annea led at 700°C i n h y d r o g e n atmosphere for several hours a n d 
subsequently o x i d i z e d at 250°C i n a i r for 100 m i n . C E M S spectra w i t h 
the o x i d i z e d f o i l at r o o m temperature were recorded at 7.2-keV a n d 
6.6-keV electron energy sett ing a n d 2 % energy reso lut ion ( F i g u r e 6 top 
a n d bottom, r espec t ive ly ) . N o trace of a n oxide phase is detectable w i t h 
6 .6 -keV electrons, b u t a very weak c o n t r i b u t i o n ( r o u g h l y 2 0 % effect) of 
a n oxide layer ( w i t h a larger hyperf ine field t h a n a - F e ) c a n be f o u n d i n 
the spec trum at 7.2-keV e lectron energy i n the v i c i n i t y of the outer « - F e 
l ines ( F i g u r e 6, top). I t is dif f icult to determine the oxide thickness of 
our sample exactly, b u t w e c a n give a r o u g h estimate b y cons ider ing 
F i g u r e 3 (top) a n d the m a g n i t u d e of the 250 -A a - F e s igna l ( ~ 2 0 0 % for 
the outer a - F e l i n e s ) . T h i s leads to a n oxide thickness of approx imate ly 
50 A or less, i f a homogeneous oxide layer is assumed. T h i s s m a l l va lue 
is surpr i s ing i n v i e w of results b y convent iona l C E M S o n l o w - t e m p e r a 
t u r e - o x i d i z e d e lectroplated 5 7 F e films (13). I t seems as i f a h ighest -pur i ty 
( b u l k ) 5 7 F e f o i l oxidizes more s l owly at the same temperature t h a n 
carbon - a n d defect -containing e lectroplated 5 7 F e films. 
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Figure 5. Conversion electron Mossbauer spectra of a 250-A-thick a-Fe 
film (95% enriched) vacuum deposited onto a 90.7%-enriched 310 stain
less-steel foil (1.0 mg 57Fe/cm2). The energy of the detected electrons 
was 7.2 keV (top), 6.9 keV (middle), and 6.6 keV (bottom) at 2% energy 

resolution (source: 40-mCi57Co in Rh matrix). 
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Figure 6. Conversion electron Mossbauer spectra of a 90.7%-enriched 
a-Fe foil (1.9 mg 57Fe/cm2) oxidized at 250°C in air for 100 min. The 
energy of the detected electrons was 7.2 keV (top) ana 6.6 keV (bottom) 

at 2% energy resolution (source: 40-mCi 57Co in Rh matrix). 
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Conclusion 
I n this invest igat ion a c o m m e r c i a l electrostatic e lectron analyzer was 

tested for its a p p l i c a b i l i t y to energy-di f ferential C E M S . T h e electron 
spectrometer was f o u n d to be suitable for such studies, a l t h o u g h the 
re lat ive ly s m a l l luminos i ty of the analyzer resul ted i n l o w count rates. 
B y u s i n g stronger 5 7 C o sources the count-rate p r o b l e m c a n be r e d u c e d to 
some extent. Because of the l o w photoelectron b a c k g r o u n d of the a n a 
lyzer , large signal-to-noise ratios of several h u n d r e d percent have been 
measured i n C E M S spectra of h i g h l y enr i ched i r o n a n d stainless-steel 
samples; therefore, i t is possible to measure spectra w i t h reasonable 
c o u n t i n g statistics w i t h i n several days for such samples. I n p r e l i m i n a r y 
experiments w e have ob ta ined c lear exper imenta l evidence for d e p t h -
selectiveness of the technique . A s was demonstrated i n a f e w examples, 
detect ion of h igher energy electrons (7.2 k e V ) w i t h 2 % energy reso lut ion 
enhances the surface contr ibut i on i n the Mossbauer spectra as c o m p a r e d 
to lower-energy electrons (6.6 k e V ) . I t is be l i eved that impor tant n e w 
in fo rmat i on that is unatta inable i n convent iona l ( in tegra l ) C E M S c a n be 
obta ined b y energy-di f ferent ial C E M S i n such fields as surface m e t a l 
lurgy , corrosion, a n d i o n i m p l a n t a t i o n . 
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7 
Application of Mössbauer Spectroscopy to 

Coal Characterization and Utilization 

P E D R O A. M O N T A N O 

Department of Physics, West Virginia University, Morgantown, W V 26506 

To characterize a coal completely, a careful identification 
of its mineral matter is necessary. Due to the presence of 
iron in a large percentage of the minerals appearing in coal, 
the Mössbauer effect became a very powerful tool to iden
tify iron-bearing minerals. In this chapter we review the 
applications of Mössbauer spectroscopy in coal research, 
and list the Mössbauer parameters of the major iron-bearing 
minerals in United States coals. The use of the Mössbauer 
effect as a quantitative analytical tool to determine pyritic 
sulfur is discussed initially, and we find the standard ASTM 
procedures to be as accurate as the Mössbauer results. We 
also have used the Mössbauer effect to determine the sto-
ichiometry of the pyrrhotites present in liquefaction resi
dues. There is considerable interest in the study of the 
transformation of the iron minerals in coal conversion proc-
esses, and several examples of such applications of the 
Mossbauer effect are included. 

T 7 x i s t i n g a n d pro jected shortages of na tura l gas a n d pe t ro leum products 
i n the U n i t e d States have created a s t imulat ing environment for 

extensive research o n the use of coa l as a major source of e lectr ic i ty a n d 
synthetic fuels. D u e to its importance as a source of energy a n d the 
env ironmenta l hazards i n v o l v e d i n its use, considerable research has 
become necessary to unders tand f u l l y the different compounds a ppea r ing 
i n coa l a n d h o w they transform d u r i n g processing. T h e acceptance of a 
coa l for a par t i cu lar process depends c r i t i ca l l y on b o t h the organic a n d 
inorganic components. A care fu l ident i f i cat ion of the m i n e r a l matter is 
necessary for a complete character izat ion of a coal . D u e to the presence 
of i r o n i n a large percentage of the minerals appear ing i n coal , the M o s s -

0065-2393/81/0194-0135$10.25/0 
© 1981 American Chemical Society 
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bauer effect became a useful , a n d to a certa in degree, u n i q u e ana ly t i ca l 
too l i n the ident i f i cat ion of i ron -bear ing minerals i n coal . I r o n - s u l f u r 
compounds , a l though m a k i n g u p a re lat ive ly smal l p o r t i o n of coa l or 
coal m i n e r a l composi t ion , are signif icant i n that they m a y affect a l l phases 
of the coa l industry i n c l u d i n g m i n i n g , processing, rec lamat ion , a n d 
ut i l i za t i on . F o r the most part , the inf luence is deleterious a n d results i n 
into lerable env ironmenta l impacts , namely water a n d air po l lu t i on . H o w 
ever, there are cases such as coa l l i que fac t i on where sul fur compounds 
actual ly m a y be benef ic ial ( 1 , 2 , 3 ) . T h e importance of the i r o n - s u l f u r 
minerals i n coal has increased interest i n the use of the Mossbauer effect 
as a quant i tat ive ana ly t i ca l t oo l to determine the amount of p y r i t i c 
sul fur (4,5,6). W e have carr ied out extensive studies i n the classif ication 
of i ron -bear ing minerals i n coa l a n d have s tudied the transformation of 
the i ron -bear ing minerals d u r i n g processing. I n the f o l l o w i n g sections, 
w e rev iew the subject s tart ing w i t h a br ie f descr ipt ion of coa l a n d a 
fisting of the major i ron -bear ing minerals i t contains. 

T h e transformation of the i ron -bear ing minerals , especial ly pyr i t e , is 
discussed i n the last sections of this chapter . A c r i t i c a l eva luat ion of the 
Mossbauer effect as a possible quant i tat ive ana ly t i ca l t oo l is discussed, 
a n d favorable a n d unfavorable aspects of this technique are considered. 

Coal: Organic and Inorganic Components 

C o a l has a vegetable o r i g i n (7,8). T h e mater ia l f r o m w h i c h i t is 
created ac cumula ted i n marshes f r om the remains of p lants , i n lakes f r o m 
algae a n d the remains of a n i m a l p l a n k t o n , or i n lagoons f r o m sha l low-
water organic muds . T h r e e major periods can be d is t inguished i n the 
format ion of coa l : T h e first is the peat p e r i o d , that is , w h e n p lant remains 
are decomposed a n d altered, m a i n l y b y b i o c h e m i c a l processes t a k i n g 
p lace i n the vegetable mass w i t h the he lp of anaerobic bacter ia . I n the 
second p e r i o d , after the b e d is covered, a phys i co chemica l a l terat ion of 
the p lant substance takes p lace d u r i n g the diagenesis process; there is a n 
increase i n carbon content, a l o w e r i n g of oxygen, dehydrat i on , a n d 
transformation of the peat to l igni te . I n the last p e r i o d l igni te is converted 
into h igher -rank coa l a n d anthracite as the result of metamorph ism. 

T h e minerals that were present i n the peat b o g can act as catalysts, 
or can react chemica l ly w i t h the organic mater ia l , a n d the ir presence is 
reflected i n the properties of the coal (7,8). C o a l is consequently a 
sedimentary rock consist ing of an organic part w i t h a d d e d minerals , 
d iagenet ic or syngenetic i n or ig in . T h e compos i t ion a n d properties of a 
coa l are contro l led b y the o r i g i n a l mater ia l , the condit ions of a c c u m u l a 
t ion , a n d the m e t h o d b y w h i c h the mater ia l was converted into coal . 
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7. M O N T A N O Coal Characterization and Utilization 137 

T h e coa l is classified on the basis of fixed carbon a n d calorif ic values 
ca l cu lated on a m i n e r a l matter - f ree basis. T h e h igher - rank coals, w i t h a 
h i g h degree of metamorph ism, are classified accord ing to fixed carbon 
on the d r y basis; the l ower -rank coals a c cord ing to calorif ic va lue o n the 
moist basis ( 9 ) . T h e agglomerat ing character is used also to differentiate 
between groups. T a b l e I gives a general classif ication of the coals 
( A S T M D388 -66 ) . 

T h e r e are four major l i tho log i c components of c o a l — v i t r a i n , fusa in , 
a n d at t r i ta l coal ( c l a r a i n a n d d u r a i n ) (JO, 11)—and they are not e q u i v a 
lent i n their genetic a n d p r a c t i c a l relat ionships. V i t r a i n a n d fusain appear 
i n the coa l as lenses a n d inclusions of l i m i t e d size; b o t h seem to be 
homogeneous substances. F u s a i n resembles char coa l a n d retains a 
d ist inct ive p lant structure. V i t r a i n appears i n shiny b lack bands; i t has 
a vitreous appearance and its p l a n t o r i g in is more concealed. T h e at t r i ta l 
coals, c l a ra in a n d d u r a i n , are complex aggregates consist ing of a g r o u n d 
mass a n d preserved portions of p lants i n any propor t ion . 

T h e coal macerals are the organic components of coa l that are 
d ist inguishable b y microscopic inspect ion (10,11). T h e y are classified 
i n three groups re lated to the aforementioned l i tho log ic components, 
namely , v i t r in i te , exinite , a n d inert ini te . E a c h of these groups inc lude 
further subdivis ions . T h e necessity for this petrographic classification is 
re lated to the heterogeneous character of coa l (see F igures 1 and 2 ) . 

F r o m the po in t of v i e w of a solid-state chemist or physic ist , coa l is 
a composite mater ia l w i t h organic a n d inorganic constituents. T h e carbon 
structure of coals c a n be v i e w e d as consist ing of hydroaromat i c structures 
w i t h aromat ic i ty increasing f r o m l ow-rank to h igh - rank coals (12,13). 
T h e hetero atoms oxygen, n i trogen, a n d sul fur are associated w i t h the coa l 
i n v a r y i n g amounts. T h e organic sul fur is d i s t r ibuted throughout the entire 
coa l mass a n d cannot be separated b y concentrat ion; sul fur i n r ings is 
the most difficult to remove. N i t r o g e n i n the coa l is f o u n d to be m a i n l y 
i n r i n g posit ions, a n d consequently , i t is dif f icult to remove for c l ean ing 
processes. O x y g e n is present i n coa l i n pheno l i c h y d r o x y l , open ethers, 
a n d r i n g ethers. I n general , l ower -rank coals are r i c h i n oxygen. T h e 
trace element content i n coa l is compl i ca ted , a n d m a n y coals can have 
more t h a n 60 trace elements i n v a r y i n g amounts. 

F r o m the po int of v i e w of the Mossbauer spectroscopist, the inorganic 
constituents of coa l are of central importance . N o evidence has been 
f o u n d of any detectable amount of i r o n associated w i t h the organic par t 
of coal . Consequent ly , i n any Mossbauer s tudy of coa l on ly the m i n e r a l 
matter is ana lyzed . A certa in amount of m i n e r a l grains a n d c lay mater ia l 
is a lways present i n coa l (7,8,14,15). T h e minerals are usual ly c lays 
(kao l in i te , i l l i t e , m i x e d layer c lays, etc . ) , sulfides (pyr i te , marcasite , 
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T a b l e I . C lass i f i ca t ion 

Fixed Carbon Limits 
(% DMf) 

Equal or 
Greater Than Less Than 

A n t h r a c i t i c 
M e t a - A n t h r a c i t e 
A n t h r a c i t e 
Semianthrac i te 

98 
92 
86 

98 
92 

B i t u m i n o u s 
L o w - v o l a t i l e b i tuminous coa l 
M e d i u m - v o l a t i l e b i tuminous coal 
H i g h - v o l a t i l e A b i tuminous coal 

78 
69 

86 
78 
69 

H i g h - v o l a t i l e B b i tuminous coal 
H i g h - v o l a t i l e C b i tuminous coal 

Subb i tuminous 
Subb i tuminous A coa l 
Subb i tuminous B coal 
Subb i tuminous C coa l 

L i g n i t e 
L i g n i t e A 
L i g n i t e B 

Figure I . Thin section of a coal The majority of the sample is vitrinite; 
light spots are sphoronite and dark spots are attrital (courtesy of W. C. 

Grady Coal Research Bureau, West Virginia University). 
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of Coals b y R a n k 

Volatile Matter Limits 
(%) 

Greater Than 
Equal or 

Less Than 

2 
8 

2 
8 

14 

14 
22 
31 

22 
31 

Caloric Value Limits BTU Per 
Pound (Moist Mineral-Matter-

Free Basis) 

Equal or 
Greater Than Less Than 

14 000 
13 000 
11 500 
10 500 

14 000 
13 000 
11 500 

10 500 
9 500 
8 300 

11 500 
10 500 

9 500 

6 300 8 300 
6 300 

Figure 2. Photomicrograph of fusinite. Most cell walls are broken and 
collapsed. (Courtesy of W. C. Grady Coal Hesearch Bureau, West Vir

ginia University.) 
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sphalerite , galena, e tc . ) , carbonates ( l i k e calc i te , ankerite , s iderite, do lo 
m i t e ) , quartz , a n d other minerals i n lesser amounts l i k e rut i l e , hematite 
fe ldspar , etc. T h e amount , character, a n d d i s t r ibut i on of the m i n e r a l 
matter i n the coa l greatly inf luence the p h y s i c a l propert ies . T h e c lay 
minerals , pyr i te , a n d calc ite are the m a i n m i n e r a l substances (15). T h e y 
came into the coa l seam b y in f i l t rat ion i n the course of a c cumula t i on of 
the peat. T h e c lay was brought to the swamp b y r u n n i n g water , a n d 
the sulfides a n d calc ite were f o rmed i n the coa l joints a n d cavit ies. T h e 
o r ig in of finely d isseminated pyr i t e p r o b a b l y c a n be a t t r ibuted to the 
ac t iv i ty of su l fur - forming bacter ia . L a r g e pyr i t e lenses i n the coa l are 
d u e to the deposit ion of i r on sulfides w h e n the h y d r o g e n sulfide obta ined 
f r o m the decomposi t ion of p lant mater ia l interacts w i t h i r o n compounds 
dissolved i n the s w a m p water . C o a l l y i n g near the surface c a n conta in 
c lay, hydra ted ferr ic oxide, a n d ferrous carbonates or sulfates brought 
b y perco la t ing surface waters a n d deposited i n cracks of the coa l seam. 
T h e presence of sulfates i n the coa l is almost a definite ind i ca t i on of 
weather ing . 

Iron-Bearing Minerals in Coal 

I r o n Sulfides. T h e major g roup of i r o n - s u l f u r compounds i n coa l 
is the disul f ide group consist ing of pyr i t e a n d marcasite . O f the two , 
pyr i t e is the most abundant . P y r i t e a n d marcasite can be identi f ied 
read i l y b y x-ray di f fract ion ( X R D ) , but because pyr i t e is usua l ly d o m i 
nant i n any par t i cu lar coal , the t w o d imorphs usua l ly are considered 
co l lect ive ly as pyr i te . 

A significant characterist ic of pyr i t e i n coal is the fact that i t occurs 
i n various morpho log i ca l forms (16). G e n e r a l l y pyr i t e fal ls into two 
major classes. T h e first class consists of f ramboids , independent euhedra l 
crystals a n d aggregates of euhedra l crystals (syngenetic p y r i t e ) . T h e 
second class consists of the massive occurrences, dendr i t i c , i r regular , a n d 
cleat fillings, usual ly greater t h a n 100 i n m e a n diameter . 

O f a l l the minerals i n coal , pyr i t e is p r o b a b l y the most deleterious 
i n the coa l industry . I t is the source of a c i d m i n e drainage ( 1 7 ) , a n d the 
major source of S 0 2 p o l l u t i o n i n the combust ion process. H o w e v e r , pyr i t e 
m a y have a benef ic ial effect as a potent ia l catalyst i n coa l l ique fac t i on 
processes ( 1 , 2 , 3 , 1 8 , 1 9 ) . 

P y r i t e , F e S 2 , is a cub i c crystal that can be considered as a n N a C l - l i k e 
g r o u p i n g of i r o n atoms a n d S 2 pairs . I t has four molecules i n a ce l l (20), 
w i t h a latt ice constant e q u a l to 5.40667 A a n d space group symmetry T h . 
T h e i r on i n F e S 2 experiences a s l ight ly d istorted oc tahedra l symmetry . 
I n pyr i t e the i r o n i o n is i n the l o w - s p i n conf iguration i r o n ( I I ) . T h e six 
d-electrons are o c c u p y i n g the T2g g r o u n d state a n d no magnet ic moment 
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DETECTOR 

36t—i i i i i i L 
-1 0 1 

VELOCITY ( m m / s ) 

Figure 3. Scattering Mossbauer spectrum of a single crystal of pyrite. 
(Courtesy of Guettinger and Williamson.) 

is present at the i r o n site (21). I n F i g u r e 3, the Mossbauer spectrum of 
a single crysta l of pyr i t e is shown. Guet t inger a n d W i l l i a m s o n (28) have 
f o u n d that the re lat ive intensities of the t w o Mossbauer transitions i n 
p y r i t e are equa l a n d independent of the s ingle-crystal or ientat ion ( F i g u r e 
3 ) . T h e values of the Mossbauer parameters for F e S 2 are g i v e n i n T a b l e 
I I . T h e temperature dependence of the center shift is p r o b a b l y d u e 
complete ly to the second-order D o p p l e r shift . 

T h e magnet i c a n d electric properties of pyr i t e d e p e n d strongly o n 
the presence of impur i t i es i n the crystals. M a g n e t i c suscept ib i l i ty meas
urements are sensitive to the presence of magnet i c impur i t i es o n the 
sample ; very smal l amounts, for example, of C o S 2 o r N i S 2 w i l l change 
apprec iab ly the va lue of the suscept ib i l i ty (23). P y r i t e is a semicon
ductor w i t h a zero-temperature b a n d gap (24) of about 0.84 e V . 
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Table II. Iron Sulfides (Isomer Shifts with Respect to a-Iron) 

IS (mm/s) QS (mm/s) MHF(kOe) Ref. 

Pyrite (FeSt) 0.31 ± 0.01 0.61 ± 0.01 0 
Marcasite (FeSt) 0.25 ± 0.01 0.56 ± 0.01 — 

Greigite (FesSt) 0.70 0.3 322 (28) 
0.40 ( r = 4 . 2 K ) 0 486 
0.45 0.4 465 

Amorphous F e 4 S 4 0.35 ± 0.06 
0.51 ± 0.12 

0.82 ± 0.06 
0.88 ± 0.12 

253 (4.2 K ) (102) 

Sphalerite 0.66 0.80 
(ZnFe)S 

(FeS) synthetic 0.81 - 0 . 3 2 315 ( R T ) 
Troilite (FeS) 0.86 - 0 . 2 8 310 ( R T ) (32) 

natural 
Fe7S8 (pyrrhotite 0.69 ± 0.08 0.18 ± 0.15 307 ± 8 

monoclinic) (32) 
0.64 ± 0.10 0.31 ± 0.15 255 ± 10 ( R T ) 
0.64 ± 0.10 0.30 ± 0.15 225 ± 10 

Fe0.88iS 0.31 ± 0.03 
0.43 ± 0.04 
0.31 ± 0.04 

305 ± 3 
224 ± 3 
253 ± 4 

(33) 

F e».»<)»S 0.23 ± 0.0 
0.00 ± 0.1 
0.30 ± 0.1 

302 ± 10 
274 ± 10 
256 ± 10 

(33) 

0 0 
Mackinawite 0.2 (4.2 K ) (28) 

(Fe1+xS,x = 
0.04-0.07) 

T h e second modi f i cat ion of F e S 2 is the or thorhombic m i n e r a l m a r c a 
site ( 2 0 ) ; i t has a b imo lecu lar u n i t of d imensions a = 4.436 A , b = 5.414 
A , a n d c = 3.381 A . Marcas i t e has a s l ight ly different isomer shift ( I S ) 
a n d quadrupo le sp l i t t ing ( Q S ) ( T a b l e I I ) . A t y p i c a l spectrum of a 
marcasite single crysta l is shown i n F i g u r e 4. W h e n the amount of 
marcasite i n coa l is more t h a n 2 0 % of the to ta l i r o n disulf ide content, 
its detect ion u s i n g Mossbauer spectroscopy is possible . H o w e v e r , X R D 
a n d petrographica l techniques seem to be more appropr iate for its 
identi f icat ion. 

T h i n films of pyr i t e prepared b y evaporat ion a n d deposited o n a 
substrate at r o o m temperature (25) have been s tudied b y Mossbauer 
a n d A u g e r spectroscopies ( they consist of microcrystal l i tes of F e S 2 ) . 
W h e n the substrate is at a temperature of 78 K or l ower , F e S 2 tends to 
condense i n an amorphous f o r m w i t h s l ight ly different Mossbauer p a r a m 
eters (26). 

W h i l e s tudy ing several c o a l macerals , a n e w Mossbauer spec trum 
associated w i t h pyr i te was observed i n three different samples r i c h i n 
f r a m b o i d a l p y r i t e (26). T h e extra Mossbauer doublet showed the same 
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o 
mm/sec 

Figure 4. Mossbauer spectrum of a thin single crystal of marcasite at 
room temperature 

magnet i c behavior as pyr i t e ( l o w s p i n ) . H o w e v e r , its Mossbauer p a r a m 
eters were different a n d the isomer shift suggests a smal ler electronic 
density at the nucleus t h a n for F e S 2 , s imi lar to amorphous F e S 2 . T h e 
spec trum also m a y be p r o d u c e d b y smal l part ic les of F e 3 S 4 . I t is to be 
noted that the spectra observed for these coa l macerals were exceptions, 
a n d no s imi lar spectra were detected i n any other sample (27 ) . Conse 
quent ly , i t is suspected that this is a rare c o m p o u n d i n coal . 

W e have not observed any other i ron -bear ing sulfides i n our s tudy 
of f resh coals b y Mossbauer spectroscopy. F e i ^ S was detected i n some 
heav i l y weathered coals ( 2 7 ) , a n d the presence of monoc l in i c pyrrhot i te 
i n coa l can be in ferred i n some cases f r o m the magnet i c propert ies . 
O t h e r minerals l i k e sphalerite , m a c k i n a w i t e , greigite , smythite , chalco -
pyr i t e , t ro i l i te , a n d arsenopyrite w e r e not detectable. Some of these 
minerals m a y be detected more easily u s i n g scanning electron micros 
copy ( S E M ) . 

C l a y M i n e r a l s . T h e c lay minerals represent a large percentage of 
the inorganic matter i n c o a l (15,34). T h e p r i n c i p a l minerals i n clays are 
layer - lat t i ce silicates (phy l l os i l i ca tes ) , except for those of the Pa lygors -
k i t e - S e p i o l i t e group w h i c h are c h a i n silicates (35). T h e crysta l structures 
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0 

OH 

|0 
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Figure 5. Structure typical of the 
clay minerals (the drawing repre
sents montmorillonite) ((O) oxygen; 
((D) OH; (%) aluminum, iron, mag

nesium; (•) silicon) 

0| 

'0 

Trans 
r0 

of layered clays are based o n two types of sheets. A te trahedral sheet 
t y p i c a l l y made of S i 0 4 units , a n d an oc tahedra l sheet t y p i c a l l y m a d e of 
A l ( O , O H ) 6 units . I n the 1:1 group of minerals , the basic layer is 
composed of one tetrahedral a n d one octahedral sheet connected b y the 
oxygens at the apices of the tetrahedra (see F i g u r e 5 ) , g i v i n g t w o l igands 
a r o u n d each a l u m i n u m cat ion ; the r e m a i n i n g l igands are h y d r o x y l ions. 
T h e layers are e lectr ica l ly neut ra l a n d h e l d together b y v a n der W a a l s 
forces. A n y m i n e r a l where on ly two- th irds of the oc tahedral positions 
are o c cup ied b y A l 3 + cations is ca l l ed d ioc tahedra l . I f a l l the oc tahedral 
sites are filled, the m i n e r a l is t e rmed tr ioc tahedral . A t y p i c a l 1:1 d ioc ta 
h e d r a l m i n e r a l is kao l in i te , w i t h a chemica l composi t ion of 2 S i 0 2 • A 1 2 0 3 

• 2 H 2 0 per u n i t c e l l . T h e water i n kao l in i te exists as h y d r o x y l groups 
(36,37). K a o l i n i t e is ident i f ied i n coal b y X R D . T h e amount of i r on 
cat ion subst i tut ion is very smal l , a n d its ident i f i cat ion is sometimes dif f icult 
due to surface contaminat ion of the c lay grains w i t h i r o n oxides, p r i n c i 
p a l l y goethite (38,39). I n very we l l - charac ter i zed kaol inites there is 
evidence of s m a l l amounts of subst i tut ional ferr i c i r on i n the latt ice ( 40 ) . 
T h e Mossbauer parameters for this ferr i c i r o n are g iven i n T a b l e I I I . A t 
l o w temperatures a n d i n the presence of an external magnet ic field the 
t y p i c a l magnet ic hyperf ine field of F e 3 + is observed. K a o l i n i t e was present 
i n a l l the coal samples w e s tud ied , a n d o n l y X R D a n d S E M c o u l d be used 
for its ident i f icat ion. O t h e r minerals i n the kao l in i te group are d i ck i te , 
nacr i te , hal loysite , and d isordered kao l in i te . T h e t r ioc tahedra l members 
of the kao l in i te group are the serpentines. T h e y are very diverse d u e to 
variat ions of order a n d disorder i n the s tacking of the layer ( O H ) 4 M g 3 -
S i 2 0 5 , w h i c h is the magnes ium homeotype of kao l in i te . T h e r e are m a n y 
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Table III. Clay Mineral (Isomer Shifts with Respect to a-Iron) 
Ref. Name 

K a o l i n i t e 

Chamos i t e 

C h l o r i t e 

T a l c 
V e r m i c u l i t e 

N o n t r o n i t e 

M o n t m o r i l -
loni te 

F a y a l i t e 

B i o t i t e , 
annite 

I l l i t e 

T 
R T 

R T 

IS (mm/s) 
0.36 ± 0.03 

0.38 
1.14 : 
0.17 : 
1.13 

0.04 
0.02 
0.06 
0.01 

QS (mm/s) 
0.50 ± 0.03 

0.78 ± 0.08 
2.57 ± 0.08 
0.78 ± 0.08 
2.67 ± 0.06 R T 

4.2 K 1.33 ± 0.01 2.82 ± 0.02 

R T 
R T 

M u s k o v i t e R T 

Glaucon i t e R T 

R T 

R T 

R T 

R T 

Phlogopi te R T 

R T 

I l l i t e N o . 36 R T 
( M o r r i s ) 

I l l i t e N o . 35 R T 

( F h i t i a n ) 

I l l i t e C o a l R T 

A n t i g o r i t e R T 
• The author. 

1.13 
0.45 
1.07 : 
0.37 : 
1.17 
1.00: 
0.36 
0.38 : 
1.14 : 
0 .36: 
0 .36: 
0.38 : 

1.15 
1.17 : 
0.99 
0.47 

0.47 : 
1.11 : 
1.09: 
0.52 : 
0 .19 : 
1.20 : 
1.10: 
0.33 
0.38 
1.14: 
0.34 

1.24 : 
1.27 : 

:0 .03 
: 0.05 

0.07 
: 0.05 

0.03 
0.10 

: 0.05 
0.03 
0.06 
0.02 
0.02 
0.08 

: 0.06 
: 0.06 
:0 .07 

0.08 

0.06 
0.05 
0.05 
0.08 
0.02 
0.10 
0.08 

: 0.02 
0.04 
0.01 
0.02 

0.05 
0.03 

0.28 ± 0.06 
( F e S 2 ? ) 

1.14 ± 0.07 
1.25 ± 0.08 
1.10-1.20 

2.63 ± 0.03 
0.48 ± 0.05 
2.58 
0.75 
3.08 
2.66 
0.52 
1.21 
2.30 
0.30 
0.62 

0.07 
0.08 
0.07 
0.12 
0.12 
0.05 
0.06 
0.06 
0.06 

0.50 ± 0.13 

2.81 : 
2.85 : 
1.72 : 
0 .52 : 

0 .96: 
2.62 : 
2.18 : 
1.05 : 
0.47 : 
2 .70 : 
2 .40 : 
0.65 : 
1.21 : 
2.75 : 
0 .43 : 

2 .60 : 
1.92 : 

0.06 
0.08 
0.10 

: 0.18 

0.20 
0.08 
0.10 
0.12 
0.03 
0.20 
0.20 
0.05 
0.08 
0.02 
0.04 

0.06 
0.04 

0.60 ± 0.08 

2.77 ± 0.07 
2.54 ± 0.08 
2.6-2.8 

MHF (kOe) 
505 ± 5 (4.2 K ) 
# e i = 30 k O e 

505 ± 5 k O e 
25 k O e 
( # c x t = 2 0 k O e ) 

(39) 

(39) 

(103) 

(39) 

(103) 

(104) 

(103) 

1.16 ± 0.02 2.74 ± 0.04 

0 

2 0 - 3 0 
4.2 K 
Hext = 30 k O e 
0 

2 0 - 3 0 
4.2 K 
15 
4.2 K 
HnX = 30 k O e 

(105) 
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other homeotypes of kao l in i te , l ike chamosite (ber th ier ine ) a n d a l u m i n o -
f errous si l icate a n d cronstedtite, but they are usual ly rare i n coal . 

T h e minerals be long ing to the 2:1 layer structure present a great 
var ie ty of arrangements. Bas i ca l l y they have an octahedral layer between 
two tetrahedral layers (35,36). F o u r of the l igands around A l 3 + i n the 
octahedral layer are oxygen a n d two are h y d r o x y l ions. T h e hydroxy ls 
m a y be at opposite (trans, M l ) or adjacent (cis , M2) corners of the 
octahedron (36,39). Cons iderab le cat ion subst i tut ion takes p lace (i.e., 
i r o n a n d magnes ium replacement of a l u m i n u m ) , g i v i n g a great d ivers i ty 
of structures to these clays. 

T h e m i c a group of minerals is of great importance because of its 
abundance i n coal . I n the micas only three out of every four tetrahedra 
of the tetrahedral layer are o c cup ied b y s i l i con ; the f our th tetrahedron 
is o c cup ied b y a l u m i n u m . T h i s produces a deficit of charge for the sheet 
filled b y large ions, general ly potass ium, that occur between the layers. 
T h e b o n d i n g due to the potass ium is w e a k enough to a l l ow a n easy 
c leavage of micas. M i n e r a l o g i c a l l y , micas are classified as muscovi te 
(37), a d ioc tahedra l m i n e r a l of compos i t ion K A 1 2 ( A 1 S i 3 O i 0 ) , or as 
biot i te (37), a t r ioc tahedra l m i n e r a l of compos i t ion K ( M g , F e ) 3 O i o ( O H ) 2 . 
I n the muskovi te group of minerals there is a large var iety of cat ion 
replacement. T h e r e are several po ly types of muscovite (36), a n d they 
have been designated as 1M, 2 M i , 2 M 2 , a n d 3T , for one-layer monoc l in i c 
muscovite , two k inds of two- layer monoc l in i c muscovite , a n d three- layer 
t r igona l muscovite , respectively. I r o n c a n substitute i n the oc tahedra l 
sheet i n the ferr ic or ferrous f o rm, a n d occasional ly i n the tetrahedral site. 
T h e poss ib i l i ty of oxides coat ing the micas a lways shou ld be considered 
w h e n s t u d y i n g the ir Mossbauer spectra (39,40,41). 

A very important c lay be l ong ing to the m i c a group is i l l i t e . I l l i t e is 
a t e rm designated for the m i c a i n soils, unconso l idated sediments, a n d 
sedimentary rocks (35,37). T h e c h e m i c a l compos i t ion is s imi lar to 
muscovite but w i t h less than one s i l i con out of four rep laced b y a l u m i n u m , 
resu l t ing i n a proport ionate d i s m i n u t i o n of K + . A p a r t i a l replacement of 
the a l u m i n u m octahedral ions b y M g , F e 2 + , a n d F e 3 + ions is frequent. 
T h e 1M a n d 2 M structures are f o u n d i n i l l i t e , w h i c h gives a great 
d ivers i ty of composit ions. T h e i l l i tes conta in any or a l l muscovite p o l y -
types, a n d most i l l i tes are mixed- layer structures. T h e to ta l amount of 
i r o n is general ly smal l (15). I l l i tes are m a i n l y identi f ied b y X R D ( 1 5 ) , 
since the Mossbauer spectra have a great v a r i a b i l i t y , a n d it is imposs ib le 
to assign a par t i cu lar Mossbauer pat tern to i l l i t e (26,39,42,43). X R D 
a n d S E M observations are necessary before any Mossbauer parameter 
values c a n be assigned to a par t i cu lar Mossbauer pattern. 

A n o t h e r di f f iculty associated w i t h the i l l i tes is the smaller amount of 
i r o n present i n the structure as compared , for example, to chlor i te . A 
Mossbauer spectrum of an i l l i t e ( F h i t i a n ) f r o m I l l inois is shown i n F i g u r e 
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-I 0 2 3 

m m / s e c 

Figure 6. Mossbauer spectrum of a Fhitian illite (some FeS2 is present) 

6. T h i s spectrum cannot be considered t y p i c a l of a l l i l l i tes b u t on ly of 
this par t i cu lar sample. I n general , there is a great v a r i a b i l i t y of values 
for the quadrupo le sp l i t t ing a n d isomer shifts of the i l l i tes ( 39 ) . Some 
of the i r o n i n i l l i t e ident i f ied as F e 3 + c a n be l o w - s p i n F e 2 + , subst i tut ional , 
or i n some cases, pyr i t e contaminat ion of the c lay . I n the study of pure 
clays, one shou ld t ry to e l iminate in ter fer ing factors such as oxides a n d 
pyr i t e b y us ing the prescr ibed treatments g iven i n the l i terature (38,39). 
A t y p i c a l Mossbauer spectrum of a coa l conta in ing i l l i t e at r o o m t e m 
perature ( R T ) is s h o w n i n F i g u r e 7a w i t h a sample of a Pocahontas coal . 
T h e spectrum at l o w temperatures a n d w i t h a n external field indicates 

98 H p y t =36kOe _ 

Figure 7. (top,) Mossbauer spec-
trum of a Pocahontas coal (West Vir
ginia) at room temperature. FeS2 

and illite are present, (bottom) Moss
bauer spectrum at 4.2 K in the pres
ence of an external magnetic field 
(36 We) parallel to the gamma ray. 

-2 -I •10 1 2 
mm/sec 
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the presence of on ly F e 2 + ( F i g u r e 7 b ) . I n general , the i l l i tes appear ing 
i n coa l show s l ight ly different Mossbauer parameters than other i l l i tes 
(27). A s t r ik ing result of a l l our measurements is the observation of very 
s m a l l amounts of F e 3 + i n any of the coals s tudied (more t h a n 200) . I n 
general , w i t h very f ew exceptions (heav i ly weathered coa ls ) , d iva lent 
i r o n is the dominant valence state i n coa l ( 2 7 ) . 

T h e montmor i l l on i te group of minerals consists of c lay minerals i n 
w h i c h the component layers are not t i g h t l y b o n d e d b y K + or M g 2 + ions, 
b u t conta in water molecules instead (35,37). T h e y are capable of 
in terca la t ing a large var iety of guest molecules be tween their negat ive ly 
charged layers. S u c h minerals are also ca l l ed smectites. Isomorphous 
subst i tut ion occurs either i n the octahedral or tetrahedral layer . T h e struc
ture of the montmori l loni tes is s imi lar to m i c a , except for the inter layer 
subst i tut ion of K + ions. T h e i r crysta l lographic parameters are var iab le . 
M o s t of the montmori l loni tes are d ioc tahedra l , b u t hectorite , stevensite, 
sauconite, a n d saponite are t r ioc tahedral . T h e i r o n i n the m o n t m o r i l 
lonites is p redominant ly ferr ic , b u t F e 2 + also appears i n the ir M o s s 
bauer spectra (39). 

T h e minerals classified as chlorites are t r i oc tahedra l phyl los i l i cates 
w i t h a 2:1 layer structure. T h e y are r i c h i n i r o n a n d consequently the ir 
Mossbauer spectrum is easily recorded. T h e general f o r m u l a for the 
chlor i te group (35 ,37 ) is ( M g , F e , A l ) 6 ( A l , S i ) 4 O i 0 ( O H ) 8 . A great v a r i 
ety of these minerals exists because of the numerous isomorphous 
replacements of cations. I t should be noted that chlorites f a l l into i r o n 
chlorites, intermediate , a n d magnes ium chlorites. T h e structure of ch lor 
ite consists of talc a n d bruc i te layers stacked i n various ways to f o rm 
polytypes . F o r true chlorites the basal spac ing is fixed at about 14 A . 
Mossbauer spectra of chlorites are very s imi lar to those of ta lc (39). T h e 
l i n e w i d t h is narrow a n d the M l a n d M 2 sites are indis t inguishable . 
Subst i tut ion of F e 2 + i n the bruc i te layer has not been observed. I n F i g u r e 
8a, a Mossbauer spectrum of an i r o n - r i c h chlor i te is s h o w n at 4.2 K i n 
the absence of a magnet ic field; i n F i g u r e 8b the sample is subject to 
an external magnet i c field of 20kOe at 4.2 K . F r o m the Mossbauer 
spectrum at l o w temperature a n d i n the presence of an external field i t 
is possible to differentiate ch lor i te f rom i l l i t e . T h e Mossbauer parameters 
for the spectra i n F i g u r e 8 are g iven i n T a b l e I I I . O n e can also observe 
the presence of a smal l amount of F e 3 + . T h e g round state of F e 2 + is an 
o r b i t a l singlet, something that has been observed for a l l clays s tud ied i n 
our laboratory. A w a y of e l iminat ing chlor i te f r o m the coa l samples i n 
order to detect other clays is to treat the sample w i t h w a r m IN H C 1 ; the 
less-ordered chlorites w i l l dissolve easily. T h e r e is an expandable type 
of chlorite i n w h i c h the incomplete bruc i te sheet forms p i l lars between 
the m i c a layers ( 3 5 ) . A d ioc tahedra l chlor i te has been ident i f ied i n soi l 
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Figure 8. (top) Iron-rich chlorite at 
4.2 K (divalent iron is dominant); 
(bottom) the same sample in the 
presence of an external magnetic 
field (20 kOe) parallel to the gamma 

ray 

der ived f r o m muscovite schist i n V i r g i n i a a n d i n B r i t i s h C o l u m b i a ( 3 7 ) . 
T h e vermicu l i t e group of minerals resembles heated m i c a that has the 
appearance of l i t t l e worms ( 3 5 ) . T h e s tructura l f o r m u l a is ( O H ) 2 ( M g , 
F e ) 3 ( S i 4 . a . A l a . ) O i o ( M g , C a ) a r / 2 . T h e vermicu l i t e of soils a n d sediments is 
d ioc tahedra l as w e l l as t r ioc tahedral . I n the vermicul i tes the b o n d i n g 
between layers is weaker than i n micas a n d chlorites, b u t stronger t h a n i n 
montmori l loni tes . There is not enough Mossbauer w o r k i n the l i terature 
o n we l l - charac ter i zed vermicul i tes , a n d the ir Mossbauer parameters 
r e m a i n unclear . 

C l a y minerals also appear i n nature as mixed- layer clays consist ing 
of interstrati f ied layers of different minerals . There are three types of 
mixed - layer structures: (1 ) regular layers of different types alternate 
accord ing to a specific l a w ; (2 ) i r regu lar layers r a n d o m l y interstrati f ied; 
a n d (3 ) layers segregated w i t h i n one crystal l i te into zones of regular 
a n d i rregular . M i x e d - l a y e r clays are qui te c o m m o n i n coals (15 ,34 ) a n d 
their ident i f i cat ion us ing Mossbauer spectroscopy is very diff icult because 
of the tremendous v a r i a b i l i t y of composit ions. X R D a n d S E M are p r o b 
ab ly the on ly techniques that c a n g ive some insight o n the mixed-c lay 
constituent i n coa l (15,34). T h e usua l method u t i l i z e d to ident i fy a n d 
quant i fy the c lay minerals i n coa l is X R D of the low-temperature ashes 
( L T A ) , b u t due to the poor c rys ta l l in i ty of the clays i n the coal , the 
technique is not very re l iab le for quanti f i cat ion. T h e Mossbauer effect 
is not m u c h of an improvement due to the v a r i a b i l i t y of i r o n content of 
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Figure 9. Mossbauer spectra for 
different iron-bearing minerals in 
coal at room temperature ((Kao) kao
linite; (CHL) chlorite; (SiD) siderite; 
(Mel) melanterite; (Sz) szomolnokite) m m / s e c 

the clays. Moreover , the qual i tat ive ident i f i cat ion of the clays i n coal 
m a y be affected b y the s imilarit ies i n the ir spectra, a n d b y the presence 
of szomolnokite . I n F i g u r e 9, a series of spectra of different minerals 
shows the difficulties i n v o l v e d i n ident i f y ing the i r o n species i n the coal . 
W e a t h e r i n g of the coal results i n the appearance of i r o n sulfates; these 
sulfates can be dissolved i n a m i l d H C 1 solution ( i f chlor ite is present, 
i t w i l l be p a r t i a l l y d i sso lved) . T h e r e m a i n i n g minerals can be ident i f ied 
b y their Mossbauer parameters, c ompared w i t h wel l -de f ined standards. 
T r e a t i n g the coa l w i t h H N 0 3 w i l l dissolve pyr i t e , g i v i n g i l l i t e a n d 
kao l in i te ( p a r t i a l a l terat ion of i l l i te can occur due to the a c id t reatment ) . 
I n general , i t is r e commended to carry out measurements at l o w t e m 
peratures a n d i n the presence of an external field i n order to resolve the 
different i r o n species i n the coa l samples. I n F i g u r e 10 w e show a 
Mossbauer spectrum of a W a y n e s b u r g coa l w i t h two different F e 2 + sites 
a n d pyr i te . I n F i g u r e 11 the same sample is shown at 4.2 K — o n e of the 
F e 2 + sites has a wel l -de f ined magnet ic hyperf ine sp l i t t ing characterist ic 
of szomolnokite (26 ) . ( P a r t i a l dehydrat ion of F e S 0 4 • H 2 0 to F e S 0 4 

took place a n d this sulfate is also found. ) T h e other F e 2 + was ident i f ied as 
coa l i l l i t e . 

Carbonate Minerals. T h e major carbonates i n coa l are calcite 
( C a C 0 3 ) , s iderite ( F e C O s ) , ankerite [ C a ( F e , M g , M n ) ( C a C 0 3 ) 2 ] , a n d 
do lomite [ C a M g ( C 0 3 ) 2 ] . F r o m these carbonates on ly siderite a n d 
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ankerite are of importance to the Mossbauer spectroscopist. S ider i te c a n 
appear i n coal as nodules a n d lent i cu lar masses (44). S ider i te is asso
c iated w i t h the groundmass of the coa l a n d rare ly fills i n the residues of 
c e l l cavities i n p l a n t tissues. T h e presence of siderite i n b r i ght c l a r a i n 
coals is evidence of its f ormat ion i n quiet , anaerobic m e d i a r i c h i n C 0 2 . 
Siderite a n d pyr i t e usual ly do not occur together i n significant amounts 
i n coal . A n k e r i t e a n d calc ite can occur as veins a n d i n ce l lu lar struc
tures (45). 

I n several coa l samples w e have observed the presence of s iderite 
or ankerite . T h e identi f icat ion of siderite b y Mossbauer data is re lat ive ly 
s imple since m a n y of these data are avai lab le on we l l - charac ter i zed 
samples ( 4 6 - 4 9 ) . Siderite has a r ombohedra l structure w i t h an octa
hedron of oxygens around the i ron a n d a smal l t r igonal d istort ion a long 
the c-axis. N e u t r o n di f fract ion measurements have establ ished that the 
magnet ic moments of F e 2 + are p o i n t i n g a long the t r igona l axis be l ow 
T N (50). T h e electronic g round state of F e C 0 3 is an o rb i ta l doublet . 
Siderite is magnet i ca l ly ordered at l o w temperatures ( T N = 38 K ) w i t h 
a very d is t inct ive Mossbauer spectrum (46,48) ( Q S = 2.06 m m / s , m a g 
netic hyperf ine field + 184 k O e , a n d IS = 1.36 m m / s ) . T h e Mossbauer 
parameters at room temperature (49) are Q S = 1.798 m m / s and IS = 
1.24 m m / s . A n k e r i t e also appears i n some coals, a n d it is difficult to 
d is t inguish between ankerite a n d siderite at room temperature. H o w e v e r , 
low-temperature measurements a l l ow a clear d is t inct ion between the 
two minerals . 

Sul fates . T h e presence of sulfates i n coa l is almost a lways an i n d i 
cat ion of weather ing . T h e f o l l o w i n g i ron sulfate minerals are associated 
w i t h coals: szomolnokite ( F e S 0 4 • H 2 0 ) , rozenite ( F e S 0 4 • 4 H 2 0 ) , 
melanterite ( F e S 0 4 • 7 H 2 0 ) , c oqu imbi te ( F e 2 ( S 0 4 ) 3 • X H 2 0 ) , roemer-
ite ( F e S 0 4 • F e 2 ( S 0 4 ) 3 • 1 2 H 2 0 ) , a n d jarosites ( N a , F e ) F e 3 ( S 0 4 ) 2 ( O H ) G . 
Me lanter i t e dehydrates to rozenite a n d rozenite dehydrates to szomolno
kite . Some of the sulfate minerals have been reported to f o r m b y fixing a 
por t i on of the organic sulfur i n the L T A (51 ) . Another c o m m o n sulfate 
m i n e r a l is gypsum ( C a S 0 4 ) . T h i s last m i n e r a l can be p r o d u c e d b y the 
interact ion of water w i t h ca lc i te i n the presence of i r o n sulfates (15). 
T h e anhydrous ferrous sulfate can be observed i n Mossbauer spectroscopy 
w h e n measurements are carr ied under v a c u u m ( 4 ) . W e have detected 
the presence of ferrous a n d ferric sulfates i n m a n y of the coals w e s tudied 
(4,26,27,52). I n F i g u r e 10, a Mossbauer spectrum of a W a y n e s b u r g 
coa l conta in ing szomolnokite c a n be seen. I n general , on ly very fresh 
coal w i l l be free of i r on sulfates. T h e amounts of i r o n sulfates i n the coa l 
can be very smal l , b u t their c ont r ibut i on to the Mossbauer effect is 
comparab le to that of i r on impur i t ies i n the c lays. 

Ferrous sulfate is an or thorhombic crystal w i t h a tetramolecular u n i t 
ce l l . E a c h F e 2 + i on is surrounded b y six oxygen atoms o c c u p y i n g the 
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Table IV. Mossbauer Parameters of the Iron Sulfates 

IS QS 
T[K] (mm/s)" (mm/s) MHF (We) Ref. 

FeSOi R T 1.28 (2) 2.90 (27,58) FeSOi 
4.7 1.39 (4) 3.64 (4) 185 (27,58) 

FeSOi • Hs0 R T 1.18 (2) 2.69 (3) (26,27) FeSOi • Hs0 
78.0 1.33 (3) 3.07 (3) (26) 
20.0 1.45 (3) 3.09 (3) (26) 

4.2 359 (26) 
FeSO,, • 4H*0 R T 1.32 (4) 3.17 (55) 
FeSOi • ?H*0 R T 1.31 3.20 (55) 

5 3.384 1.391 (68) 
Fe,(SOt)t • X # 2 0 R T 0.39 (3) 0.60 (5) 550 (58,59) 0.39 (3) 

(4.2 K ) 
J arc-site R T 0.43 (2) 1.1-1.2 470-480 (60, 61) 0.43 (2) 

(4.2 K ) 
(60, 61) 

° Isomer shifts relative to a-iron. 

vertices of a distorted octahedron (53) w i t h a N e e l temperature of 21 K . 
T h e Mossbauer parameters of F e S 0 4 are g iven i n T a b l e I V . T h e most 
c ommonly observed ferrous sulfate i n coa l is szomolnokite , F e S 0 4 • H 2 0 . 
T h e crysta l is monoc l in i c w i t h four molecules per u n i t c e l l ( 54 ) . E a c h 
i r o n atom has six oxygen neighbors, f our of w h i c h be long to sulfate ions 
a n d the other t w o to water molecules. T h i s results i n a s l ight ly reduced 
crysta l field as c o m p a r e d to the anhydrous case (55 ) . Szomolnoki te is 
ant i ferromagnet ica l ly ordered b e l o w 15 K ( 2 6 ) . T h e Mossbauer p a r a m 
eters of szomolnokite are g iven i n T a b l e I V . I t is noted that the detect ion 
of szomolnokite b y Mossbauer spectroscopy (52) is more sensitive than 
b y X R D . A l s o , observations of sulfates b y X R D are carr ied out o n L T A , 
a n d i n m a n y cases some of the ferrous a n d ferr ic sulfates are p r o d u c e d 
i n the ash ing process ( 4 , 2 7 ) . 

Rozeni te is a monoc l in i c crysta l w i t h four molecu lar units per un i t 
ce l l (56,57). T h e F e 2 + ions are surrounded b y a distorted octahedra 
f o rmed b y water a n d O " 2 ions. T h e Mossbauer parameters of rozenite 
are easily d ist inguishable f r om those of F e S 0 4 • H 2 0 . N o magnet i c 
hyperf ine field is observable at 4.2 K ( T a b l e I V ) . Me lanter i t e contains 
four molecules per un i t c e l l a n d Mossbauer parameters are g iven i n 
four molecules per u n i t c e l l a n d is rare i n coa l ; Mossbauer parameters 
are g iven i n T a b l e I V . T h e ferr ic sulfate coqu imbi te has not been 
careful ly s tudied b y Mossbauer spectroscopy. There are re l iab le p a r a m 
eters only for the anhydrous phase (58,59) ( T a b l e I V ) ; the isomer shift 
a n d magnet ic hyperf ine field at l o w temperatures seem to be independent 
of the amount of water of hydrat i on . H o w e v e r , the quadrupo le sp l i t t ing 
is h i g h l y sensitive to the amount of water of h y d r a t i o n ; to ident i fy 
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coqu imbi te complete ly , X R D measurements m i g h t become necessary. 
A n u m b e r of jarosites of general f o r m u l a M F e 3 ( O H ) 6 ( S 0 4 ) 2 ( M = N a + , 
K \ N H 4

+ , H 3 0 + , V2?b2+) have been studied (60,61); they are ant i ferro -
magnet i ca l ly ordered be low 60 K ( T a b l e I V ) . 

A w o r d of caut ion concern ing the presence of tr ivalent sulfates i n 
the coa l is appropr iate here. I n general , these sulfates have l ines that 
overlap w i t h the Mossbauer pyr i te l ines. T h e result is the detect ion of a 
s l ight ly asymmetr ic pyr i te spectrum. I f one treats the samples w i t h H C 1 
i t w i l l appear as i f some of the pyr i te has dissolved. O f course this is 
not true, a n d is instead the result of the presence of the i r o n sulfates. 
T h e ferric sulfates are easily d ist inguishable f r o m pyr i t e w h e n measure
ments are carr ied out at l o w temperatures i n the presence of an external 
magnet ic field. 

I r o n Oxides a n d O t h e r M i n e r a l s . I r on oxides are rare i n coa l a n d 
w i l l appear m a i n l y on heav i ly weathered coal (27,34). S m a l l crystals 
of hematite and magnetite i n coa l have been observed b y S E M , b u t the i r 
tota l concentrat ion i n fresh coa l is neg l ig ib le (62). H o w e v e r , i n coa l 
refuse a n d exposed coals, i r o n oxides are qu i te c o m m o n , a n d hemati te 
a n d goethite are detectable i n such cases. I n general , the ident i f i cat ion 
of i r o n oxides i n the Mossbauer spectrum of a coal should be taken as a 
result of b a d sampl ing . O t h e r minerals i n coal , such as quarz t (15,34), 
do not conta in i r o n a n d consequently are undetectable b y Mossbauer 
spectroscopy. 

Mossbauer Spectroscopy as a Quantitative Method 
for Pyritic Sulfur Determination 

A n accurate knowledge about the amount of sul fur present i n a coa l 
is important w h e n selecting i t for further u t i l i za t i on , be i t combust ion , 
gasification, or l iquefact ion . D u e to the resurgence of coa l as a major 
energy resource, considerable attention has been d r a w n late ly to the 
standard method of sul fur determinat ion ( A S T M D2492-68 ) . T h e to ta l 
sul fur i n coa l is s u b d i v i d e d into its component parts : inorganic a n d 
organic , a n d the inorganic is s u b d i v i d e d further into pyr i tes a n d sulfates. 
T h e method of di f ferentiation is based on selective solvent l each ing . T h e 
sulfate sul fur is determined b y extract ing a w e i g h e d sample of coa l w i t h 
d i lu te H C 1 ; sulfate sul fur is soluble i n d i lu te H C 1 , p y r i t i c a n d organic 
forms of sul fur are not. T h e p y r i t i c sul fur is de termined b y extract ing a 
w e i g h e d sample of coa l w i t h d i lute H N 0 3 f o l l o w e d b y i r o n determinat ion 
i n the extract ( A S T M D 2 4 9 2 ) . A major c r i t i c i sm of the A S T M m e t h o d 
is based o n prob lems associated w i t h the coa l par t i c l e s i z e — i n the 
standard method coa l is g r o u n d to 60 mesh (250 / m i ) . H o w e v e r , there 
is no reason w h y i t can not be g round to smaller part i c le size (this is 
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actua l ly a c o m m o n pract ice i n m a n y coa l research laborator ies ) . I f the 
part i c le size is very smal l or m u c h smal ler t h a n the average coa l part i c le , 
some of the pyr i t e part ic les can be to ta l ly encapsulated b y the coa l matr ix . 
Several authors have suggested that this m i g h t be a source of error i n 
the p y r i t i c sul fur determinat ion ( 5 ) . T o solve this p r o b l e m , the M o s s 
bauer effect has been suggested as an alternative m e t h o d for de te rmin ing 
the p y r i t i c sul fur . Cons iderab le controversy exists i n the l i terature on 
this po int , a n d some very respected coa l researchers suggest that the 
technique is bas ica l ly sound (65) w h e n a p p l i e d correct ly , a n d gives as 
good a va lue as c a n be expected due to the n a t u r a l m i n e r a l d i s t r ibut i on 
i n a coa l seam. 

F o r several years w e have been conduc t ing p y r i t i c sul fur analyses i n 
our laboratory , bo th b y Mossbauer spectroscopy a n d the s tandard method 
( i n co l laborat ion w i t h the W e s t V i r g i n i a G e o l o g i c a l S u r v e y ) . W e have 
f o u n d considerable agreement i n our studies whenever the same sample 
was ana lyzed b y b o t h methods (4,66). O n l y i n a v e r y smal l n u m b e r of 
cases was there some disagreement be tween the t w o techniques. 

T h e f o l l o w i n g paragraphs descr ibe the procedures used i n our 
laboratories for p y r i t i c sul fur determinat ion . A c r i t i c a l r e v i e w of a l terna
t ive methods is discussed as w e l l . 

Mossbauer Parameters . T h e q u a n t i t y measured b y Mossbauer 
spectroscopy is the amount of 5 7 F e i n the coal . T o find this quant i ty 
several factors should be considered. F i r s t , one has to have a good 
knowledge of the values of the D e b y e - W a l l e r factors of the Mossbauer 
source used a n d the pyr i t e . B o t h c a n be measured i n independent 
experiments. O n e shou ld record the to ta l gamma-ray spectrum go ing 
t h r o u g h the sample a n d determine the amount of nonresonant ( n o n M o s s -

Figure 12. Pulse height spectrum 
through a thin coal sample (60 mg/ 
cm2). Dashed area is radiation due 
to scattering of the 122- and 136-
keV gamma rays (source 57Co: Pd, 

50 mCi). ENERGY 
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bauer ) rad ia t i on accurately. T h e backg ro und varies greatly f rom sample 
to sample due to the v a r i a b i l i t y i n the to ta l m i n e r a l content of coals. W e 
have observed variat ions among different samples as large as 10 to 4 0 % . 
I n F igures 12 a n d 13 w e show the gamma-ray spectra for two different 
coa l samples (50 m C i 5 7 C o : P d source ) . O n e notices the large difference 
i n b a c k g r o u n d contr ibut ions , m a i n l y due to C o m p t o n scattering of the 
h igher energy gamma-rays emitted b y the source a n d the overlap of x-ray 
peaks w i t h the Mossbauer rad ia t i on . I n strong sources p i l e -up effects 
have to be considered even w h e n the resolut ion of the detector is h i g h . 
I n summary , for any quant i tat ive measurement a very care ful analysis of 
the b a c k g r o u n d is necessary to a v o i d mistakes i n interpret ing the results. 

A f t e r the b a c k g r o u n d correct ion is k n o w n one has to find the D e b y e -
W a l l e r factors of the source a n d the absorber ( F e S 2 ) . W e have deter
m i n e d the D e b y e - W a l l e r factor of the source us ing the b lack absorber 
technique ( 6 7 ) . Several methods were used to determine the D e b y e -
W a l l e r factor of pyr i te . A s imple method is based on the temperature 
dependence of this factor. F o r temperatures where hwmax < 2ir kBT 
one c a n use the T h i r r i n g expansion to descr ibe the D e b y e - W a l l e r factor 
(68,69), ob ta in ing for the isotropic case: 

< W 2 > r-i + . . . (i) 
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where Ey is the Mossbauer transi t ion energy, H is the P l a n c k constant 
d i v i d e d by 2TT, kB is the B o l t z m a n n constant, m is the mass of the M o s s 
bauer atom, a n d < u ; w > are the moments of the frequency spectrum 
g iven b y 

<wn> = j g(w)wndw (2) 
J o 

where g(w) is the density of the v ibra t i ona l modes. E a c h term i n E q u a 
t i on 1 m a y be descr ibed b y an effective w e i g h e d D e b y e temperature (69) 

0D(n) - J [ l / 3 ( n + 3) < u ; » > ] " » (3) 

U s i n g this method , w e determined a D e b y e - W a l l e r factor for pyr i te of 
0.64 ± 0.04 at room temperature. W e also used the effective D e b y e 
temperature approach to fit the temperature dependence of the D e b y e -
W a l l e r factor of pyr i t e (pure a n d i n coal ) (4 ) between room temperature 
a n d 78 K . W e find a value for the D e b y e - W a l l e r factor at r o o m tempera 
ture of 0.60 ± 0.04. I n a recent p u b l i c a t i o n , a D e b y e temperature of 
610 K was reported for pyr i t e , based on the analysis of the second-order 
D o p p l e r shift ( S O D S ) us ing a D e b y e m o d e l ( 70 ) . H o w e v e r , comparisons 
between the expansions for In f a n d < u 2 > show the different weights 
w i t h w h i c h h i g h - or low- f requency features determine the ir temperature 
dependence (71) T h e D e b y e - W a l l e r factor is sensitive to the l o w 
frequencies a n d the S O D S to the h i g h frequencies i n the p h o n o n spec
t r u m . T h e effective D e b y e temperature der ived f r om the S O D S w i l l be 
larger than the one obta ined f rom the D e b y e - W a l l e r - f a c t o r temperature 
dependence. 

I n v i e w of the poss ib i l i ty of i n t r o d u c i n g errors i n our evaluat ion of 
the D e b y e - W a l l e r factor of pyr i te due to m o d e l dependence, w e dec ided 
to carry our measurements on single crystals of k n o w n thicknesses. A s a 
result of those measurements, w e obta ined a va lue of / F e s 2 = 0.58 db 0.03, 
i n good agreement w i t h our former measurements. A va lue of f F e s2 = 0.6 
is used i n a l l of our evaluations of p y r i t i c sul fur us ing the Mossbauer 
effect. 

Application to Well-Characterized Coals. T h e sample selected for 
Mossbauer measurements should be as large as possible , a n d homogeniza -
t i on of the sample is necessary before measurements are undertaken . 
T h e recommended procedures for s a m p l i n g of the coa l should be f o l l owed 
( A S T M procedure D2013-72 ) . T h e samples should be stored under inert 
atmosphere or v a c u u m to avo id weather ing . T y p i c a l coal samples i n our 
studies are around 300 m g / c m 2 . Several samples shou ld be r u n , a n d the 
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angle between the sample a n d the gamma-ray d i rec t ion shou ld be v a r i e d 
to detect any possible inhomogeneity i n the d i s t r ibut ion of pyr i te . I n 
p r i n c i p l e , i f the pyr i te part i c le size is very large, uncertainties i n the 
p y r i t i c sul fur determinat ion can be apprec iable . I n a l l of our coal studies, 
no evidence of part i c le size effects was detected. W e used the spectral 
area to determine the amount of 5 7 F e i n the sample. A justif ication of 
this method fol lows i n the next section. 

O v e r l a p effects due to other i ron-bear ing minerals are significant, 
especial ly i f ferr ic sulfates are present. T h e Mossbauer spectrum of ferr ic 
sulfates usual ly overlaps w i t h pyr i te , w h i c h is certainly the reason w h y 
some of the pyr i te determined b y Mossbauer measurements seems to be 
" so lub le " i n H C 1 ( 5 ) . C a r e must be taken to treat the samples w i t h H C 1 
p r i o r to the measurements to e l iminate the effect of sulfates. I n the case 
of c lays, the over lap effect cannot be removed b y H C 1 leach ing (except 
for ch l o r i t e ) . H o w e v e r , b y c a r r y i n g our measurements at l o w tempera 
tures i n the presence of an external magnet ic field one can easily 
d is t inguish a l l the i ron-bear ing minerals i n the sample. I n our studies, 
w e have not been able to d i s t ingu ish between pyr i te a n d marcasite , a n d 
p y r i t i c sul fur determinat ion inc ludes b o t h types. T h e error in t roduced 
i n the evaluat ion w i l l be re lated to differences i n D e b y e - W a l l e r factors 
between the two d imorphs of F e S 2 . U s i n g the intensity for evaluat ion 
purposes introduces large errors i n the p y r i t i c sul fur determinat ion 
because the effect of marcasite w i l l be to broaden l ines, due to its s l ight ly 
different isomer shift a n d quadrupo le sp l i t t ing . 

I n a l l of our studies a petrographica l analysis of the sample usua l ly 
was avai lable so that the presence of marcasite c o u l d be detected. I f 
marcasite is dominant (a rare case ) , i t w i l l be reflected i n a Mossbauer 
spectrum w i t h an isomer shift more negative t h a n that of pure pyr i t e . 
A petrographic examinat ion of the sample is necessary to determine the 
amount of marcasite b y po in t count ing . I f marcasite is abundant , X R D 
w i l l easily detect its presence. I n F i g u r e 14, the p y r i t i c sul fur Mossbauer 

<1 UJ cc 
< 

I L L 6 

%S 

100 300 
mg/cm2 

Figure 14. Mossbauer spectral area 
vs. sample thickness for an Illinois 
No. 6 coal: (%) the spectral areas, 
(D) the spyritic sulfur as determined 
by Mossbauer spectroscopy (scale to 
the right of the figure). ASTM de
termination gives a value of 1.95% 

pyritic sulfur (78). 
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determinat ion is shown for samples of different thickness ( I L L # 6 ) . W e 
f o u n d excellent agreement between our m e t h o d a n d the standard c h e m i 
ca l procedures. 

D u r i n g our studies of p y r i t i c sul fur i n coal , w e selected a f ew samples 
w h e r e the p y r i t e was present m a i n l y as euhedra l crystals a n d f ramboids . 
T h e part i c le size was smal l a n d some of the pyr i t e crystals were encap
sulated b y the organic matter. W h e n car ry ing our Mossbauer measure
ments on 60-mesh samples, w e f ound considerable disagreement w i t h the 
s tandard method . H o w e v e r , b y w o r k i n g k i t h 220-mesh samples or l o w -
temperatures ashes, the agreement between Mossbauer p y r i t i c sul fur 
determinat ion a n d the standard method was restored ( 6 6 ) . 

Spectral Area vs. Mossbauer Absorption Intensity. W e consider 
the spectral area the most sensitive a n d re l iab le parameter for de termin ing 
the amount of 5 7 F e . T h e intensity ( a m p l i t u d e of the Mossbauer p e a k ) 
is not re l iab le enough because it depends on the l i n e w i d t h . A broader 
Mossbauer l ine w i l l g ive a smaller intensity w i t h o u t rea l ly i m p l y i n g a 
smaller amount of 5 7 F e . T h e spectral area is independent of the source 
l ine shape a n d instrumental ve loc i ty resolution. W i t h increas ing absorber 
thickness the spectral area saturates less r a p i d l y t h a n the intensity of 
Mossbauer peak intensity. T h e presence of b o t h marcasite a n d pyr i t e i n 
a sample w i l l p roduce a broader Mossbauer l ine . Consequent ly , any 
analysis of the Mossbauer intensity w i l l be erroneous. 

T h e intensity of the Mossbauer absorpt ion is g iven b y (72) 

N(0) - / , [ - 1 - exp {-V2U I0W2 it*)] (4) 

where I0(i(ta/2) is a zero-order Bessel func t i on of i m a g i n a r y argument ; 
ta = n f& <T0, where n is the n u m b e r of Mossbauer n u c l e i per c m 2 , <r0 is 
the absorpt ion cross section at resonance, a n d fa is the D e b y e - W a l l e r 
factor of the absorber. 

T h e Mossbauer spectral area has been ca l cu lated b y several authors 
u s i n g series expansions (73) on t& or Bessel functions of i m a g i n a r y 
argument ; b o t h representations are equivalent . W e w i l l use the a p p r o a c h 
of B y k o v a n d P h a m Z u y X i e n (74) i n the f o l l o w i n g discussion. F o r a 
single absorpt ion l ine the spectral area is g iven b y 

A=* ^ / A e x p { - l / 2 y [ 7 0 ( l / 2 ita) + J i ( y 2 i * . ) ] (5) 

where r c is the na tura l l i n e w i d t h , / s the D e b y e - W a l l e r factor of the 
source, a n d h the first-order Bessel funct ion w i t h i m a g i n a r y argument. 

I n the case of pyr i te , the Mossbauer spectrum shows a characterist ic 
q u a d r u p o l e sp l i t t ing , s l ight ly larger than twice the l i n e w i d t h . P y r i t e is 
a n isotropic crystal , a n d po lar i za t i on effects are not important . T h e to ta l 
spectral area for the Mossbauer doublet is g iven, a c co rd ing to Ref . 74, b y 
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-K(£la)-K(<2a)x(^la^2a) 
[ * ( W 2 a ) ] 2 + A 2 

(6) 

H e r e tia = Pita, w h e r e pt is the re lat ive intensity of the i t h component , 
a n d A is the energy difference between the two Mossbauer peaks i n 
units of r 0 / 2 ; 

I n our case tla is equa l to t2a. E q u a t i o n 6 for the spectral area becomes 
equa l to t w i c e the spectral area of one l ine (as g iven b y E q u a t i o n 5 ) , 
on ly i n the l i m i t that ta - » 0. I n coa l samples r i c h i n pyr i te ta can have 
values larger than one, a n d the error i n est imating the amount of 5 7 F e 
due to neglect of the over lapp ing effect becomes significant. I n F i g u r e 
15, the spectral area vs. thickness ( f a ) is shown for pyr i t e , a n d the 
increased discrepancy i n values obta ined f rom us ing E q u a t i o n s 5 or 6 is 
easily observed. It is to be noted that this effect is even more m a r k e d i f 
one is measur ing the absorpt ion ampl i tude . T h e mathemat i ca l expression 
for the ampl i tude as a funct ion of ta becomes extremely cumbersome 
(74). I n p y r i t e - r i c h samples i t becomes prac t i ca l ly imposs ib le to obta in 
any re l iable va lue for the 5 7 F e f rom the Mossbauer intensity. 

Quo Vadis? T h e use of Mossbauer spectroscopy as a quant i tat ive 
technique i n the past has not been very successful. Perhaps the use of 
the Mossbauer effect to determine the amount of p y r i t i c i r on i n coa l 

K(tltL)K(t2t) (7) 
K(tla) + K2(t2a) - K ( t l a + t 2 a ) 

1 0 

2A 

5 
t = n f A o 0 

Figure 15. Mossbauer spectral area for pyrite vs. thickness (ta == n<r0f J : 
(A) neglecting overlapping effects; (B) taking the overlapping of the lines 

into consideration. 
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represents an exception i n w h a t can be considered otherwise as a r oad 
covered b y fai lures. Several researchers have suggested recently the use 
of this technique for p y r i t i c sul fur determinat ion i n coal ( 4 , 5 , 6 ) . H u f f 
m a n a n d H u g g i n s (6 ) use a standard sample for ob ta in ing the p y r i t i c 
sulfur. T h e major shortcoming of the ir method is the neglect of the 
nonresonant background . T h e y compensate for it b y us ing a n effective 
D e b y e - W a l l e r factor of 0.48, smaller than i n pyr i te . Di f ferent approaches 
have been t r i ed b y other authors ( 76 ) . I n some cases the a m p l i t u d e of 
the Mossbauer absorpt ion has been suggested as the measurable p a r a m 
eter for de te rmin ing the amount of p y r i t i c sul fur ( 7 7 ) . T h i s approach 
w i l l render m a n y incorrect results due to overlap a n d saturation problems. 
I n our laboratory w e have used the spectral area a n d have determined 
b a c k g r o u n d correct ion for a l l samples; i n general , a good agreement 
between the s tandard A S T M technique a n d the Mossbauer results has 
been found . H u g g i n s a n d H u f f m a n have carr ied out a compar ison of 
three different techniques for eva luat ing the p y r i t i c sul fur us ing the 
Mossbauer effect ( 78 ) . I n F i g u r e 16 w e have p lo t ted the ir results. T h e 
s tandard deviations f rom the three techniques w h e n c o m p a r e d to the 
A S T M value are as fo l lows : L e v i n s o n a n d Jacobs ' method a = 0.12; 
H u g g i n s a n d Huf fman 's o- = 0.086; Montano ' s o- = 0.071. O n e can observe 
that, except for L e v i n s o n a n d Jacobs ' method the values of the p y r i t i c 
sul fur as determined by Mossbauer spectroscopy a n d the A S T M technique 
agree fa i r ly w e l l . I f w e evaluate a l l the measurements i n our laboratory , 
the agreement is even better. Consequent ly , i t seems unjusti f iable to use 
the Mossbauer effect as a substitute for the s tandard method . W e firmly 
bel ieve that a l l of the exper imental results indicate that the A S T M method 
is bas ica l ly sound. O n l y i n some special cases m i g h t there be problems. 
T h e s tandard technique al lows use of smaller part i c le size, a n d i n case of 
doubt , the use of L T A w i l l g ive the p y r i t i c sul fur correct ly ( 65 ) . Is 
there then a future for Mossbauer spectroscopy as a quant i tat ive too l i n 
coa l research? Poss ib ly , as a q u i c k method to determine p y r i t i c sulfur 

Figure 16. Comparison of pyritic 
sulfur determinations using three dif
ferent methods taken from Ref. 75. 
All the measurements are from Huff
man and Huggins. ((%) calculated 
using Levinson and Jacobs method 
(5); (D) Huffman and Huggins meth

ods; and (•) Montano's method.) 
0.5 1 

%S ASTM 
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7. MONTANO Coal Characterization and Utilization 163 

at coal processing plants or at the m i n i n g site. I n such cases accuracies 
of 20 to 3 0 % i n p y r i t i c sul fur determinat ion m a y be permiss ib le . T h e 
deve lopment of a s imple spectrometer to be operated b y a nonspecial ist 
is feasible as l ong as accuracy is not a constraint. T h i s is a n area w h e r e 
further w o r k is necessary. 

T h e use of Mossbauer spectroscopy to determine absolute amounts of 
other i ron -bear ing minerals i n coa l is i n our op in ion not a real ist ic 
approach . It is possible to use i t as a semiquanti tat ive too l but not for 
absolute measurements. F o r p y r i t i c sulfur evaluat ion the Mossbauer effect 
w i l l p l a y only a complementary role to the s tandard ( A S T M D 2492) 
method . 

Coal Utilization 

C o a l can be u t i l i z e d i n m a n y w a y s — t h e most c o m m o n is its d irect 
use as a combust ib le for steam produc t i on . O t h e r uses are re lated to the 
i r o n a n d steel industry , a n d to the produc t i on of synthetic fuels (gasif ica
t i o n a n d l i que fac t i on ) . I n the f o l l o w i n g sections a br ie f discussion of the 
various ut i l i za t i on schemes of coa l are presented. 

Combustion. T h e most c o m m o n use of coa l is i n d irect combus
t i o n — t h e coal is b u r n e d to p roduce steam w h i c h is expanded i n a turb ine 
to generate electric ity . O n e of the major problems f a c i n g this d irect 
u t i l i z a t i o n of coal is associated w i t h p o l l u t i o n of the environment . O n e 
m e t h o d of r educ ing p o l l u t i o n f r o m coal is to c lean i t p r i o r to its use i n 
a boi ler . T h e c leaning process p r i m a r i l y gets r i d of the sulfur , a n d there 
are great economic a n d env ironmenta l incentives for d o i n g so. O f a l l the 
minerals i n coal , pyr i t e is w i t h o u t a doubt the most deleterious i n coa l 
b u r n i n g . It is one of the major sources of S 0 2 p o l l u t i o n of the atmosphere. 
Several methods exist for c l ean ing the p y r i t e p r i o r to the u t i l i z a t i o n of 
the coal . Three of these methods are the H a z e n M a g n e x process, the 
M a y e r s process ( a c i d leach, T R W ) , a n d an oxidative desul fur izat ion 
process (a i r l each P E T C ) . T h e Mossbauer effect has been a p p l i e d i n 
some of these methods to study the transformations of pyr i t e d u r i n g the 
c l ean ing process (77,79). 

A f t e r b u r n i n g the coal , the res idual ashes conta in « - F e 2 0 3 ( e n d 
produc t of the ox idat ion of F e S 2 , s iderite, a n d sulfates) a n d ferrous a n d 
ferr ic glass phases p r o d u c e d b y the clays i n the coal . F i g u r e 17 shows a 
t y p i c a l Mossbauer spectrum of a coal ash ( P i t t s b u r g h c o a l ) ; the on ly 
phase appear ing i n the spectrum is « - F e 2 0 3 . T h e coal has only F e S 2 a n d 
szomolnokite as detectable i ron -bear ing minerals . 

A n o t h e r major env i ronmenta l p r o b l e m related to coa l u t i l i z a t i o n is 
associated w i t h m i n i n g techniques. I n the m i n i n g a n d rec lamat ion phases 
of the coa l industry , pyr i te ( o r marcasite) is general ly accepted as the 
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7. MONTANO Coal Characterization and Utilization 165 

precursor for a c i d format ion . W h e n coa l a n d the associated strata are 
exposed to the atmosphere, the i r o n disulfides are ox id i zed to a series of 
hydrous i r on sulfates w h i c h subsequently dissolve i n water a n d produce 
the ac id -mine drainage. H o w e v e r , one of the major problems i n v o l v e d 
i n p r e d i c t i n g ac id -mine drainage is the lack of correlat ion between the 
amount of i ron disulfides present i n the coa l a n d associated rocks a n d the 
resu l t ing amount of a c i d (34). T h e eva luat ion of the a c i d - p r o d u c i n g 
capabi l i t ies of a par t i cu lar rock section must also take into considerat ion 
the neutra l i z ing effect of any calcareous overburden invo lved i n the 
m i n i n g . It seems that b io log i ca l factors ( a c idoph i l i c chemoautotrophic 
bacter ia ) p l a y an important role i n the ox idat ion of pyr i te . B a k e r (80) 
has used the Mossbauer effect to study surface reactions on pyr i te i n the 
presence of a mix ture of chemoautotrophic (Fer robac i l lus ferrooxidans, 
Ferrobac i l lus sulfooxidans, a n d T h i o b a c i l l u s th ioox idans ) . H e observed 
the presence of ferr ic sulfate on the surface of pyr i te . T h e Mossbauer 
effect also was used to study a pyr i te lens f r om a W a y n e s b u r g coal ( 52 ) . 
T h i s pyr i te lens was of interest because about one- th ird of its surface 
was covered w i t h a w h i t e m i n e r a l crust not present on the other t w o -
thirds . T h e lens was d i v i d e d into reactive (encrusted) a n d nonreact ive 
(nonencrusted) portions. A careful chemica l a n d Mossbauer study of 
these samples revealed a larger percent of pyr i t e ( 6 . 2 1 % ) for the non -
react ive than for the reactive ( 2 . 6 8 % ). T h e presence of szomolnokite i n 
the reactive part was detected b y Mossbauer spectroscopy, but escaped 
detect ion b y other techniques ( X R D , S E M ) . T h u s , Mossbauer spectros
copy showed considerable success i n ident i f y ing the concentrat ion of the 
a c id -mine -dra inage producer where other methods fa i led . 

C o k e . C o k e is a key ingredient i n the produc t i on of i r on a n d steel 
(81,82). T h e transformation of coal to coke is a chemica l a n d p h y s i c a l 
process oi\ w h i c h m u c h of the world 's m o d e r n steel indust ry depends. 
C o k e is bas ica l ly p r o d u c e d b y exposing a proper ly chosen a n d prepared 
coal or b l e n d of coals to sufficiently h i g h temperatures for a l ong p e r i o d 
of t ime i n the absence of air . I n the heat ing process vo lat i le tars a n d 
gases are released f r om the coal ; i f the coa l has the r i ght c o k i n g charac
teristics, a re lat ive ly so l id structure consist ing of carbon a n d ash is 
produced . N o t m u c h is k n o w n about the process t a k i n g p lace d u r i n g 
cok ing . T h i s lack of fundamenta l knowledge has n o w become a c r i t i ca l 
p rob l em . T h e properties of the coa l determine whether i t c a n be used 
for c ok ing . It is k n o w n , for example, that heav i ly weathered coal is not 
useful , a n d the n u m b e r of coals good for c o k i n g is rather l i m i t e d . T h e 
presence of i r on minerals i n coal a l lows for the use of Mossbauer 
spectroscopy to study the transformation of these minerals d u r i n g h i g h -
temperature carbonizat ion . T o our k n o w l e d g e the on ly Mossbauer s tudy 
of cokes is the one b y H u f f m a n a n d H u g g i n s ( 6 , 7 5 ) . T h e y s tudied 
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several cokes p r o d u c e d f r om different coals a n d were able to detect the 
presence of i r on sulfides ( t ro i l i te a n d F e i ^ S ) , hematite , magnetite , a - i ron , 
a n d the characterist ic ferrous glass spectrum due to the transformations 
of the clays. O t h e r phases w e r e also observed but not identi f ied. A lot of 
necessary in format ion is s t i l l l a c k i n g w i t h respect to the transformation 
of the i ron -bear ing minerals d u r i n g cok ing ; for example, the re lat ion of 
this transformation to the properties of the coke. T h i s is an area of 
research where considerable app l i ca t i on of Mossbauer spectroscopy can 
be expected. 

Coal Gasification. T h e tota l gasification process can be d i v i d e d into 
two m a i n react ion stages, coa l gasification a n d char gasification ( S 3 ) . 
D u r i n g the coal gasification stage, u p to 5 0 % of the o r ig ina l coal mass 
can be gasified. A f t e r this stage is completed , the r e m a i n i n g coa l char 
is m u c h less reactive. T h e overa l l process is endothermic ; extra heat to 
sustain i t is ob ta ined f rom combust ion of the char w i t h oxygen a n d 
increased catalyt ic methanat ion , a l l of w h i c h contr ibute to decrease the 
t h e r m a l efficiency. C a t a l y t i c effects must be taken into considerat ion, 
even i f catalysts are not a d d e d to the coa l since the m i n e r a l matter a n d 
trace elements present can have strong catalyt ic effects on the gasification 
process (84,85). 

O n e important aspect of coa l gasification is re lated to the use of the 
synthesis gas to produce fuels a n d chemicals (86). T h e syngas (mixtures 
of H 2 a n d C O ) is c leaned, cata lyt i ca l ly shifted v i a the water -gas shift 
react ion to desired H 2 to C O ratio , a n d the C 0 2 a n d H 2 S are removed . 
There are several appl icat ions of the p r o d u c t i o n of fue l f rom syngas that 
date back to p r e w a r G e r m a n y . T h e F i s c h e r - T r o p s c h synthesis (87) is 
used w i d e l y i n South A f r i c a for the produc t i on of synthetic fuels ( S A S O L ) . 
T h e synthesis gas reacts over i r o n catalysts to produce a mix ture of 
hydrocarbons a n d oxygenates. T h e choice of catalyst a n d operat ing 
condit ions pro found ly affects the produc t d i s t r ibut ion i n the F i s c h e r -
T r o p s c h synthesis. 

T h e major i ty of the w o r k on coal gasification react ion has dealt w i t h 
catalyt ic enhancement of hydrocarbon l i qu ids a n d gas produc t i on through 
hydrogenat ion . It is also evident that a n u m b e r of serious problems exist 
i n the use of catalysts i n coal gasifiers. These prob lems relate to catalyst 
recovery, catalyst po isoning , side reactions, a n d corrosion effects due to 
vapor izat ion of catalysts. 

Mossbauer spectroscopy has been a p p l i e d recently to characterize 
catalysts used i n the synthesis react ion (88,89,90). B i m e t a l l i c catalysts 
have been s tudied b y V a n n i c e a n d G a r t e n (89). H o w e v e r , a l l of the 
w o r k has dealt w i t h the character izat ion of the catalyst a n d none w i t h 
the study of intermediate products . T h e poss ib i l i ty of us ing the M o s s 
bauer effect for i n s i tu measurements has not been explored i n coa l 
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gasification. There are only a f e w Mossbauer spectra of coa l char 
reported i n the l i terature , a n d no systematic study of the transformations 
t a k i n g p lace i n the i r o n minerals d u r i n g gasif ication has been conducted 
(91). Cons iderab le research remains to be done i n this area. 

C o a l L i q u e f a c t i o n . L i q u e f a c t i o n of coa l has been a k n o w n process 
for a n u m b e r of years ( J ) . It a lready was used on a commerc ia l scale 
b y the Germans before a n d d u r i n g W o r l d W a r I I . Researchers w o r k i n g 
i n the area have f ound that to achieve coal l ique fac t ion , hydrogen must 
be added at h i g h pressure. T h e presence of catalysts enhances the l i q u i d 
y ie lds a n d helps i n r e m o v i n g sulfur (92,93). Berg ius employed a n i r o n 
o x i d e - a l u m i n a mater ia l for r e m o v i n g sul fur d u r i n g the react ion. O t h e r 
successful catalysts were f o u n d to be the sulfides of i r on , n i c k e l , cobalt , 
m o l y b d e n u m a n d tungsten, a n d a combinat i on of these as such or sup
por ted on a l u m i n a , kieselguhr, a n d clay. 

T h e l ique fac t ion of coa l is a complex process that involves close 
interact ion between so lub i l i zed coal , the hydrogen-donor solvent, a n d the 
catalyst. A catalyst for coal l ique fac t i on must satisfy several requirements , 
but two key aspects are h i g h act iv i ty for l i que fac t i on -desu l fur i za t i on a n d 
good ag ing characteristics (92,93). T h e best measures of the p e r f o r m 
ance of a catalyst ( w h i c h can dec l ine r a p i d l y due to cok ing , s inter ing , 
a n d meta l deposi t ion) are the l i q u i d y i e l d , the l i q u i d properties (i.e., 
v i s cos i ty ) , a n d the desul fur izat ion characteristics. 

T h e i n i t i a l objective i n coa l l ique fac t i on appears to be the produc t i on 
of l ow-su l fur bo i ler fuels for power generators, b u t i t is reasonable to 
assume that the u p g r a d i n g of coal l i qu ids w i l l be necessary i n the future . 
T h e importance of catalysis i n the further processing of c oa l l i q u i d s is 
w i t h o u t question. There are also several problems associated w i t h the 
conversion of coal to l i qu ids . F o r example, major effort is needed to 
reduce the hydrogen consumpt ion ; to achieve this reduct i on more research 
is necessary on the role p l a y e d b y the catalysts i n coa l l iquefact ion . I n 
general , i n any processing of coa l one must be be low the decomposi t ion 
temperature of the mater ia l . T h e o p t i m a l extraction temperature range is 
about 400°C. A b o v e this temperature the organic matter of coa l begins 
to crack a n d the amount d isso lved decreases. So lvat ion increases under 
hydrogen pressure due to p a r t i a l hydrogenat ion . T h e interact ion of 
h y d r o g e n i n these reactions is not w e l l understood, b u t the presence of 
H 2 has been observed to enhance l i q u i d y i e l d . H o w e v e r , hydrogen is one 
of the major factors i n increasing the cost of coa l l ique fac t ion . 

It has been shown recently that the m i n e r a l matter p lays a signif icant 
role i n the convers ion of coa l to l i q u i d products (2,3,28,94). T h e specific 
effect of each m i n e r a l has not been w e l l established, b u t the i ron -bear ing 
minerals seem to be the most important . P y r i t e , pyrrhot i te , a n d the 
l ique fac t i on residues have been shown to affect the y i e l d a n d hydrogena-

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
7

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



168 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

t i on (94 ) . T h e extent of conversion, p roduc t viscosity, a n d h y d r o g e n 
consumpt ion cou ld be correlated w i t h the m i n e r a l content (18). I t seems 
that the add i t i on of m i n e r a l matter does not affect the conversion to 
p y r i d i n e solubles ( 9 6 ) , but cer ta in species such as i r on sulfides ( F e i ^ S ) , 
l ique fac t ion residue, a n d C o M o d i d have a n affect u p o n the conversion 
to benzene solubles. 

U n d e r the condit ions general ly e m p l o y e d for coa l l ique fac t ion , p y r i t e 
is transformed into pyrrhot i te (var iab le composi t ion F e i . ^ S , O < x < 
0.125). Some researchers have a p p l i e d the Mossbauer effect to the study 
of the l ique fac t ion residues (19, 79,95). O u r interest has been i n finding 
an ana lyt i ca l method to determine the sto ichiometry of the i r o n sulfides 
present i n the l ique fac t ion residues, a n d to correlate i t to the l i q u i d 
y ie lds a n d properties . 

T h e most important parameter for i d e n t i f y i n g the various F e i ^ S 
compounds is the magnet ic hyperf ine sp l i t t ing . I t is observed that the 
magnet ic hyperf ine field ( m h f ) differs considerably between the different 
i r on sites i n the pyrrhot i tes , depend ing on the n u m b e r of vacancies i n 
the ir immediate v i c i n i t y (32,33). T h e magnet ic hyperf ine field at the 
i r o n site is reduced as the n u m b e r of nearest-neighbor vacancies increases. 
Ovanesyan et a l . (33) have ident i f ied three types of i r o n sites i n Fe 0 .88iS 
w i t h a different n u m b e r of vacancies a round them. 

T h e h i g h sensit ivity of the Mossbauer effect to detect smal l changes 
i n the l o ca l environment of the i r o n atoms makes i t an i d e a l too l to study 
l ique fac t i on residues. T o make this too l more useful , one has to develop 
a method for i d e n t i f y i n g the pyrrhot i tes unequivoca l ly . T h e most c o m m o n 
method for de termin ing pyrrhot i te compos i t ion is X R D . T h e f o l l o w i n g 
expression w h i c h relates the d102 ref lection of hexagonal pyrrhot i tes to 
the atomic i r on was g iven b y Y u n d a n d H a l l ( 97 ) . 

atomic percent i r on = 

45.212 + 72.86 ( c i 1 0 2 - 2.0400) + 311.5 (d102 - 2 0 4 ) 2 (8) 

T h i s re lat ion has been used to determine the sto ichiometry of the 
pyrrhot i tes i n the l ique fac t ion residues. H o w e v e r , poor c rys ta l l in i ty a n d 
the presence of more than one phase sometimes make a u n i q u e ident i f i ca
t i o n diff icult. 

W e have deve loped a m e t h o d to determine the sto ichiometry of the 
i r on sulfides present i n the l ique fac t ion residues. W e u t i l i z e d a set of 
we l l - charac ter i zed single crystals a n d p o w d e r samples of i r o n sulfides 
( F e i ^ S , r a n g i n g f rom F e 7 S 8 to F e S ) to obta in a re la t ion be tween the 
atomic percent i r o n a n d the average magnet ic hyperf ine field. W e define 
the average magnet ic hyperf ine field as 
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A total i 

where A t o t a i is the total spectral area, A* is the spectral area of the i site, 
a n d Hi is the respective magnet ic hyperf ine field. 

I n F i g u r e 18 w e show the result of our ca l ibrat ion u s i n g our s tand
ards (stars) a n d l ique fac t ion residues. T h e l iquet act ion residues also 
were ana lyzed b y X R D . T h i s method was a p p l i e d to a l l systems where 
only one phase was present. Presently w e have extended our method to 
cover two-phase systems (98). 

T h e sto ichiometry of the l ique fac t ion residues i n general depends o n 
the type of coal , the r u n n i n g temperature , a n d the h y d r o g e n pressure 
(residence t ime also may be a fac tor ) . T h e importance of temperature 
i n de te rmin ing the sto ichiometry of the pyrrhot ites i n the l ique fac t i on 
residues is i l lustrated i n F i g u r e 19. T h e spectra of the l i que fac t i on 
residues of an I l l ino is N o . 6 coal at three different temperatures are 
shown ( p H 2 = 1800 ps ig , t ime = 30 m i n , solvent S R C I I heavy dist i l late 
(99). T h e r e is a c lear var ia t i on of sto ichiometry as the temperature 
increases. A t 325°C the presence of pyr i te i n the spectrum is e v i d e n t — 
f u l l conversion has not taken place . 

A n important factor i n d e t e r m i n i n g the stoichiometry of the p y r r h o 
tites is the presence of addit ives . I n F i g u r e 20 the Mossbauer spectra of 
a W e s t V i r g i n i a coa l ( B l a c k s v i l l e N o . 2) are shown. A t the top appears 
the Mossbauer spectrum of the untreated coal . T h e second spectrum is 
f rom the l ique fac t ion residues of the autoclave r u n w i t h o u t add i t ive 

i i i i i i i_ 
47 48 49 50 

AT.%Fe 

Figure 18. Average magnetic hyperfine field vs. at. % in Fet_xS: (Q) 
pure sulfides; (9) liquefaction residues. The value for FeS corresponds 

to iron in pyrrohite without nearest-neighbor vacancies (not troilite). 
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Figure 19. Effect of temperature 
on the stoichiometry of the liquefac
tion residues of an Illinois No. 6 
coal. At 325°C the presence of 
pyrite is evident from the figure. 

-4 0 4 

m m / s e c 

( p H 2 = 1800 ps ig , T — 425°C, t i m e = 30 m i n ( 9 9 ) . T h e t w o other 
spectra are runs of the same coal b u t w i t h 5% p y r i t e a n d 5 % C o M o , 
respectively . T h e change i n sto ichiometry between the p u r e coal a n d the 
add i t ive p lus coa l runs is evident. I t is noted that the l i q u i d y ie lds 
increase w i t h the addit ives ( F e S 2 a n d C o M o ) . 

I n a recent study Granof f a n d the author (19) f o u n d a l inear corre
la t i on between the extent of conversion of the c o a l to either benzene or 
T H F solubles, a n d the atomic percent i r o n i n the l i que fac t i on residues. 
T h e i r o n content of the F e ^ S increased as the convers ion of coa l to 
l i q u i d products decreased (see F i g u r e 2 1 ) . T h e most react ive coal , i n 
terms of conversion, was I l l ino is N o . 6, a n d the least react ive was the 

Figure 20. Mossbauer spectrum of 
a West Virginia coal (Blacksville No. 
2); (top specimen) liquefaction resi
due of this coal; (py) liquefaction 
residue of a run with pyrite as addi
tive; (CoMo) liquefaction residue of 
a run with CoMo added to the coal. 
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i i i 1 i i 

I i i i i i 1 1 
47.5 47.6 47.7 47.8 47.9 48.0 48.1 

Fe IN PYRRHOTITE (at %) 

Fuel 

Figure 21. Conversion to THF (O) and benzene (A ) solubles as a func
tion of the at. % iron in the pyrrhotite (19) 

W e s t V i r g i n i a sample. W h e n the W e s t V i r g i n i a coa l was doped w i t h 
pyr i te (f ive w t percent based o n c o a l ) , the conversion to benzene a n d 
T H F solubles increased, a n d the resul t ing l ique fac t i on residue conta ined 
a pyrrhot i te w i t h a l ower atomic percent i r o n t h a n d i d the res idue f r o m 
the o r i g ina l experiment w i t h the W e s t V i r g i n i a coal . A s imi lar effect was 
observed w h e n C o M o was added . T h e exper imental ev idence to date 
indicates a good corre lat ion between the atomic percent i r o n a n d the 
n u m b e r of vacancies i n the pyrrhot i tes , a n d the conversion of c oa l to 
benzene a n d T H F solubles. 

T h e presence of a two-phase system i n v a c u u m tower bottoms ( S R C 
I I process) was detected i n several Mossbauer runs. T h e two phases 
were tro i l i te a n d a pyrrhot i te w i t h atomic percent i r o n i n the range 
47.4-47.8. T h e ident i f i cat ion of tro i l i te is re lat ive ly s imple due to its 
large magnet i c hyperf ine field. T h e great d ivers i ty i n the pyrrhot i te 
spectra a n d the difference observed between autoclave a n d continuous 
runs r e q u i r e d a care ful s tudy of the condit ions b y w h i c h pyrrhot i te is 
f o rmed d u r i n g l iquefact ion . Its possible catalyt ic role provides a great 
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incent ive to a care fu l research of these i r o n sulfides. In - s i tu studies of 
the transformations i n the i r o n sulfides d u r i n g l ique fac t i on are i n progress 
i n our laboratory . 

Future of Mossbauer Spectroscopy in Coal Research 

A general r e v i e w of the appl icat ions of Mossbauer spectroscopy to 
coa l research is presented i n this chapter. L e f e l h o c z et a l . were the first 
to a p p l y Mossbauer spectroscopy to the study of coa l w i t h the purpose 
of i d e n t i f y i n g any possible organica l ly b o u n d i ron i n coa l (101). T h e 
results of a l l the Mossbauer w o r k u p to date can be exp la ined w i t h o u t 
cons ider ing the presence of these compounds . 

T h e use of Mossbauer spectroscopy as a substitute for the s tandard 
techniques for p y r i t i c sul fur determinat ion is not justif iable ( i n the 
author's o p i n i o n ) . W e can expect Mossbauer spectroscopy to p l a y a 
secondary role i n this area a n d to be used at best, on ly as a comple 
mentary technique . T h e future looks br ighter i n the field of Mossbauer 
spectroscopy a p p l i e d to coa l u t i l i za t i on , that is , i n l ique fac t ion , gasifica
t i on , cok ing . There , Mossbauer spectroscopy is at its best, due to its great 
sensit ivity , its a p p l i c a b i l i t y to systems w i t h poor crysta l l in i ty , a n d to the 
very important poss ib i l i ty of s t u d y i n g in - s i tu processes. W e can expect to 
see this area of research deve lop ing into a major field for the app l i ca t i on 
of Mossbauer spectroscopy. T h e standard usage of Mossbauer i n m i n 
eralogy is also re levant to coa l character izat ion . It is necessary to develop 
a we l l - c oord inated research p r o g r a m to unders tand the i r o n forms i n the 
clays a n d h o w this relates to the coa l properties . I t is also c lear that a l l 
of the research i n v o l v i n g heterogeneous catalysis i n re lat ion to coa l 
conversion is extremely important . I n general , w e can expect a great 
increase i n the n u m b e r of Mossbauer spectroscopists c a r r y i n g out coa l -
re lated research. 
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8 
Quantitative Investigations of Pyrite and Coal 

D. L . WILLIAMSON and T. W. G U E T T I N G E R 

Department of Physics, Colorado School of Mines, Golden, C O 80401 

D. W. D I C K E R H O O F 

Department of Chemistry/Geochemistry, Colorado School of Mines, 
Golden, C O 80401 

The application of 57Fe Mössbauer spectroscopy to deter
mine pyritic and total iron concentrations in coals is explored. 
Two methods, one based on resonance area and the other 
on resonance intensity, are described and tested. Results 
are compared with those of the chemical method, A S T M 
D2492. Several problem areas are identified in both the 
chemical and Mössbauer methods. Of particular interest 
here is the illustration of errors in quantitative analysis 
caused by nonuniform, or granular, Mössbauer absorbers 
prepared from coal and pyrite. 

H p h e invest igat ion of i ron -conta in ing compounds i n fossi l fuels a n d 
- 1 - re lated materials through the use of 5 7 F e Mossbauer spectroscopy is 

an area of research that has come to prominence on ly recently . Results 
of Mossbauer w o r k have been reported on coals (1-14), coa l ash (2,5, 
12,15), coal l ique fac t ion residues (6,11,16,17), coke (8,9), a n d o i l 
shales (5,18). M o s t of this w o r k has been semi-quant i tat ive i n nature , 
a l though some quant i tat ive methods have been proposed (2,3,8,9,13, 
14). I n general , the use of Mossbauer spectroscopy to obta in accurate 
quant i tat ive in format ion on the absolute concentrat ion of resonant n u c l e i 
i n a g iven absorber has p r o v e d to be a diff icult task. F o r coals, i n 
par t i cu lar , two major prob lems present themselves: first, general ized 
exper imental techniques a n d procedures have yet to be f u l l y deve loped , 
a n d second, there must be some alternative ana ly t i ca l m e t h o d for ana lyz 
i n g coals to ver i fy the accuracy of the Mossbauer results. O n e c h e m i c a l 
method , an A S T M standard method , does exist, but recent ly has come 
under quest ion i n the l i terature. 

0065-2393/81 /0194-0177$08.00/0 
© 1981 American Chemical Society 
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T h i s chapter outl ines a n d il lustrates exper imental ly the factors that 
w e fee l must be addressed before re l iab le quant i tat ive results can be 
obta ined rout inely . A factor of considerable importance , w h i c h is exam
i n e d b o t h theoret ical ly a n d exper imental ly , is the dif f iculty of p r e p a r i n g 
absorbers of u n i f o r m thickness. Results f r om the app l i ca t i on of M o s s 
bauer spectroscopy to investigate possible sources of error i n the s tandard 
A S T M c h e m i c a l method of analysis are presented also. 

Nature of Coal and Its Mineral Matter 

C o a l is p r o b a b l y one of the least desirable types of materials to be 
used for ana ly t i ca l analysis. I t is a heterogeneous so l id of v a r y i n g 
composi t ion . I t has been descr ibed as an organic rock or as a type of 
strange " f ru i t cake" (19). O r g a n i c mater ia l f r om plants , trees, spores, 
algae, a n d other var i ed sources was m i x e d i n v a r y i n g proport ions , u n d e r 
w e n t various stages of decay to produce peat - l ike mater ia l , a n d was 
b u r i e d where i t became compressed into a so l id mass. T h i s mass then 
underwent di f fer ing degrees of rearrangement to f o r m more condensed 
structures i n a poor ly understood process ca l l ed coal i f ication. T h e greater 
the extent of the process, the h igher the rank of the resu l t ing coal . D u r i n g 
the peat stage a n d also poss ib ly d u r i n g the b u r i a l stage, various minerals 
or inorganic matter were deposited a n d incorporated into the organic 
mass. 

T h e m i n e r a l matter m a y be f ound i m b e d d e d i n the organic matr ix as 
microcrystals , as larger crystals between the grains, or i n the cracks of the 
organic matr ix . T h e latter are easily freed b y g r i n d i n g the coa l whereas 
the former require g r i n d i n g the coal to an extremely smal l part i c le size. 
T h e overa l l p i c ture that emerges is a mater ia l of extreme complex i ty i n 
terms of the organic mater ia l present, a w i d e v a r i a b i l i t y i n compos i t ion 
between different coals ( a n d often w i t h i n different regions of one l u m p 
of c o a l ) , a n d a w i d e var iety of composit ions a n d distr ibut ions of m i n e r a l 
matter w i t h i n the coal . 

Because of this extreme v a r i a b i l i t y , careful s a m p l i n g procedures, such 
as A S T M D2013-72 a n d D346-75 ( 2 0 ) , should be f o l l owed . A d d i t i o n a l l y , 
i f a container of finely g r o u n d coa l is agitated, such as w o u l d occur d u r i n g 
h a n d l i n g , the heavier , m i n e r a l - r i c h partic les w i l l t end to migrate to the 
bot tom of the container. Consequent ly , thorough m i x i n g is r e q u i r e d p r i o r 
to w i t h d r a w i n g any sample, a n d repl icate samples should be r u n w h e n 
ever possible. 

T h e major classifications of m i n e r a l matter f o u n d i n t y p i c a l U . S . 
coals are c lay minerals (a luminos i l i ca tes ) , carbonates, pyr i t e a n d other 
meta l sulfides, quartz a n d other silicates, a n d , especial ly for l ower rank 
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coals, meta l cations coordinated to (or complexed b y ) some of the 
funct iona l groups i n the organic matr ix (21,22). These occur i n different 
proport ions i n different coals, a n d various ones m a y be complete ly absent 
i n par t i cu lar coals. 

It should be noted i n pass ing that coa l does not conta in "ash" ; i t 
contains " m i n e r a l matter" (21). A s h a n d m i n e r a l matter are not the 
same, w h i c h m a y l ead to some confusion i n repor t ing results since the 
term "ash-free c o a l " is often encountered. Because of the c h e m i c a l 
changes t a k i n g p lace d u r i n g the ashing process, the w e i g h t of ash 
normal ly differs f rom the w e i g h t of the m i n e r a l matter. A l l of the w o r k 
reported here in is on an "as -determined" basis; that is , the percentages or 
composit ions are based on the entire sample as it was at the t ime of 
measurement w i t h no attempt to recalculate i t on a d r y ash-free (da f ) 
or a d ry m i n e r a l matter - f ree ( d m m f ) basis. 

T h e minerals of p r i m a r y concern i n this study are the i r o n - a n d 
su l fur -conta in ing minerals ; paramount among these is pyr i t e , F e S 2 . T r u e 
pyr i t e is a m i n e r a l composed of ferrous cations ( F e 2 * ) a n d disul f ide 
anions (S 2~) i n cub i c latt ice. A different p a c k i n g arrangement (ortho-
r h o m b i c ) of the same ions produces the m i n e r a l marcasite w h i c h also 
has the f o rmula F e S 2 . T h e t e rm pyr i te is often used i n the generic sense 
to cover b o t h minerals . Marcas i t e has been considered a re lat ive ly rare 
m i n e r a l a n d is not n o r m a l l y ana lyzed for since x-ray di f fract ion or care fu l 
Mossbauer interpretat ion is needed for quant i tat ive determinations. 
Petrographic analysis can ident i fy its presence a n d prov ide a n estimate 
of the concentration. C h e m i c a l l y , i t shou ld behave ident i ca l l y to t rue 
pyr i te , but this is considered an open quest ion b y some investigators. I n 
one experiment, no difference was f o u n d i n the recoilless fractions of 
coa l pyr i te a n d m i n e r a l pyr i t e (14). T h e t e r m pyr i t e i n this chapter w i l l 
be used i n the generic sense i n discussing chemica l analyses but i n the 
more restr icted sense i n discussing the Mossbauer experiments. 

P y r i t e ( a n d presumably marcasite ) can occur i n coals i n a range of 
part i c le sizes, f rom massive " c h u n k s " several centimeters i n d iameter to 
t iny single crystals less than 1 /xm i n d iameter (10,24,25). I t also occurs 
i n clusters of sma l l crystals t e r m e d " f rambo ids " f rom the i r resemblance 
to a raspberry ; these clusters have been reported i n the range of 10-20 
fim i n diameter . F o r purposes of compar ison , a U . S . N o . 325 mesh sieve 
has openings of about 44 /xm i n diameter . 

F i g u r e 1 shows the s imi lar i ty of the Mossbauer resonance for p y r i t e 
a n d marcasite. T h e lower ve loc i ty l ines over lap almost exactly whereas 
the h igher ve loc i ty lines are separated b y 0.09 m m / s , or approx imate ly 
one hal f the resonance l i n e w i d t h . T h u s a 50-50 mixture of pyr i t e a n d 
marcasite as shown i n F i g u r e 1 y ie lds an asymmetr ic spectrum, w i t h the 
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1 1 r 
P Y R I T E 

V E L O C I T Y ( m m / s e c ) 

Figure 1. Mossbauer spectra of pyrite and marcasite (natural minerals). 

The solid lines are the computer-fitted Lorentzian lines, and the dashed lines 
are to indicate differences in position and intensity. The isomer shift 6 (relative 
to a-iron) and quadrupole splitting A for pyrite (p) and marcasite (m) from the 
upper two spectra are: d(p) = 0.306(2), A(pj = 0.616(4); d(m) = 0.273(2), 
A(m) = 0.504(3), all in mm/s. The composite pyrite + marcasite spectrum 
was obtained by stacking the absorbers used to generate the upper two spectra. 
Computer decomposition with two quadrupole pairs as indicated yields errone

ous d and A values but approximately the correct relative intensities. 

higher ve loc i ty component broader a n d less intense t h a n the lower . W e 
have f o u n d no evidence of the dominance of marcasite over pyr i t e i n the 
coals examined to date. 

F i g u r e 2 i l lustrates a var ie ty of Mossbauer spectra obta ined f r om 
coals. A l t h o u g h pyr i t e is usua l ly the most abundant i ron - conta in ing 
m i n e r a l present, one coa l ( F i g u r e 2c ) has been f o u n d that contains 
siderite ( F e C 0 3 ) a n d essentially no pyr i t e . O t h e r compounds most often 
seen i n our w o r k are i l l i tes ( c lay m i n e r a l s ) , szomolnokite ( F e S 0 4 * H 2 0 ) , 
a n d jarosites [ M + F e 3 ( S 0 4 ) 2 ( O H ) 6 ] w h e r e M + m a y b e a n a l k a l i m e t a l 
cat ion , H 3 0 + , or N H 4

+ . T h e tota l sulfate content i n most coals is very 
l o w ( £ 0 . 3 % b y w e i g h t ) , b u t c a n be h igher i n specific coals or i n 
weathered coals because of ox idat ion of the disulf ide i o n to sulfate. T h e 
Mossbauer parameters ( i somer shift a n d quadrupo le sp l i t t ings) of these 
compounds a n d others seen i n coals are tabulated i n the l i terature 
(8,9,12,26,27). 
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0 9.36 

0 9 0 4 

1000 

0 989 

0 9 7 9 

0812 , L 

V L L O C I I > ( m m / sec) 

Figure 2. Mossbauer spectra of five U.S. coals. 
(a) West Virginia coal containing pyrite (?) and a small amount of ferrous iron 
(Fe9*); (b) Colorado coal containing approximately equal amounts of pyrite and 
illite (I); (c) Colorado coal containing siderite (C); (a) West Virginia coal con
taining mixture of purite, szomolnokite (S), ana jarosite (J); (e) Ohio coal con
taining mixture of pyrite, jarosite, siderite (or ankerite), and szomolnokite (or 
illite). The computer decomposition with superposition of Lorentzian lines are 
indicated by solid curves. The zero of velocity corresponds to the center of 

the a-iron calibration. 
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Chemical and Mossbauer Analyses 

A S T M S t a n d a r d D2492 (28). Su l fur forms are impor tant i n i n d u s 
t r i a l uses of coal , especial ly i n coa l conversion processes. T h e forms of 
sul fur i n coals are disulf ide ( p y r i t i c ) sul fur ( S 2

2 ~ ) , sulfate sul fur ( S 0 4
2 " ) , 

organic sul fur b o n d i n the matr ix of the coa l , a n d sul fur i n the f o r m of 
sulfide (S 2 ~) . T h e latter is n o r m a l l y absent or present i n l o w concentra
tions i n most coals a n d is i gnored i n the A S T M method of analysis ; i r o n 
sulfides can be detected b y Mossbauer spectroscopy but have not been 
f ou n d i n any of the coals invest igated i n this work . 

T h e A S T M method provides a procedure for a n a l y z i n g for the p y r i t i c 
a n d sulfate forms of sul fur , a n d a w a y to calculate the organic sul fur 
content. I t depends on h a v i n g avai lab le the results of A S T M Standard 
D3177 , a method for d e t e r m i n i n g the total sul fur content of coal ( 2 9 ) . 
F i g u r e 3 shows A S T M M e t h o d D2492 as w e employ i t . T h e amount of 
sulfate sul fur is de termined f r o m a grav imetr i c determinat ion of a B a S 0 4 

prec ip i tate , w h i l e the p y r i t i c sul fur is ca l cu la ted f r om an analysis of the 
i r on content of a n i t r i c a c i d ( H N 0 3 ) solution. T h e determinat ion m a y 
be b y vo lumetr i c t i t rat ion or b y atomic absorpt ion ( A A ) . W e have 
employed the latter (30). 

Several sources of error exist that can l i m i t the accuracy of this 
method . It depends on p y r i t e be ing complete ly inso luble i n hydroch lo r i c 
a c i d ( H C I ) a n d then complete ly dissolved b y the H N 0 3 . It further 
requires that the H C I complete ly dissolve a l l sulfates a n d n o n p y r i t i c 
i ron - conta in ing compounds (or that the latter also r e m a i n inso lub le i n the 
H N 0 3 ) . A n y i r o n not dissolved b y the H C I that eventual ly dissolves i n 
the H N Q 3 w i l l cause the p y r i t i c i r on a n d sul fur values to appear too h i g h , 

T O T A L S U L F U R 
A N A L Y S I S 

A S T M D3177 

C O A L 
100° / 0 - 6 0 m e s h 

H C I 

3 0 m m B O I L 

H 4 C 
' 2 

N H . O H 

R E S I D U E 

H N 0 3 

3 0 m m B O I L 

D I S C A R D 
H e a t t o 

c o n s t a n t 
w e i gh t 

S U L F A T E 
S U L F U R 

R E S I D U E 

A A 
A N A L Y S I S 

N O N P Y R I T I C 
I R O N 

A A 
A N A L Y S I S 

P Y R I T I C 
I R O N 

R E S I D U E 

D I S C A R D 

Figure 3. Chemical analysis schematic 
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a n d thereby cause the organic sul fur content to appear too l ow . A n y 
p y r i t e not dissolved b y the H N 0 3 w i l l cause a l o w p y r i t i c sul fur va lue 
a n d a h i g h organic sulfur content. A n y nonferrous sulfides present w i l l 
contr ibute to the total sul fur va lue a n d l ead to a h i g h va lue for the organic 
sulfur content. T h u s , an error i n one factor can have repercussions i n the 
ca lcu lated values reported for the other sul fur forms. 

Some investigators have quest ioned the accuracy of the method a n d 
even suggested the poss ib i l i ty of errors as h i g h as 2 0 % ( 3 , 3 1 , 3 2 ) . N o n e 
theless, reports can be f o u n d that are support ive of the A S T M procedures 
(33 ) . T h u s , a controversy exists concern ing the l imi ts of accuracy of 
this s tandard method . 

F o r this w o r k w e are concerned w i t h the fate of the i ron - conta in ing 
compounds i n coals d u r i n g the chemica l treatments of the A S T M pro 
cedure a n d w i t h c ompar ing the results of Mossbauer a n d chemica l a n a l 
yses. T o obta in a quant i tat ive balance of i r o n compounds i n coals b y 
c h e m i c a l means, an add i t i ona l analysis is per formed that is not ca l l ed for 
i n the p u b l i s h e d A S T M method . T h i s is shown i n F i g u r e 3 as an a d d i 
t i ona l analysis for i r on a n d is labe led "nonpyr i t i c i r o n . " Va lues for 
nonpyr i t i c i r on arise f rom the presence of species such as szomolnokite , 
jarosite, or siderite. These have been f o u n d i n the coals w e have invest i 
gated, a n d a l l have dissolved to a large degree i n H C I . T h e y are not 
identi f ied as separate species b y the c h e m i c a l analysis , b u t the Mossbauer 
spectra do show them separately ( F i g u r e 2 ) . C h e m i c a l analysis gives the 
gross nonpyr i t i c i r o n content a n d the p y r i t i c i r o n content, a n d these 
values are then compared w i t h values determined f r om Mossbauer 
analysis . 

Mossbauer Analysis Methods. I n this section w e describe two p r o 
cedures to obta in tota l a n d p y r i t i c i r on concentrat ion data f r o m coals. 
T h e results are g iven i n the f o l l o w i n g section where a compar ison is made 
w i t h the chemica l analyses. 

R E S O N A N C E A R E A M E T H O D . E a c h Mossbauer spec t rum is computer -
fitted to a superposit ion of Lorentz ian - shaped l ines, each of w h i c h is 
character ized b y the n u m b e r of counts at m a x i m u m resonance, N , a n d the 
f u l l w i d t h at ha l f m a x i m u m resonance, r . T h e off-resonance count rate 
No, is also a fitted parameter of each spectrum. A b a c k g r o u n d correct ion 
factor B is de termined to account for u n w a n t e d counts that are inadver t 
ent ly i n c l u d e d i n the resonance spectrum. B is measured b y a method 
i n t r o d u c e d i n prec is ion recoilless f ract ion w o r k ( 3 4 , 3 5 ) . T h e count rate 
t h r o u g h the absorber is obta ined w i t h , C f , a n d w i thout , C 0 , a brass f o i l 
filter of 125-ftm thickness inserted between absorber a n d detector. T h e 
correct ion factor is then (34): 

(i) 
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T h e area A of a g iven resonance l ine is ca lcu lated as: 

Since r is expressed i n m m / s , A w i l l also have these units . F o r coa l 
absorbers, w e f ind B to v a r y f r om as l o w as 1.03 to as h i g h as 1.3, 
d e p e n d i n g on exper imental geometry, source strength, a n d the resolut ion 
of the photon detect ion system. 

Mossbauer spectra of coa l usual ly consist of several quadrupo le 
doublets (e.g., see F i g u r e 2 ) . T h i s occurs because there is more t h a n 
one i r o n site i n the absorber at tr ibutable to a mixture of i ron -conta in ing 
compounds a n d / o r nonequiva lent crysta l lographic sites i n a single c o m 
p o u n d . T h e q u a d r u p o l e spl itt ings a n d isomer shifts of 5 7 F e i n the several 
sites are usua l ly such that the l ower ve loc i ty components of the q u a d r u 
po le pairs over lap strongly but the h igher ve loc i ty components are 
p a r t i a l l y or w e l l resolved ( F i g u r e 2 ) . F o r poor ly resolved, m u l t i c o m -
ponent spectra w e often use one or b o t h of the f o l l o w i n g restrictions i n 
the computer fitting: ( 1 ) the intensities of b o t h l ines of a quadrupo le 
p a i r are equal , a n d (2 ) a l l l ines have the same l i n e w i d t h . 

T h e exper imental area associated w i t h the i t h hyperf ine l ine of the 
; t h site (or phase) is then ca lcu lated as: 

Aij = -^-^rij(Nao--Nij) (3) 

w i t h the resonance resul t ing f r om the ; t h site a n d f r o m a l l sites g iven 
«/ k 

b y Aj = 2̂ An a n d A = ^ respect ively , where aj is the n u m b e r of 
i i 

hyperf ine transitions associated w i t h the ; t h site ( « / = 2 for the q u a d 
rupo le interact ion) a n d k is the total n u m b e r of sites. T h e q u a l i t y of a 
fit is gauged b y the x 2 -test a n d b y v i sua l inspect ion. 

T h e theoret ical expression connect ing resonance area a n d i r o n con
centrat ion is ( 3 6 ) : 

^ ; = f TofsKiTij) (4) 

w i t h 

KiTJ - Tv [/„ ( T „ / 2 ) + h (Tv/2) ] (5) 

a n d 

Tij = (Toaqijfjrrij ^± = D q^jfrij (6) 
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w h e r e I0 a n d Zi are modi f i ed Bessel functions of zero a n d first order, 
respect ively ; T0 is the natura l l i n e w i d t h of the Mossbauer g a m m a ray 
( r G = 0.0970 m m / s (26,27)); fs is the source recoilless f ract ion , (fs = 
0.660 ± .003 for 5 7 F e i n p a l l a d i u m at 295 K (35)); T{j is the effective 
thickness (unit less) associated w i t h the i t h l ine at tr ibutable to the / t h 
site; <r0 is the Mossbauer resonance cross section (o-0 = (2.56 ± .05) X 
10" 1 8 c m 2 (37)); a is the isotopic abundance of 5 7 F e (a = 0.0214 ( 26, 
27)); qi} is the transit ion p r o b a b i l i t y associated w i t h the i t h hyperf ine 
l ine of the / th site; n} is the concentrat ion of i r o n atoms i n the / t h site 
( i n n u m b e r / c m 3 ) ; a n d ff is the recoilless f ract ion at the / th i r o n site. 
W h e n w o r k i n g w i t h p o w d e r absorbers i t is convenient to express Ty i n 
terms of mass of i r on per un i t area associated w i t h the / t h site, nij = nj 
tW/NA, where W is the molecu lar w e i g h t of n a t u r a l i r o n , NA is A v o -
gadro's number , a n d t is the actual thickness of the absorber. E q u a t i o n s 
4, 5, a n d 6 have seen considerable use i n the phase analysis of steels a n d 
s imi lar alloys (38-41), a n d they are the expressions used b y H u f f m a n 
a n d H u g g i n s i n their analysis of coals a n d coke (8,9). T h e constant D 
=== 0.591 c m 2 / m g , p r o v i d e d nij is expressed i n units of m g of i r o n / c m 2 . 
T h e uncerta inty i n D is presently about 2 % o w i n g to the exper imental 
uncerta inty i n <r0 (37). 

E q u a t i o n 4, 5, a n d 6 are v a l i d p r o v i d e d the i / t h l ine is w e l l resolved 
f rom a l l others and the absorber is of u n i f o r m thickness, that is , Ti} is 
constant over the area of the absorber sampled b y the gamma-ray beam. 

C o m p a r i s o n of the theoret ical Ai} ( E q u a t i o n 4 ) to the exper imental 
L o r e n t z i a n A i ; ( E q u a t i o n 3) shows the L o r e n t z i a n fit to y i e l d an area that 
is 0 . 2% h i g h at T = 1.0, 1.2% h i g h at T = 3.0, a n d 4 . 9 % h i g h at T — 
10.0 (42). A l l of our exper imental data f r om coal , to date, y i e l d values of 
Tu less than 3, so errors f r om this source are 1 % or less. 

O u r coal absorbers are prepared b y compression into a pel let of 
2.54-cm diameter b y a s imple p is ton a n d cy l inder . I f the coal is g round 
to about —100 mesh or finer, then no b i n d e r such as acry l i c or epoxy is 
r e q u i r e d to h o l d the pel let together ( each disc is then secured between 
two pieces of mask ing t a p e ) . T y p i c a l weights of coa l used range f r om 
0.2 to 2.0 g, y i e l d i n g discs of about .04 to 0.4 g / c m 2 . F o r the smaller 
weights , p o w d e r e d sugar is a d d e d a n d mechanica l ly m i x e d to give a pel let 
of m a x i m u m u n i f o r m i t y a n d convenient thickness. T h e gamma-ray beam 
f rom the source is co l l imated to strike an absorber area of about 0.3 c m 2 . 
O n this area scale, several of our absorbers have been tested for u n i 
f o rmi ty i n density b y gamma-ray a n d x-ray attenuation t h r o u g h different 
regions of a g iven absorber. U n i f o r m i t y to better than 5 % is observed. 

W e n o w summarize our procedure : 

1. Prepare an absorber disc of k n o w n total m a s s / a r e a = M . 
2. Measure the background factor B p r i o r to accumulat ion of 
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the spectrum accord ing to the procedure just descr ibed 
( E q u a t i o n 1 ) . 

3. Computer - f i t the spectrum w i t h a superposit ion of L o r e n t 
z i a n lines us ing the restrictions just descr ibed only i f 
necessary to achieve convergence. 

4. C a l c u l a t e the A y a c cord ing to E q u a t i o n 3. 
5. U s i n g only the A ^ f rom the best resolved l ine of each 

quadrupo le pa ir , compare w i t h A i ; of E q u a t i o n 4 b y c o m 
puter i terat ion to obta in Ty. 

6. C a l c u l a t e each ra; f r om E q u a t i o n 6 assuming q{j = 1 /2 for 
a l l quadrupo le pairs a n d u s i n g the best ava i lab le va lue of 
the recoilless f ract ion fjt 

7. C o m p u t e the w e i g h t concentrat ion of i r o n i n the / t h site 
f rom Cj == rrij/M a n d the total i r on w e i g h t concentrat ion 
£ ro,/Af. 
3 

T h e recoilless fractions fj (hereafter referred to as / -va lues ) needed i n 
this analysis are not k n o w n for a l l the i r o n sites c o m m o n l y f o u n d i n coa l , 
a n d the values presently avai lab le are not k n o w n w i t h good prec is ion . 
I n the i n i t i a l stage of our w o r k on coal , the f -value of pyr i t e was deter
m i n e d b y a d d i n g k n o w n quantit ies of —200 mesh (— 74 //.m) pyr i t e to a 
g i v e n coal . F o l l o w i n g the procedure just out l ined , values of T for p y r i t e 

1 2 3 4 

I R O N A D D E D A S P Y R I T E ( m g / c m 2 ) 

Figure 4. Correlation of total effective thickness (T) of coal absorbers 
with pyritic iron additions. The data points for a given amount of iron 
are from duplicate specimens. The straight line is a least-squares fit 

based on Equation 6. 
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were obta ined as a func t i on of pyr i t e add i t i on to coal . These are shown 
i n F i g u r e 4 where one can see a scatter of about 5 % i n the to ta l effective 
thickness associated w i t h preparat ion a n d analysis of dupl i cate absorbers 
f rom the same c o a l - p y r i t e mixture . A l inear fit to the data u s i n g E q u a t i o n 
6 y i e l d e d / ( pyr i t e ) = 0 . 5 3 ± 0 . 0 4 , where the error g iven is two standard 
deviations as ca l cu lated f rom the least-squares analysis. A s descr ibed i n 
a later section, this va lue is not accurate because the effect of absorber 
granular i ty was neglected i n the analysis ; however , i t is p robab ly a 
reasonable effective / - va lue to use i n quant i tat ive analysis of coa l since 
i t was obta ined f r om samples prepared i n a s imi lar manner. H u f f m a n 
a n d H u g g i n s (8,9) obta ined a va lue of / ( p y r i t e ) = 0 . 4 8 us ing a very 
s imi lar procedure , a n d its app l i ca t i on to coal y i e l d e d p y r i t i c i r o n concen
trations i n reasonable agreement w i t h chemica l results. 

I N T E N S I T Y M E T H O D . I n our laboratory , the t ime r e q u i r e d to a c c u m u 
late a Mossbauer spectrum f rom coa l is t y p i c a l l y on the order of 1 - 1 5 h , 
d e p e n d i n g on i r o n concentrat ion a n d source strength. F u r t h e r t i m e is 
needed to carry out the computer analysis descr ibed earlier. T h e c h e m i c a l 
A S T M method requires comparable t ime. T o test a method that greatly 
reduces the Mossbauer analysis t ime , w e have made p r e l i m i n a r y inves t i 
gations of the use of resonance intensities measured at a f ew selected 
constant velocities. A l t h o u g h not prac t i ca l for s tudy ing the deta i led 
nature of i ron-conta in ing species i n different coals, this method c o u l d 
prove to be va luab le for fast, rout ine mon i t o r ing of p y r i t e a n d other 
i r o n - s u l f u r compounds i n operations where the nature of the coa l is 
not h i g h l y var iable . 

T h e normal i zed resonance intensity IV at the vth. constant ve loc i ty is 
ca l cu lated as: 

h = B (r* - r j / f o o (7) 

where the rx is the count rate measured at an off-resonance ve loc i ty 
(e.g., < — 2 m m / s for coa ls ) , rv is the measured count rate at the t ;th 
constant veloc i ty , a n d B is the background factor w h i c h is measured as 
descr ibed previously . 

Theore t i ca l expressions analogous to E q u a t i o n s 4 , 5 , a n d 6 have been 
deve loped for IV (36); however , i n contrast to the area re lat ion , peak 
intensities depend on sel f -absorption i n the source a n d instrumenta l l ine 
broadening . W e have tested the f o l l o w i n g e m p i r i c a l m e t h o d : ( 1 ) a 
series of " s tandard" absorbers was prepared f rom k n o w n quantit ies of 
pure pyr i t e ; ( 2 ) the intensity of one of the pyr i t e lines was measured to 
generate a ca l ibrat ion curve ; ( 3 ) intensities f r om coa l absorbers w e r e 
then c o m p a r e d w i t h the ca l ibrat i on to determine the p y r i t i c i r o n con 
centrat ion. F i g u r e 5 shows ca l i b ra t i on curves generated for pyr i te p o w d e r 
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of t w o different part i c le sizes. T h e o r i g i n of the size dependence is 
discussed later. T h e lines d r a w n through the data are h a n d fits a n d the 
change i n slope is ind i cat ive of the saturation of Iv vs. sample thickness 
( 3 6 ) . C a l i b r a t i o n curves for other i ron - conta in ing compounds o c curr ing 
i n coa l should be deve loped to ob ta in total a n d f rac t iona l i r o n concentra
t ions; however , w e assumed the recoilless f ract ion at other i r o n sites to 
be s imi lar to that i n pyr i t e , a n d s imply used the F i g u r e 5 pyr i t e c a l i b r a 
t i o n to i l lustrate the possible use of the method . C l e a r l y , corrections 
shou ld also be m a d e for over lapp ing resonance l ines. 

Resu l t s . C O M P A R I S O N O F R E S U L T S F O R S E V E R A L C O A L S . C h e m i c a l 
a n d Mossbauer area analyses of p y r i t i c i r o n a n d to ta l i r o n concentrations 
i n a var ie ty of U . S . coals are presented i n T a b l e I . O u r exper imental 
/ - va lue of 0.53 was used for the p y r i t i c i r on determinations, a n d i t was 
also assumed to be v a l i d for a l l other i ron - conta in ing compounds . T h e 
" t o ta l w t % i r o n " values f r o m the A S T M method are the sum of values 
f r om the p y r i t i c a n d n o n p y r i t i c i r on analyses shown i n F i g u r e 3. Because 

T i r 

PYRITE CONTENT (mg/cm2) 

Figure 5. Mossbauer resonance intensity obtained from pyrite absorbers 
prepared from granules having the average size indicated ((%) 19 n; (A) 
48fx). The intensity was measured at a constant velocity corresponding to 
maximum resonance of one of the pyrite lines, corrected for background, 

and normalized according to Equation 7. 
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Table I. Analysis of Various U.S. Coals by A S T M Method 
and the Mossbauer Area Method 0 

Pyritic Wt % Iron Total Wt % Iron 

CoaV Mesh ASTM Mossbauer ASTM Mossbauer 

IMS - 1 0 0 ( - 1 4 9 j a m ) 1.44 1.20 2.13 1.71 
- 3 2 5 ( - 4 4 jam) 1.63 2.37 2.44 3.09 

- 1 0 0 1.66" 2.36" 
- 3 2 5 1.85" 2.64" 

R B - 1 0 0 0.75 0.26 0.96 0.29 
- 3 2 5 1.03 1.75 1.40 1.94 

B C - 1 0 0 0.00 0.00 0.23 0.39 
L N - 1 0 0 0.05 0.08 0.12 0.16 
L V - 1 0 0 2.11 2.03 2.44 2.16 
K Y 9 - 2 0 0 ( - 7 4 ^ m ) 1.33 1.67 1.95 2.10 
0 P 7 - 2 7 0 ( - 5 3 / m i ) 2.19 2.39 2.93 3.14 
I L 6 - 2 7 0 1.49 1.74 2.25 2.10 
W V - 1 0 0 1.29 1.31 1.40 1.34 

- 1 0 0 1.38" 
- 1 0 0 1.34 e 1.97" 

K Y - 1 0 0 1.50 1.62 2.03 1.90 
- 1 0 0 1.93" 
- 1 0 0 1.42' 2.03* 

I L - 1 0 0 1.36 1.49 1.64 1.52 
- 1 0 0 1.64" 
- 1 0 0 1.55' 1.68' 

" A n /-value of 0.53 was used for all iron-containing compounds. The samples 
were ground such that 100% passed through the U.S. mesh sieve indicated. Aliquots 
for Mossbauer and chemical analyses were taken from same sample of ground coal. 

6 C o a l identification: IM8 = Pittsburgh No. 8 Ireland Mine, West Virginia (bi
tuminous) ; R B = Rosebud Seam, Colstrip, Montana (subbituminous); B C = Bear 
Coal Company Mine, Colorado; L N = Lennox Bed, Edna Mine, Colorado (bitumi
nous) ; L V = Lovilla Seam, Lovilla, Iowa (subbituminous); K Y 9 = Kentucky No. 
9, Fies Mine, Kentucky (bituminous); OP7 = Oak Park No. 7 Mine, Lower Freeport 
(No. 6-A), Ohio (bituminous); IL6 = Illinois No. 6 (bituminous); W V = Blacks-
ville No. 2, Pittsburgh Seam, West Virginia; K Y = Kentucky No. 9/14, Colonial; 
IL = Illinois No. 6, River King. 

c Used T F A in place of HCI in A S T M method. 
d Commercial laboratory atomic absorption analysis for total iron. 
e Commercial laboratory (different from d) A S T M analysis. 

of a rather large var iety of factors that c o u l d cause errors, several of 
w h i c h are descr ibed here a n d i n a later section, a single set of results 
for a g iven coal shou ld not be taken as definitive. W h e n v i e w e d as a 
co l lect ion , however , several systematic, a lbeit qual i tat ive , features can 
be observed: 

1. T h e overa l l agreement is reasonable over a range of con
centrations f rom about 0.1 to 3 w t % i r on . T h e results 
are comparable to those of other workers (2,8,9). 

2. O n the average, the p y r i t i c i r o n determined b y the M o s s 
bauer method is h igher t h a n that determined b y the A S T M 
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method b y about 2 5 % (re lat ive to the A S T M values a n d 
us ing only the — 325-mesh results for the I M 8 a n d R B 
coa ls ) , w i t h i n d i v i d u a l differences u p to 7 0 % . 

3. O n the average, the tota l i r on content de termined b y the 
Mossbauer method is only about 5 % h igher than that 
determined b y the A S T M method (re lat ive to the A S T M 
values a n d us ing on ly the —325-mesh results for the I M 8 
a n d R B coa ls ) , w i t h i n d i v i d u a l differences as large as 7 0 % , 
however . 

4. F o r two coals, I M 8 a n d R B , mesh size affects b o t h the 
Mossbauer and A S T M results. T h e finer mesh mater ia l 
results i n substantial ly h igher p y r i t i c a n d total i r on for bo th 
methods. ( T h e large difference for the R B coa l is p r o b a b l y 
at tr ibutable i n par t to di f f iculty i n ob ta in ing a smal l repre 
sentative sample f rom this par t i cu lar coal because of rather 
large pyr i t e part ic les . ) 

Poss ible explanations for some of these trends can be offered. T h e h igher 
p y r i t i c i ron values f rom the Mossbauer area method c o u l d be caused b y 
the use of too l o w an / - va lue appropr iate to pyr i te . Measurements 
descr ibed later ind icate that the true / - va lue of pyr i te m a y be as h i g h as 
0.80 (as opposed to / = 0.53 used h e r e ) . O n the other h a n d , the A S T M 
m e t h o d c o u l d be miss ing some of the p y r i t e for t w o reasons: the H C I 
treatment ( F i g u r e 3) dissolves some of the pyr i t e (or perhaps marcasi te ) 
a n d / o r the H N 0 3 treatment ( F i g u r e 3) does not dissolve a l l of the pyr i te . 
These effects were demonstrated b y L e v i n s o n a n d Jacobs (3) a n d are 
supported further here. F o r example , the finer mesh I M 8 ( b i t u m i n o u s ) 
a n d R B ( subb i tuminous ) coals y i e l d e d h igher A S T M p y r i t i c i r o n ( T a b l e 
I ) , p resumably because more of the pyr i te was freed f r om the coa l matr ix . 
A d d i t i o n a l evidence for these problems is presented be low. 

T h e average agreement on total i r o n between the Mossbauer a n d 
A S T M analyses, c o m b i n e d w i t h the h igher Mossbauer results on p y r i t i c 
i r on , w o u l d be consistent w i t h either (or a " combinat i on" ) of the f o l l o w i n g 
poss ib i l i t ies : (1 ) the A S T M results are correct a n d the Mossbauer 
decomposi t ion into p y r i t i c a n d nonpyr i t i c i r on is i n error because the 
/ - v a l u e of 0.53 is too l o w for pyr i t e a n d too h i g h for the nonpyr i t i c i r o n 
compounds (but such that on the average i t represents a good "effective" 
va lue a n d y ie lds a correct to ta l i r o n content) or (2 ) the Mossbauer 
results are correct a n d the c h e m i c a l determinat ion is i n error because the 
H C I treatment dissolves some of the pyr i te to g ive a l o w va lue of p y r i t i c 
i r o n ( bu t the total i r on va lue is correct since the H N 0 3 dissolves a l l 
r e m a i n i n g i ron - conta in ing c o m p o u n d s ) . 

C o m p l i c a t i n g these over-s impl i f ied pictures is the effect of mesh size 
seen for the first two coals l i s ted i n T a b l e I . T h e i m p l i c a t i o n for the 
c h e m i c a l analysis is that finer g r i n d i n g frees more of the i ron - conta in ing 
compounds f r o m the coa l for the acids to dissolve. I n the case of the 
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Mossbauer analysis, the finer g r i n d i n g reduces the average thickness of 
the i ron -conta in ing crystall ites, thereby a l l o w i n g for the preparat ion of a 
more u n i f o r m absorber a n d the generation of a larger resonance area even 
t h o u g h the same total concentrat ion of i r on is present i n the coal . F u r t h e r 
evidence for this effect is g iven here, a n d i t is explored i n more de ta i l , 
theoret ical ly a n d experimental ly , i n a later section. F o r the I M 8 a n d R B 
coals used i n these experiments, i t appears that the — 60-mesh size 
specified i n the A S T M procedure is not fine enough for accurate analysis. 
I n general , it w o u l d be good pract ice to specify the mesh size used i n 
a coal analysis b y either of these methods i f the A S T M standard —60-
mesh size is not used. 

T h e A S T M method calls for the use of two acids. I n a n attempt to 
improve the penetrat ion of the first a c i d into the coal matr ix to remove 
the nonpyr i t i c i r on , tri f luoroacetic a c id ( T F A ) was subst i tuted for H C I 
i n several experiments. T F A p lus hydrogen peroxide ( H 2 0 2 ) has been 
shown by D e n o et a l . (43) to be effective i n degrad ing the aromatic 
structures i n coals. W e d i d not a d d the H 2 0 2 to avo id ox idat ion ( a n d 
thereby the d isso lv ing) of the pyr i te . T h e results of T a b l e I for I M 8 coa l 
b y chemica l analysis show increased values of p y r i t i c i r on a n d tota l i r o n 
for bo th mesh sizes. T h e nonpyr i t i c i r on va lue is almost ident i ca l to that 
f r o m the H C I extraction, so the T F A w o u l d not seem to offer an advantage 
over the H C I i n the first step. Some of the T F A m a y r e m a i n absorbed 
onto the coal or i t m a y have degraded the organic matr ix to a larger extent 
so that the combinat i on of T F A fo l l owed b y H N 0 3 is more effective i n 
r emov ing p y r i t i c i r o n than is the prescr ibed combinat i on of H C I f o l l owed 
b y H N 0 3 ( F i g u r e 3 ) . T h e H N 0 3 is an o x i d i z i n g agent as is H 2 0 2 , so 
i t may be that the T F A r e m a i n i n g on the coa l becomes more effective i n 
at tack ing the coa l structure only i n the H N 0 3 solution. T h e results are 
s t i l l l ower than those of the —325-mesh Mossbauer analysis, so there 
s t i l l m a y be some undisso lved pyr i t e r e m a i n i n g after this treatment (see 
discussion of Sample 8, F i g u r e 6, i n the next sect ion) . 

M O S S B A U E R A N A L Y S I S O F A C O A L A F T E R V A R I O U S T R E A T M E N T S . T h e 

I M 8 coal was subjected to a more deta i l ed study, a n d these results are 
shown graph i ca l ly i n F i g u r e 6. I t should be emphas ized that not a l l of 
the w e i g h t concentrations shown ( C , ) have been n o r m a l i z e d to the 
we ight of the o r i g ina l coal sample . T h e y represent the Mossbauer effect 
measured on the o r ig ina l coal a n d several different products der ived 
f r om it so that C , is the concentrat ion i n the par t i cu lar sample a n d not 
necessarily i n the or ig ina l coal . F o r example , the coa l can be said to 
conta in organic matter , pyr i t e , a n d other inorganic or m i n e r a l matter . 
A f t e r the treatment w i t h the first a c id , i t m a y contain only organic matter 
a n d pyr i te . T h u s the nature of the sample has changed a n d the f rac t ion 
of pyr i t e m a y increase even though the ac tua l mass of pyr i te remains 
unchanged . W e i g h t relat ionships between the different products a n d the 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
8

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



192 M O S S B A U E R S P E C T R O S C O P Y A N D I T S C H E M I C A L A P P L I C A T I O N S 

S A M P L E N U M B E R 

Figure 6. Iron concentrations obtained using Mossbauer area method 
after various treatments of IM8 coal. 

The subscript j refers to each of the three iron species indicated pyritic 
iron; (Q) nonpyritic ferrous iron; (gj) ferric iron). All samples other than No. 1 
employed —100-mesh coal. Sample identification: (1) as received (—325 mesh); 
(2) as received (—100 mesh); (3) residue after 30-min boil in HCI; (4) residue 
after 30-min boil in TFA; (5) residue after 1-h boil in HNOs; (6) residue after 
8-h boil in HNOs; (7) residue after HCI and HNOs treatments (ASTM); (8) resi
due after TFA and HNOs treatments; (9) residue after low-temperature ashing. 

o r i g i n a l coal were not obta ined i n these early experiments. Re la t ive 
changes i n the values for the three i ron -conta in ing compounds are 
significant, however . 

Samples 1 a n d 2 i n F i g u r e 6 show the effect of part i c le size differ
ences ( re lated data are also l i s ted i n T a b l e I ) . B o t h are the same 
b i tuminous coa l but g round to pass t h r o u g h different sieve sizes a n d 
p r e p a r e d as absorbers w i t h i dent i ca l mass per un i t area. Sample 1 was 
g r o u n d to —325 mesh a n d Sample 2 to —100 mesh. A l t h o u g h a l l C / s 
increase for the finer mesh size, note that the pyr i t e va lue increases more 
i n re lat ion to the nonpyr i t i c i r o n components , perhaps i n d i c a t i n g finer 
part i c l e sizes for these phases relat ive to pyr i te . 

Samples 3 a n d 4 show the i ron -conta in ing compounds present i n the 
residues after treatment of the coa l w i t h either b o i l i n g H C I or T F A for 
the 30 -min t ime p e r i o d ca l l ed for i n the A S T M procedure . T h e ferr i c 
i r o n component has been removed b y b o t h acids, b u t a smal l amount of 
a nonpyr i t i c ferrous i r o n component remains , thereby i n d i c a t i n g a smal l 
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source of error i n the A S T M m e t h o d : it can result i n a l o w sulfate sul fur 
value and , perhaps, a larger va lue for p y r i t i c i r on i f the H N 0 3 later 
dissolves this component . T h e error m a y be larger than ind i ca ted b y the 
g r a p h i f the / - va lue of the ferrous i r o n site is substantial ly l ower t h a n 
that of pyr i te . 

It m a y be noted that the pyr i t e values for Samples 3 a n d 4 are b o t h 
larger t h a n for the o r ig ina l — 100-mesh coal . T h i s c o u l d result f r o m the 
loss of m i n e r a l matter a n d possibly smal l organic molecules f r o m the coa l , 
thereby causing the pyr i te to become a larger fract ion of the total r e m a i n 
i n g sample. T h e size of the difference seems rather large, however , a n d 
should not be taken as accurate i n v i e w of the large difference between 
Samples 1 a n d 2. 

Sample 5 shows the effect of treat ing I M 8 coa l w i t h only H N 0 3 for 
1 h at a b o i l a n d at the concentrat ion specif ied i n the A S T M procedure . 
A p p a r e n t l y , a considerable amount of pyr i t e dissolves but both ferrous 
a n d ferr ic i ron compounds r e m a i n i n the residue. Sample 6 is the residue 
f r o m a s imi lar treatment except that an 8-h t ime p e r i o d was used. T h i s 
d i d remove a l l of the ferr ic i r o n , but some pyr i te a n d some nonpyr i t i c 
ferrous i ron s t i l l r emain . 

Sample 7 is the final residue f r o m the app l i ca t i on of the complete 
A S T M procedure . ( T h i s residue is represented b y the rectangle at the 
extreme r ight i n F i g u r e 3.) T h e combinat ion of the t w o acids H C I + 
H N 0 3 can be seen to be more effective than either a c i d alone. A smal l 
quant i ty of undisso lved pyr i te a n d ferric i r o n species s t i l l r emain i n the 
residue even w i t h this treatment. T h i s is evidence that the A S T M 
procedure does not remove a l l of the i r on f rom this coal . T h e magni tude 
of the error or a general izat ion to other coals must awai t further work . 
It m a y be that b o t h treatments have extracted a l l the read i ly avai lab le 
p y r i t e a n d the r e m a i n i n g crystals are deeply i m b e d d e d i n some t o u g h 
organic matr ix . It should also be noted that i f these are extremely smal l 
microcrystals , their Mossbauer resonance c o u l d be y i e l d i n g an enhanced 
va lue of Cj over that of the presumably larger partic les i n the o r i g ina l 
coa l (see section on absorber g r a n u l a r i t y ) . Part i c l e size effects shou ld 
a lways be kept i n m i n d . 

Sample 8 shows the results for a residue s imi lar to that i n Sample 7 
except that T F A was subst ituted for the H C I . I t appears to have r e d u c e d 
the pyr i t e a n d nonpyr i t i c ferrous i ron component s t i l l further. T h e Cj 
values are bo th near ly 1 /3 those of Sample 7. Some ferr ic i r o n was 
detected i n add i t i on . T h i s smal l amount c o u l d have been present i n the 
other samples but remained undetected , masked b y the more d o m i n a n t 
pyr i t e resonance. A s the pyr i t e concentrat ion is l o w e r e d to values 
approach ing that of the other components, i t becomes easier to see a n d 
ident i fy the other species. 
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T a k e n as a whole , these results p r o v i d e c lear evidence that sources of 
error do exist i n the A S T M procedures. I f unextracted i r o n is present i n 
the residue for one coal , i t can be present i n the residues of other coals. 
Ana lys i s of the residues at various stages of the A S T M procedure b y 
Mossbauer spectroscopy offers a convenient w a y to moni tor the existence 
of these sources of error. M o r e care fu l a n d deta i led experiments are n o w 
u n d e r w a y to attempt to achieve an i r o n balance through a l l of the steps 
of the A S T M procedure . 

T h e bar graphs shown as Sample 9 are f r o m a residue resul t ing f r o m 
a low-temperature ashing ( L T A ) experiment. T h e C / s are n o r m a l i z e d 
to the w e i g h t of ash a n d not to the w e i g h t of the o r i g ina l coal . T h e 
feature of most interest w o u l d be whether or not the i ron compounds 
underwent any alteration d u r i n g the ashing. T h e pyr i t e d i d not undergo 
extensive changes as no i ron oxides w e r e detected, but measurable 
changes i n the nonpyr i t i c ferrous i ron species d i d occur. T h e Cj re lat ive 
to pyr i t e for the —325-mesh coal are 0.24 a n d 0.07 for the n o n p y r i t i c 
ferrous a n d ferr ic i r on , respectively . F o r the ash, the values are 0.09 a n d 
0.18; that is, a reversal i n relat ive concentrations of the nonpyr i t i c ferrous 
a n d ferr ic i r on sites has occurred because of L T A . S i m i l a r effects have 
been demonstrated b y M o n t a n o ( 2 , 1 2 ) . 

R E S U L T S F R O M T H E M O S S B A U E R I N T E N S I T Y M E T H O D . Results f r o m 
the app l i ca t i on of the resonance intensity method descr ibed earl ier are 
presented i n T a b l e I I for several of the same coals character ized i n 
T a b l e I . T h e agreement is encouraging. B o t h ca l ibrat i on curves p re 
sented i n F i g u r e 5 are used for compar ison . N o t e that i n every case 

Table II. Results of Mossbauer Analysis 

Fraction of Iron as FeS2 

Mossbauer 

Intensity Area 
Coal (mesh) Method Method ASTM 

IMS ( - 1 0 0 ) 0.76 0.70 0.68 
I M 8 ( - 3 2 5 ) 0.80 0.77 0.67 
R B ( - 3 2 5 ) 0.90 0.90 0.74 
B C ( - 1 0 0 ) 0.00 0.00 0.00 
L N ( - 1 0 0 ) 0.55 0.50 0.42 
L V ( - 1 0 0 ) 0.90 0.94 0.86 
K Y 9 ( - 2 0 0 ) 0.96 0.80 0.68 

° Comparison is made with area method and chemical A S T M method. Both 
the 19-/um and 48-/um calibration curves of Figure 5 are used. See Table I for coal 
identification. The absorbers are identical to those used to obtain the results in 
Table I. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
8

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



8. W I L L I A M S O N E T A L . Pyrite and Coal 195 

except one ( B C c o a l ) , the total w t % i r o n , ob ta ined f r o m the 19-/xm a n d 
48-/xm cal ibrat ions , spans the values obta ined f r o m the Mossbauer area 
method . T h e differences between the intensi ty a n d area methods i n the 
f ract ional amount of p y r i t i c i r o n are read i ly expla ined b y our present 
neglect of overlap corrections. F o r example, the larger fractions for the 
I M 8 a n d K Y 9 coals us ing the intensity method result f r om neglect of 
some ferr ic i r on resonance at the ve loc i ty selected for pyr i t e de termina
t ion , 0.62 m m / s relat ive to the center of a meta l l i c i r o n ca l ibrat ion (see 
F i g u r e 2 d ) . A l s o , w e emphasize that p r i o r knowledge of the f u l l reso
nance spectra a ided i n these par t i cu lar measurements. F o r example, i f 
w e h a d looked for p y r i t i c i r o n i n the B C coa l (pyrite- free , see F i g u r e 2b ) 
at the above ve loc i ty , a f ract ional amount of about 0.2 w o u l d have been 
detected s imp ly because of the overlap of the F e C 0 3 resonance at this 
veloc i ty . H o w e v e r , such overlaps are amenable to correct ion since the 
l ine shape is k n o w n . A n impor tant po int to keep i n m i n d here is that the 
data obta ined f r om the intensity method are f o u n d i n a m u c h shorter t ime 
than those us ing the area method . 

T o test further the u t i l i t y of the intensity method a n d to examine the 
part i c le size p r o b l e m associated w i t h R B coal ( T a b l e I ) i n more deta i l , 
w e examined the effect of g r i n d i n g t ime of the coa l i n a m e c h a n i c a l 
gr inder . A 50-g quant i ty of — 14-mesh coa l was p l a c e d i n the gr inder a n d 
subsamples of about 2 g were removed after increas ingly longer g r i n d i n g 
times. T h e data obta ined at the two velocit ies corresponding to the w e l l -
resolved pyr i te a n d sulfate lines are shown i n F i g u r e 7. Less t h a n 1-h 
was r e q u i r e d to obta in the data shown; approx imate ly 40 h w o u l d have 

of Coals by Resonance Intensity Method 0 

Total Wt % Iron 

Mossbauer 

Intensity 
Method 

Area 
Method ASTM 

19 fxm 48 fxm 

1.28 
2.15 
1.46 
0.20 
0.12 
1.68 
1.55 

2.06 
3.22 
2.32 
0.33 
0.22 
2.65 
2.42 

1.71 
3.09 
1.94 
0.39 
0.16 
2.16 
2.10 

2.13 
3.44 
1.40 
0.23 
0.12 
2.44 
1.95 
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T 1 r 

GRIND TIME (sec) 

Figure 7. Mossbauer intensities from RB coal according to Equation 7 
for samples ground for different times in a mechanical grinder. The in
tensities were measured at constant velocities corresponding to maximum 
resonance of the higher velocity pyrite (FeS2 (%)) and sulfate (FeSO± • 
H20 (A)) lines (see Figure 8). All absorbers were prepared with identical 

mass per unit area. The solid lines are drawn to guide the eye. 

been r e q u i r e d w i t h the area method to ob ta in comparab le statistics. F o r 
b o t h pyr i te a n d sulfate i r o n , there is a r a p i d increase i n intensity d u r i n g 
the i n i t i a l stages of g r i n d i n g f o l l owed b y a re lat ive ly s low increase at 
longer g r i n d times. T h e ratio of pyr i t e intensity to sulfate intensity 
remains the same w i t h i n statistical uncerta inty throughout the t ime per iod . 
T h i s impl ies that bo th the pyr i t e a n d sulfate exhib i t the same part i c l e 
size effect a n d that pyr i te is not be ing converted to sulfate d u r i n g the 
g r i n d i n g . T h e dramat ic change i n the Mossbauer resonance of the o r ig ina l 
coa l c ompared to the coa l g r o u n d for 160 s is shown i n F i g u r e 8. These 
spectra were obta ined w i t h the same amount of coal i n the absorber (0.20 
g / c m 2 ) . T h e resonance, i n a d d i t i o n to b e i n g quant i tat ive ly larger for the 
finely g r o u n d coa l at tr ibutable to a more u n i f o r m absorber, is qua l i ta t ive ly 
different. T h e A - component is not observed i n the fine coa l s imp ly because 
of the dominance of the pyr i t e a n d sulfate. T h u s , the A - component 
(perhaps ankeri te ) is d i s t r ibuted i n the o r i g ina l coa l as m u c h smaller 
part ic les than the pyr i te or sulfate. These results show the imprac t i ca l i t y 
of ob ta in ing quant i tat ive Mossbauer data f r om rough ly g round or b u l k 
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coal , for example, b y backscatter techniques (at least for coals l i ke the 
R B ) but , on the other h a n d , suggest a means of searching for a n d study
i n g less-common i ron -conta in ing compounds i n coal . 

Problems in Quantitative Mossbauer Analysis 

Based on our p r e l i m i n a r y w o r k on coa l descr ibed above, a n d to some 
extent b y the w o r k of others (1-16), the present prob lems affecting the 
app l i ca t i on of Mossbauer spectroscopy to quant i tat ive determinations of 
i r o n concentrations i n coa l ( a n d other fue l mater ia ls ) are : absorber 
granular i ty , b a c k g r o u n d rad ia t i on corrections, imprec ise or u n k n o w n / -
values, po lycrys ta l l ine texture effects, a n d the associated computer 
decomposi t ion of strongly over lapp ing spectral components. These are 
discussed brief ly i n the f o l l o w i n g sections. 

A b s o r b e r G r a n u l a r i t y . T h e consequence of p r e p a r i n g a Mossbauer 
absorber f rom p o w d e r e d mater ia l conta in ing smal l crystals or granules of 
i ron -conta in ing compounds is a nonuni f o rm absorber w i t h respect to the 

T 1 r 

i i i 

- 2 0 2 

V E L O C I T Y ( m m / s e c ) 

Figure 8. Mossbauer spectra from RB coal of different particle size. 
The solid curves represent the computer decomposition with superposi
tions of quadrupole pairs corresponding to pyrite (P), szomolnokite (S), 
and an iron carbonate-like component (A). Note the different ordinate 

scales. 
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opt i ca l p a t h of the gamma-rays . Because of e lectronic absorpt ion, the 
th inner parts of the absorber w i l l be g iven a different we ight t h a n the 
th i cker ones, a n d this c o m b i n e d w i t h the nonl inear resonance area vs. 
thickness behavior ( E q u a t i o n 4 ) w i l l cause the observed intensity or area 
to be smaller than that for a u n i f o r m absorber. B o w m a n et a l . (44) 
have treated theoret ical ly the effect of granular absorbers on resonance 
intensi ty a n d l i n e w i d t h . A b e a n d Schwartz (38, 39) considered the effect 
o n resonance area. I n these studies (38,39,44) sma l l variat ions f r o m 
un i f o rmi ty a n d a single granule size i n the absorber were assumed. W e 
have extended the theory to examine larger deviations f r om u n i f o r m i t y 
a n d to consider the more real ist ic s i tuat ion of a d i s t r ibut ion of granule 
sizes. W e summarize some exper imental observations on pyr i t e a n d state 
some results of theoret ical w o r k , the details of w h i c h (45) w i l l be pre 
sented elsewhere. 

T h e theoret ical approach involves an average of the Mossbauer reso
nance area A , E q u a t i o n 4, over a l l thicknesses encountered b y the g a m m a -
rays i n pass ing t h r o u g h a granular absorber. T h e resul t ing average, 
< A > , for a single resonance l ine can be expressed i n a f o rm s imi lar to 
E q u a t i o n 4, w i t h analyt i ca l correct ion terms a d d e d to account for 
deviations f r o m un i f o rmi ty , or i t can be left i n a more general in tegra l 
f o rm appropr iate to h i g h l y nonuni f o rm absorbers. Compar i sons of 
calculations of < A > for a s imple granule shape, a n d different size 
distr ibut ions f r om these two types of expressions are d i sp layed i n F i g u r e 
9 as a funct ion of the ratio of the average thickness of a granule , < x > , 
to the total average thickness of the absorber, T. Based o n the theoret ica l 
results presented i n F i g u r e 9, several conclusions m a y be d r a w n : 

1. T h e resonance area < A > decreases w i t h increas ing granule 
thickness for a fixed average absorber thickness. T h e size 
of the effect is such that large errors i n ca l cu la t ing the i r o n 
concentrat ion or the / -va lue f rom < A > are possible i f one 
does not account for granular i ty . F o r example , note that 
at <x>/T = 1, for T = 4, < A > is reduced b y about 
2 0 % relat ive to w h a t it w o u l d be for a u n i f o r m thickness 
absorber. H o w e v e r , i t is reduced b y only about 1 0 % for 
T = 1 for the same <x>/T = 1. T h u s the i r o n concen
trat ion determined f rom the exper imental area p r o b a b l y 
contains less error i f bo th the effective thickness a n d the 
granule size are smal l . 

2. A first-order granular i ty correct ion reasonably accounts for 
the effect i n the reg ion where <x>/T ^ 1. F o r example , 
at <x>/T = 1 the difference between the first-order 
correct ion curve a n d the general eva luat ion curve is about 
3 % for T = 4 a n d only 1.5% for T — 1 ( v a l i d for a 
resolved two- l ine resonance such as f r om p y r i t e ) . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
8

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



8. W I L L I A M S O N E T A L . Pyrite and Coal 199 

<x>/T 

Figure 9. Theoretical resonance area (normalized to the value for a uni
form absorber, Equation 4) for absorbers composed of granules of right 

cylindrical shape whose axes are parallel to the gamma-ray beam. 

The calculations are appropriate to a two-line resonance like that of pyrite, and 
the area plotted is for one of the lines. < x > / T is the ratio of average effective 
granule thickness to the total effective thickness of the absorber. Curve a 
assumes a Gaussian distribution of granule thickness with Gaussian width <r = 
<x>/2 ; Curve b uses first-order granularity correction and assumes a single 
thickness for all granules; Curve c uses first-order granularity correction and 

assumes a Gaussian distribution, <r = <x>/2. 

3. T h e presence of a Gauss ian size d i s t r ibut ion causes the 
area to decrease faster w i t h increas ing average part i c le size 
than it does for granules of a single size. C o m p a r e Curves 
b a n d c. 

T o demonstrate exper imental ly the effect of absorber granular i ty as 
suggested i n F i g u r e 9, w e p r e p a r e d a series of pure pyr i t e absorbers of 
various concentrations a n d different b u t k n o w n granule sizes a n d 
d istr ibut ions . 
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T h e effect of granular i ty is i l lustrated dramat i ca l l y i n F i g u r e 10, 
w h i c h shows the Mossbauer spectra of 19.7 m g F e S 2 / c m 2 absorbers (i .e. , 
same average concentrat ion) of < d > = 19 /*m a n d 125 pm average 
part i c l e size. T h e resonance area of the sample w i t h 19- /mi granules is a 
factor of 2.6 times larger t h a n that w i t h the 125-/mi granules. T h i s effect 
c lear ly does not result f r o m a b a c k g r o u n d rad ia t i on effect since B f r o m 
E q u a t i o n 1 was f o u n d to be only 1.05 for the <d> = 19 / m i absorber 
a n d even smaller (1.04) for the <d> = 125 / m i absorber. 

F i g u r e 11 shows the exper imental area A of one of the l ines of pyr i t e 
p l o t ted i n a manner analogous to F i g u r e 9. T h e 33.91-mg F e S 2 / c m 2 

absorbers were obta ined b y s tacking the other three samples. T h e ver t i ca l 
arrows ind icate the average thickness, tA = (mass of p y r i t e / c m 2 ) / p , for 
each sample we ight , w h e r e p = 5.013 g / c m 3 is the density of pyr i t e . 
T h u s <d>/tA = 1 w o u l d correspond approx imate ly to < o c > / T — 1 
i n F i g u r e 9. T h e correspondence is not exact because i n F i g u r e 9 w e have 

V E L O C I T Y ( m m / s ) 

Figure 10. Mossbauer spectra from pure pyrite absorbers of identical 
average concentration (19.7 mg/cm2) but different average granule size 
< d > . The solid lines are least-squares computer fits and the zero of 

velocity corresponds to the center of the a-iron calibration. 
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Figure 11. Experimental Mossbauer resonance area of one of the lines 
of pyrite for various concentrations (in mg/cm2) and various average 

granule sizes < d > . 
The area was calculated using Equation 3. The arrows indicate the average 
thickness of pyrite tA for each absorber concentration. The solid lines are least-
squares fits to Equation 8. The data for 33.91 mg FeSt/cm* was obtained by 

stacking absorbers (of the same < d > J of the other weights. 

assumed an idea l i zed part i c le shape. T h e so l id lines passing t h r o u g h 
each set of data at constant w e i g h t are least-squares p o l y n o m i a l fits of 
the f o r m : 

A = A0 + Ai<d> + A2<d>* (8) 

T h i s behavior is consistent w i t h the theoret ica l results presented i n 
F i g u r e 9. N o t e that the intercept A0 is the area that w o u l d be obta ined 
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w i t h a u n i f o r m absorber as g iven b y E q u a t i o n 4. T was evaluated f r o m 
E q u a t i o n 4 for the four exper imental intercepts ( F i g u r e 11) a n d then 
used to evaluate the / - va lue of pyr i te ( E q u a t i o n 6 ) . T h i s y i e l d e d / = 
0.80 ± 0.08, where the m a i n source of error is attr ibutable to uncerta inty 
i n the extrapolat ion of the data i n finding each A 0 . 

T h e size of the slopes A i i n F i g u r e 11 is f o u n d to be i n reasonable 
agreement w i t h our theoret ical predic t ions ; close agreement was not 
expected i n v i e w of our use of i dea l i zed part i c l e shapes i n the calculat ions. 
M o r e real ist ic models of granule shape a n d size d istr ibut ions are b e i n g 
developed. O u r results to date show that to avo id a signif icant granular i ty 
effect, absorbers must be p r e p a r e d such that <x>/T < < 1, often a 
diff icult task w i t h coal . O n the other h a n d , our semi-quant i tat ive agree
ment between s imple theoret ica l first-order corrections a n d exper iment 
for absorbers w i t h < x > / T ^ 1 suggests that one shou ld pursue further 
improvements . These c o u l d lead to the prac t i ca l app l i ca t i on of g r a n u 
lar i ty corrections to quant i tat ive Mossbauer analysis of pyr i t e i n coals. 

B a c k g r o u n d C o r r e c t i o n . T h e size of the b a c k g r o u n d r a d i a t i o n 
contr ibut ion relat ive to total count rate i n the gamma-ray c o u n t i n g 
channe l is l i k e l y to be h i g h l y var iab le w i t h absorbers made of coals 
because of w i d e variations i n m i n e r a l matter content. T h e size of the 
back g rou n d correct ion also w i l l be affected b y the granule sizes of the 
m i n e r a l matter. These effects are i l lustrated i n F i g u r e 12, w h i c h shows 
the back g rou n d factor B measured for p u r e pyr i t e absorbers w i t h the 
filter method descr ibed i n an earlier section ( E q u a t i o n 1 ) . T h e absorbers 
are the same ones generated for the granular i ty study descr ibed i n the 
preceed ing section. T h e observed trends are expected: b o t h the increase 
i n B w i t h average mass per u n i t area i n the opt i ca l p a t h of the gamma-ray 
beam a n d the increase i n B w i t h decreasing granule size for a constant 
mass per u n i t area result f r om increased electronic absorpt ion of the 
14.4-keV gamma-rays . 

Because of the nonl inear behavior of the resonance area w i t h i r on 
concentrat ion i n the absorber, the errors p r o d u c e d f r o m a neglect of the 
ba ck g rou n d are c o m p o u n d e d as the concentration increases. U s i n g 
E q u a t i o n s 3 a n d 4 one can calculate the error i n the effective thickness T 
caused b y neglect of B; for example , neglect of a 1 0 % b a c k g r o u n d correc
t i on at T = 5 causes an error of 1 8 % i n T a n d therefore i n the i r o n con 
centrat ion as w e l l ( E q u a t i o n 6 ) . 

A l t h o u g h the filter method as used here is convenient a n d fast, i t 
should not be regarded as h i g h l y accurate as i t does neglect some a d d i 
t i ona l possible contributions to the b a c k g r o u n d (34,46). T h e u l t imate 
accuracy to be rea l i zed i n quant i tat ive coa l analysis b y Mossbauer 
spectroscopy is l i k e l y to be l i m i t e d b y this p rob lem. 
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Figure 12. Background correction factor B vs. average size of pyrite 
granules in absorbers of different average concentration. B was found 
using the filter method described in an earlier section (Equation 1). The 
set of absorbers was the same as that used to obtain the experimental 

areas shown in Figure 11. 

Recoilless F r a c t i o n s . T a b l e I I I summarizes the avai lable r o o m -
temperature / -values of i ron -conta in ing compounds that c o m m o n l y occur 
i n coal . W e comment brief ly o n some of the values l i s ted . T h e s ingle-
crysta l pyr i te results of Suzda lev et a l . (47) are based on resonance 
area measurements a n d the use of an expression s imi lar to E q u a t i o n 4, 
but one w h i c h inc ludes a n over lap correct ion. T h e i r results (47) are 
open to quest ion since the observed difference i n pyr i t e l i n e intensities 
was not f o u n d i n more recent studies (50 ,51) . 

M o n t a n o ( 2 ) , us ing coal samples conta in ing pyr i t e a n d szomolnokite , 
measured the temperature dependence of the resonance areas, extracted 
the effective thicknesses, a n d fitted the variat ions w i t h the D e b y e m o d e l 
to ob ta in the / -values shown. W e note, however , that the v a l i d i t y of a 
s imple one-parameter D e b y e m o d e l for pyr i t e is open to quest ion ( 5 2 ) , 
a n d that the D e b y e temperature of 285 K corresponding to / = 0.60 is 
m u c h l ower than values obta ined b y other methods ( 5 0 , 5 2 , 5 3 ) . 

T h e value of / = 0.48 for pyr i t e (8,9) was obta ined b y p r e p a r i n g 
s tandard absorbers of — 400-mesh pyr i t e m i x e d w i t h coconut charcoa l to 
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Table III. Mossbauer / -Values of Iron Compounds 
Commonly Occurring in Coals 0 

Compound f-Value Reference 

P y r i t e / „ — 0 . 7 , / j . = 0.5* 47 
( F e S 2 ) 
P y r i t e 0.60 ( ± 1 0 - 1 5 % ) 2 
P y r i t e 0.48 8 , 9 
P y r i t e 0.53 ± 0.04 this w o r k 
P y r i t e 0.80 ± 0.08 this w o r k 

M a r c a s i t e / ( m a r c ) / / ( p y r i t e ) = 0.96 ± 0.06 this w o r k 
Szomolnoki te 

( F e S 0 4 • H 2 0 ) 0.59 ( ± 1 0 - 1 5 % ) 2 
Siderite 0.60 < / j _ < 0.80° 48 

( F e C O 3 [ 1 0 % M g ] ) 0.60 < / / / < 1.0 
Sider i te 
( F e C 0 3 ) 0.47 dz 0.05 49 

° Al l values listed are those for room temperature. 
* / / and JL refer to the body diagonal directions of the cubic pyrite lattice. 
e II and JL refer to the C-axis of the rhombohedral lattice. 

s imulate the coa l environment . T h e exper imental resonance areas were 
compared w i t h E q u a t i o n 4 to y i e l d effective thicknesses vs. pyr i t e content. 
N o corrections were m a d e for b a c k g r o u n d rad ia t i on or absorber g r a n u 
lar i ty . T h e use of / = 0.48 p r o d u c e d results for coals w h i c h w h e n 
compared w i t h c h e m i c a l results ( 8 , 9 ) y i e l d e d differences of about 2 0 % 
o n the average. 

O u r determinat ion of / = 0.53 db .04 for pyr i t e was descr ibed i n an 
earl ier section. I t i n c l u d e d b a c k g r o u n d corrections but no granular i ty 
correct ion. Since —200-mesh (—74 /*) pyr i t e was used , F i g u r e 9 or 11 
suggests a correct ion for granular i ty of as h i g h as 1.5 to the effective 
thickness a n d therefore to the / - va lue . T h i s is then consistent w i t h our 
second va lue of / — 0.80 ± .08 obta ined f r o m pure pyr i t e p o w d e r 
absorbers as descr ibed i n the b e g i n n i n g of this section. S i m i l a r l y , the 
H u f f m a n a n d H u g g i n s va lue of 0.48 w o u l d be increased substantial ly i f 
b a c k g r o u n d a n d granular i ty corrections were i n c l u d e d i n the analysis. 

T h e / - va lue of marcasite c ompared to p y r i t e (rat io = 0.96 ± . 0 6 ) 
was f o u n d f r om p o w d e r absorbers prepared a n d measured under s imi lar 
condit ions : granule sizes s ieved to the same range (—270, + 4 0 0 mesh) 
a n d measured w i t h the same source a n d same geometry. T h e s imi lar i ty 
of the resonance areas of these pyr i t e a n d marcasite absorbers is i l lustrated 
i n F i g u r e 1. 

T h e reported / -values of F e C 0 3 (48,49) are not i n agreement. A l s o , 
G o l d a n s k i i et a l . (49) find a signif icant angle dependence i n / f r o m 
natura l -minera l s ingle-crystal specimens, a n d the va lue of 0.47 g iven i n 
T a b l e I I I is the ir ca l cu lated average over several angles; they suggest 
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that i t shou ld be the / - va lue appropr iate to a po lycrysta l l ine absorber 
( 49 ) . N o t e that our use of / = 0.53 i n the analysis of a coa l conta in ing 
only F e C 0 3 ( B C coal , T a b l e I ) y i e l d e d a va lue for the i r on content of 
0.39 w t % compared to the c h e m i c a l result of 0.23 w t % . T h i s suggests 
that a larger / - va lue for F e C 0 3 m i g h t be appropr iate , bu t this requires 
further study. 

A b s o r b e r T e x t u r e a n d Spec t ra l Reso lu t i on . T h e existence of a 
" texture" or nonrandom orientat ion of i ron -conta in ing crystall ites i n a 
Mossbauer absorber c a n cause problems i n quant i tat ive analysis because 
of its effect on the transit ion probabi l i t ies q^ or the / -values / ; i n E q u a t i o n 
6. T h i s is at tr ibutable to the possible angle dependence of q{j i n the 
presence of magnet ic a n d quadrupo le hyperf ine interactions, or the pos
sible angle dependence of fj caused b y latt ice v i b r a t i o n a l anisotropy of 
i r o n sites of l o w symmetry (54-59). F o r example , a po lycrysta l l ine 
meta l l i c i r on f o i l w i t h nonrandom d o m a i n or ientat ion or a textured 
p o w d e r absorber of F e C 0 3 w i l l y i e l d a tota l resonance area that is 
different f r om that w i t h a r a n d o m d is t r ibut ion of domains or crystall ites 
( 5 5 , 5 7 ) . At tempts to generate r a n d o m l y or iented p o w d e r samples of 
F e C 0 3 have been most ly unsuccessful a n d have l e d to discrepancies 
regard ing interpretat ion of u n e q u a l l ine intensities (58,59). 

T h e poss ib i l i ty of effects of n o n r a n d o m or ientat ion of i ron -conta in ing 
crystall ites i n coa l Mossbauer absorbers should be considered i n v i e w of 
the inherent , h i g h l y textured nature of coal , par t i cu lar ly i f one is 
cons ider ing in - s i tu measurements of coal deposits or the study of b u l k 
( u n g r o u n d ) specimens. I n a recent experiment (51) i t was demonstrated 
that angle-dependent effects associated w i t h the quadrupo le resonance 
or the / - va lue of pyr i te are neg l ig ib le . T h i s result is use fu l i n that i t 
al lows one to obta in quant i tat ive in format ion f r om either of the two 
pyr i t e resonance lines (since q^ = q2j = 1 /2 w h e n / = pyr i t e i n E q u a 
t i on 6 ) , one of w h i c h is often obscured b y resonance f r o m other i r o n 
compounds i n the coal . I t also appears to va l idate the often used assump
t i on of equa l intensities for the pyr i t e lines i n computer decomposi t ion 
of asymmetr ic spectra due to o v e r l a p p i n g resonance l ines. H o w e v e r , 
even for perfect ly r a n d o m absorbers (no texture ) , the latter assumption 
for pyr i t e or any i ron-conta in ing c o m p o u n d exh ib i t ing a quadrupo le 
sp l i t t ing must be used w i t h caut ion i n quant i tat ive w o r k because of the 
inherent nonl inear i ty (saturat ion) of resonance area vs. effective thickness 
( E q u a t i o n 4 ) . T h i s p r o b l e m of spectral resolut ion c o m b i n e d w i t h 
thickness saturation has been po in ted out a n d i l lustrated before (60). 
A n accurate decomposi t ion of poor ly resolved coa l spectra c o u l d requ i re 
the use of the correct , but more compl i cated , transmission in tegra l 
expression for the l ine shape (60). A l t h o u g h w e have not yet explored 
the ir use, modif ications of the area expression used here ( E q u a t i o n 4 ) 
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are avai lable to account exactly for over lap of two lines separated b y 
some amount A (36) a n d to account approx imate ly for l ine broaden ing 
caused, for example, b y a smal l d i s t r ibut ion of isomer shifts or quadrupo le 
splitt ings ( 3 9 , 6 1 ) . 

Summary 

These investigations support the a b i l i t y of 5 7 F e Mossbauer spectros
c opy to prov ide values of p y r i t i c a n d n o n p y r i t i c i r on concentrat ion i n 
coals w h i c h are i n average agreement w i t h c h e m i c a l analysis values. 
H o w e v e r , the l imits of accuracy of the techniques cannot yet be estab
l i shed . T h i s is attr ibutable i n part to uncertainties i n bo th the c h e m i c a l 
m e t h o d a n d i n the interpretat ion of Mossbauer data . O f the several 
problems considered i n this work , absorber nonuni formi ty appears to us 
to be a major source of error. A n o t h e r is the present uncerta inty i n the 
recoilless fractions of the various i ron -conta in ing compounds i n coal a n d 
the pract i ce of assuming a single va lue of this parameter for a l l such 
species. T h e use of f ^ 0.5 to 0.6 b y us a n d others y ie lds reasonable 
agreement w i t h chemica l results. S u c h / -values should be regarded as 
useful , effective values a n d not true values u n t i l further systematic 
measurements are made. T h e treatment of granular i ty of pyr i te i n M o s s 
bauer absorbers as presented here indicates that the t rue / -va lue of pyr i t e 
c o u l d be substantial ly h igher than those presently i n use. W e do not 
advocate the use of this h igher value (/ = 0.80) u n t i l i t is substantiated 
b y other methods descr ibed i n the l i terature . O u r theoret ical granular i ty 
corrections are be ing i m p r o v e d a n d tested w i t h coals of k n o w n pyr i t e 
size distr ibutions. P a r a l l e l investigations are u n d e r w a y to define more 
prec ise ly the l imits of accuracy of the A S T M chemica l method a n d to 
del ineate special precautions regard ing mesh size a n d rank of coal . 
App l i ca t i ons of the quant i tat ive techniques deve loped here to other f u e l 
materials such as o i l shale are i n order. 

A l t h o u g h the Mossbauer resonance intensity method as descr ibed 
here w i l l certainly be laboratory-dependent , a n d also subject to g r a n u 
lar i ty corrections, our p r e l i m i n a r y findings indicate its possible u t i l i t y for 
fast, rout ine determinations of pyr i te i n coal . Correct ions for l ine over lap , 
data reduct ion based on ca l ibrat ion curves, a n d the exper imental 
manipulat ions associated w i t h this method are a l l amenable to automation . 
A l t h o u g h not yet constructed, a microcomputer - contro l led constant-
ve loc i ty system has been designed to select appropr iate velocities sequen
t ia l l y , route detector signals to various counters, record a n d reset the 
contents of the counters, t ime each operat ion, a n d process the data. 
W i t h this improvement , an analysis t i m e on the order of 1 m i n / s a m p l e 
appears feasible. 
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9 
Mössbauer Effect Study of Victorian Brown 

Coal 

J. D. CASHION and B. M A G U I R E 

Department of Physics, Monash University, Clayton, Victoria, 3168, Australia 

L . T. KISS 
Herman Research Laboratories, State Electricity Commission, 
Richmond, Victoria, 3121, Australia 

Mössbauer spectra using 57Fe were taken of low-rank, low
-sulfur brown coals from the Latrobe Valley, Victoria, 
Australia, having a typical water content of 67%. Spectra 
at 78 Κ on bed-moist samples showed at least six poorly 
resolved quadrupole split doublets, one due to pyrite and/or 
marcasite, and the others, which do not fit any known 
spectra, most probably due to different hydrolyzed iron 
carboxylates. Dried samples gave completely different spec
tra with generally one intense quadrupole split doublet and 
one or more relaxed magnetic splittings. The isomer shifts 
typically moved +0.1-0.2 mm s-1 on drying. However, the 
most dramatic change was an increase of nearly an order of 
magnitude in the absorption dip, showing that the water 
molecules are bonded intimately to the iron atoms in the 
bed-moist state. 

'Hphe p r i n c i p a l a i m of this invest igat ion was to determine the chemica l 
state or states of nonpyr i t i c i r o n i n various b r o w n coals f r o m the 

L a t r o b e V a l l e y i n V i c t o r i a , A u s t r a l i a . Samples were selected to cover the 
k n o w n variat ions f r om the field, w i t h concentrations of i r o n v a r y i n g f r om 
0.07 to 1.8% o n a d r y basis. 

T h e nature of any organica l ly b o u n d i r o n was of par t i cu lar interest. 
L e f e l h o c z et a l . ( I ) tentat ively assigned one of their i r o n spectra to 
organic i r o n , but this was subsequently determined to be a c lay site 
( 2 , 3 ) . Recent deta i l ed Môssbauer effect investigations (4,5,6,7) on 
coals f r o m the U . S . northeastern fields have not shown any evidence of 

0065-2393/81/0194-0209$05.00/0 
© 1981 American Chemical Society 
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organica l ly b o u n d i ron . Schafer (8 ) s tud ied the ox idat ion of carboxylates 
i n V i c t o r i a n b r o w n coal , but his report does not conta in any details of 
the Mossbauer spectra or parameters obta ined . 

T h e coals used i n this invest igat ion are of m u c h l ower rank ( 6 7 % 
carbon) than the U . S . coals that have been studied. T h e V i c t o r i a n coals 
are m u c h h igher i n pheno l i c a n d carboxyl i c func t i ona l groups a n d have 
a l o w sul fur concentrat ion ( < 0 . 4 % ) , w i t h a l o w l eve l of sul fur b e i n g 
present as pyr i t e or marcasite , F e S 2 . Poss ib ly the largest difference f r o m 
the U . S . samples is the h i g h water content of about 6 7 % as m i n e d , a n d 
care has been taken to ma inta in the samples i n this condi t ion . W h e n 
left open to the a ir , the coals r a p i d l y lose moisture d o w n to a concentra
t i on of about 1 5 % . Samples dr i ed be l ow this va lue read i ly absorb 
moisture w h e n exposed to the atmosphere. F o r the bed-moist samples, 
Mossbauer spectroscopy is one of the f ew techniques that can analyze 
the states of the i r on w i thout r e q u i r i n g d r y i n g , d issolut ion, or some other 
change to the sample. 

T h e water i n bed-moist coal is conta ined i n several different forms 
a n d a n approximate classification i n order of decreasing ease of r e m o v a l 
is ( 9 ) : free water i n macropores a n d interstices, capi l lar ies , a n d water 
on the wal l s of pores too smal l to have a meniscus. T h i s last type c a n be 
d i v i d e d further into mul t i l ayer a n d monolayer water , w i t h the monolayer 
water b e i n g b o n d e d to oxygen-conta in ing h y d r o p h i l i c sites on the coa l 
b y hydrogen bonds. Schafer (10) showed that carboxyl i c a c i d groups, 
par t i cu lar ly i n the salt f o rm, are the most signif icant h y d r o p h i l i c site, 
w i t h the F e 2 + salt be ing the most efficient, f o l l owed b y M g 2 + , C a 2 + , C u 2 + , 
B a 2 + , A l 3 + , F e 3 + , N a + , and K + i n order. T h e pheno l i c h y d r o x y l groups are 
less efficient than the carboxyl i c groups. 

Sample Preparation and Experimental Details 

T h e bed-moist samples were received i n a ir - t ight containers. A b s o r b 
ers were made by q u i c k l y scraping off the outer, s l ight ly ox id i zed a n d 
b lackened layers u n t i l a u n i f o r m b r o w n region was obta ined . T h i s was 
scraped into L u c i t e containers to a thickness of 1//* (where p is the 
atomic absorpt ion coefficient) of t yp i ca l l y 3-4 m m , a n d then sealed. T h e 
who le operat ion took approx imate ly 2 -3 m i n , a n d no b l a c k e n i n g of the 
coal was observed i n this t ime. Separate absorbers w e r e also made of 
some of the outer b lackened layers. 

O n e sample was rece ived i n an a lready ox id i zed f o rm a n d two 
samples h a d been crushed, d r i e d , a n d compressed into briquettes . These 
samples were a l l o w e d to r emain i n e q u i l i b r i u m w i t h the atmosphere. 

A l l the Mossbauer runs were taken w i t h a 5 7 C o R h source us ing a 
convent ional constant-acceleration dr ive w i t h data co l lect ion into either 
a 1024 or 512 channe l analyzer . A l l the samples were r u n at 78 K , w i t h 
some runs also be ing made at room temperature a n d at 4.2 K . C o u n t i n g 
t ime for the bed-moist samples was usual ly on the order of 1 week w i t h 
over 10 7 counts per channel . H o w e v e r , for most of these spectra this was 
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inadequate to resolve the m a n y smal l o v e r l a p p i n g l ines, so the n u m b e r 
of data points was reduced to 170 b y s u m m i n g the data i n groups of 
three adjacent channels . T h i s gave u p to 4 X 10 7 counts per channe l , 
corresponding to a s tandard dev iat ion of less than 0 . 0 2 % . C u r v e fitting 
was then carr ied out b y standard least-squares techniques us ing single 
L o r e n t z i a n l ines, or i n some cases, magnet ic - or quadrupo le - sp l i t spectra, 
where they c o u l d be used reasonably. 

A l ist of the samples s tudied together w i t h some of the ir re levant 
data are g iven i n T a b l e I . C h e m i c a l analysis ind i ca ted that only three of 
the samples conta ined detectable amounts of F e S 2 that c o u l d be i n the 
f o rm of either p y r i t e or marcasite . O u r spectra on these samples gave 
parameters that corresponded to pyr i t e , but w i t h the poor resolut ion 
obta ined w e w o u l d not ru le out the poss ib i l i ty of some marcasite as w e l l . 
Consequent ly , w e sha l l refer to the F e S 2 somewhat loosely as pyr i t e i n 
this chapter , but w i t h the interpretat ion that i t inc ludes the poss ib i l i ty 
of bo th p y r i t e a n d marcasite. 

T h e to ta l i r o n concentrations o n a d r y basis ranged f r o m 0.07 to 
1 .77%, but w e note that w i t h a 6 7 % water content, the effective i r o n 
concentrat ion is m u c h less. T h e p H of most of the d r i e d samples was 
not measured. T h e l a b e l i n g of the first six samples refers to the bore 
holes f r o m w h i c h they were taken. 

Bed-moist Samples. A t tempts to take spectra of these samples at 
room temperature resulted i n very s m a l l absorpt ion d ips f r o m w h i c h i t 
was diff icult to d iscern any structure. Consequent ly the major effort was 
p u t into l i q u i d n i trogen spectra, a l l of w h i c h gave at least five poor ly 

Results 

Table I. Details of the Coal Samples Examined 0 

Fe as Total 
FeS2 Fe 
(Dry (Dry 
Basis Basis 

Sample Form Depth (m) (%)) (%)) pH 

M 2 2 7 5 B e d - m o i s t 15.7-16.0 0.21 0.58 
L Y 1 2 8 0 B e d - m o i s t 24.6-25.0 0.00 0.07 
H1317 B e d - m o i s t 52.0-52.8 0.00 0.22 
N 3 3 7 2 B e d - m o i s t 54.7-55.0 0.00 0.34 
M 2 2 7 6 B e d - m o i s t 44.3-44.6 0.00 1.77 
C 9 2 P a r t i a l l y — 0.09 0.15 

3.6 
3.4 
5.1 
4.5 
4.6 
4.2 

dr i ed 
T o p - o x i d i z e d D r i e d 
# 1 5 B r i q u e t t e — 0.36 0.42 
# 1 9 B r i q u e t t e — 0.00 0.80 

* Dashes indicate that the information was neither known nor measured. Iroi 
concentrations are quoted on a dry basis. 
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Table II. Parameters of the Doublets Observed for the 
Bed-moist Samples at 78 K a 

jg Qg Percentage Absorption 

Site (mms-1) (mms'1) M2275 LY1280 H1S17 NSS72 M2276 C92 

1 +0 .15(4 ) 0.51(4) 60 67 62 37 33 43 
2 +0 .16 (6 ) 1.20(6) — — — 19 — 10 
3 +0 .21(6 ) 0.91(6) 11 — 9 19 — 18 
4 +0 .22 (2 ) 0.00(4) 22 25 21 19 18 14 
5 +0 .27(9 ) 1.25(9) — 8 — — 16 — 
6 +0 .38 (5 ) 0.61(5) 7 — — — — 8 

Single lines 
7 - 0 . 7 6 ( 6 ) — — — 7 — — 
8 - 0 . 2 1 ( 6 ) — — — — 17 — 
9 - 0 . 0 4 ( 6 ) — — — — 8 — 

10 +1 .02(6 ) — — 7 — 4 7 
11 +1 .37 (6 ) — — — — 5 — 

° The single lines probably belong to doublets whose other member has not been 
positively identified. Isomer shifts are relative to iron metal at room temperature 
and the quadrupole splitting is l/2e2qQ. The numbers in parentheses indicate the 
error in the last figure. 

resolved a n d over lapp ing lines i n the reg ion between —0.04 a n d + 0 . 0 9 
m m s"1 w i t h respect to i r on meta l . T h e dominant absorpt ion peak for 
each sample v a r i e d between 0.1 a n d 0 . 4 % , a n d peaks were ident i f ied 
d o w n to 0 . 0 3 % . T y p i c a l l inewidths ( F W H M ) w e r e about 0.32-0.35 m m 
s"1, w i t h only a f ew lines b e i n g signif icantly narrower t h a n this . 

T w o sets of peaks w e r e observed for a l l of the samples a n d dominated 
most of the spec tra—a quadrupo le - sp l i t doublet w i t h an isomer shift of 
+ 0 . 1 5 m m s"1 ( a l l shifts w i l l be quoted w i t h respect to i r o n at room 
temperature ) a n d a sp l i t t ing of 0.51 m m s' 1 , a n d a s ingle- l ine or poss ib ly 
a n unreso lved quadrupo le - sp l i t doublet at +0 .22 m m s"1. A to ta l of five 
quadrupo le -sp l i t doublets w e r e ident i f ied , a n d the ir parameters are g iven 
i n T a b l e I I together w i t h details of the samples for w h i c h they were 
observed. T h e percentage absorpt ion values g iven are the f ract ion of the 
tota l absorpt ion present i n that resonance. Sample inhomogeneit ies i n 
evitable i n the smal l samples used i n Mossbauer spectroscopy c a n alter 
these numbers cons iderably so that their accuracy is cer ta in ly not better 
t h a n ± 1 0 % . 

I n add i t i on , T a b l e I I lists several other lines that are u n d o u b t e d l y 
the u n m a t c h e d halves of further doublets , b u t whose other ha l f is either 
super imposed o n a stronger l ine or h i d d e n i n the w ings . A p p a r e n t l y there 
are no strong peaks at larger velocit ies as w o u l d be the case if , for 
example , h i g h - s p i n F e 2 + were present, b u t some spectra d i d show either 
very weak peaks or re laxat ion effects. F u r t h e r spectra, pre ferably at 4.2 
K , are r e q u i r e d to resolve this . 
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F i g u r e 1 shows spectra of four of the samples, a n d the di f fer ing a n d 
general ly poor resolut ion can be seen c lear ly . T h e n u m b e r of channels 
after f o l d i n g has been reduced to 170 for a l l of these spectra. I n F i g u r e s 
l a a n d b w e see two of the characterist ic spectra f r o m M 2 2 7 5 a n d L Y 1 2 8 0 
dominated b y the three peaks ment ioned earl ier . T h e spectrum of H 1 3 1 7 
is s imi lar to these two . F i g u r e l c shows the spectrum of N3372 w h i c h 
h a d the poorest resolut ion of a l l the samples s tudied , w h i l e F i g u r e I d 
shows the spectrum of M 2 2 7 6 w h i c h contains more t h a n three t imes the 
i r o n concentrat ion of any of the other samples. T h i s larger i r o n concen-

_ l I I I I I L 
- 1 2 - 0 8 - 0 4 0 0 4 0 8 12 

VELOCITY (mm s-1) 

Figure 1. Mossbauer spectra of bed-moist samples of (a) M227S (b) 
LY1280, (c) N3372, and (d) M2276 taken at 78 K (note the different ver

tical scales for each spectrum) 
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t rat ion is k n o w n to alter the types of i r o n compounds f ormed as w i l l be 
discussed i n the next section. 

D r i e d Samples. Sample C 9 2 showed a spec trum s imi lar to those of 
the bed-moist samples a n d is i n c l u d e d w i t h t h e m i n T a b l e I I . Its spec
t r u m is intermediate between those shown i n F i g u r e s l b a n d c. H o w e v e r , 
the top o x i d i z e d sample ( F i g u r e 2 ) showed a complete ly different spec
t r u m w i t h a m u c h larger recoilless fract ion. T h i s was characterist ic of 
most of the d r i e d samples w h i c h general ly h a d an intense centra l doublet 
a n d a weaker contr ibut i on f r om one or more hyperf ine fields, the latter 
usua l ly s h o w i n g signs of e lectronic re laxat ion. 

I n an effort to shed some l ight on the m a r k e d difference between the 
spectra of the bed-moist a n d d r i e d samples, w e ran an absorber made f r o m 
the outer b lackened section of the M 2 2 7 6 sample w h i c h h a d s h o w n the 
largest previous d i p of 0 . 4 % . T h e difference between this spectrum 
( F i g u r e 3) a n d the bed-moist spectrum ( F i g u r e I d ) was start l ing. T h e 
m a x i m u m percentage effect h a d increased b y almost a factor of ten to 
3 . 5 % a n d the outer wings n o w showed strong evidence of electronic 
re laxat ion effects. C l e a r l y the water molecules h a d been in t imate ly 
b o n d e d to the i r o n atoms to produce such a large change, a n d this w i l l 
be discussed further i n the next section. 

T h e br iquet ted samples showed spectra s imi lar to each other, con 
sist ing of a very intense doublet ( 4 % d i p ) , a n d relaxation effects corre
spond ing to a magnet ic hyperf ine sp l i t t ing . Sample 15 also h a d a large 

1 0 0 

£ 9 8 -

9 6 -

-12 - 4 0 4 

mm/s 

1 1 12 

Figure 2. Mossbauer spectrum of the top-oxidized sample taken at78K 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

00
9

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



9. C A S H I O N E T A L . Victorian Brown Coal 215 

Figure 3. Mossbauer spectrum taken at 78 K of a sample of M2276 
which had been slightly oxidized on exposure to the air 

a d d i t i o n a l l ine of intens i ty 1 % at + 2 . 7 m m s"1 c l ear ly associated w i t h 
another l ine near zero ve loc i ty super imposed on the m a i n doublet . T h e 
observed parameters for a l l o f these samples are g iven i n T a b l e III. 

T a b l e I I I . P a r a i 

Temp 
Sample (K) 

# 1 5 300 

# 2 9 300 

D r i e d 78 
M 2 2 7 6 

T o p - o x i - 78 
d ized 

P a r t i a l l y 300 
dr ied 
c leaned 
coal 

O b s e r v e d f o r the 

IS QS 
(mm s'1) (mm s'1) 

0.34(4) 0.45(4) 
1.3(1) 2.8(1) 
0.3(2) 
0.35(4) 0.60(4) 
0.3(2) 
0.51(4) 0.78(4) 
0.4(2) 
0.6(3) 
0.57(3) 0.32(3) 
0.4(2) - 0 . 5 ( 2 ) 
0.5(1) - 0 . 5 ( 1 ) 
0.3(3) 
0.20(4) 0.40(4) 
0.31(4) 0.62(4) 
0.46(2) 0.89(3) 
0.48(3) 0.96(5) 

D r i e d C o a l Samples* 

Absorp
Hyperfine tion 
Field (T) (%) 

0 54 
0 8 

p r o b a b l y ~ 3 3 38 
0 30 

34(4) 70 
0 30 

43(2) ) 7 0 
55(2) i /U 

0 36 
33(4) 9 
48(1) 35 
55(3) 20 

0 
0 
0 
0 

• Values marked (*) could not be determined but are not necessarily zero. For 
other explanations, see Table II. 
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Interpretations and Discussion 

C h e m i c a l measurements o n L a t r o b e V a l l e y coals have s h o w n (8) 
that, at l o w concentrations, the nonpyr i t i c i r o n is usua l ly present as l o w -
sp in i r on ( I I ) b o n d e d to carboxylates, b u t at h igher concentrations, oxy-
hydroxides m a y start f o rming . I t was expected that Sample M 2 2 7 6 was 
the on ly one to be i n this regime. 

It was assumed i n i t i a l l y that the spectra of our coals shou ld closely 
resemble those f r o m the U . S . coals, so assignment of the peaks c o m 
m e n c e d b y cons ider ing b o t h the parameters obta ined there ( 4 , 5 , 6 , 7 ) 
a n d data on oxides a n d hydrox ides (11) a n d clays ( 1 2 ) . T h e on ly site 
i n T a b l e I I that def initely c o u l d be assigned on this basis was Site 6, 
w h i c h is c l ear ly at tr ibutable to pyr i t e . Its observation i n Samples M 2 2 7 5 
a n d C 9 2 correlated w i t h the i n i t i a l c h e m i c a l analyses carr i ed out at the 
H e r m a n Research Laborator ies , a l though our quant i tat ive va lue is m u c h 
l ower presumably because of a n inhomogeneous d i s t r ibut i on . 

Sites 1-5 c o u l d not be assigned to any of more t h a n 50 compounds 
considered, a n d this i n d i c a t e d either n e w types of i r o n compounds such 
as organica l ly b o n d e d i r o n or a l terat ion of the parameters f rom k n o w n 
compounds resu l t ing f r om the h i g h water content. Site 4 c o u l d correspond 
to F e 3 + i n a symmetr i c e lectronic environment or perhaps chalcopyr i te 
( C u , F e ) S 2 , a l though this c o m p o u n d c o m m o n l y produces a magnet i ca l ly 
spl i t spectrum at 78 K . O n e organica l ly b o n d e d c o m p o u n d of the former 
type that has the same parameters is h y d r a t e d ferr ic oxalate, ( C 2 0 4 ) 3 
F e 2 • 5 H 2 0 . 

T h e r e m a i n i n g sites do not correlate w i t h k n o w n parameters for other 
carboxylates, a l though most h y d r o l y z e d iron(III ) carboxylates have isomer 
shifts of 0.2-0.5 m m s"*1 a n d q u a d r u p o l e spl itt ings of 0.2-1.0 m m s"1 (see, 
e.g., Refs . 13-20). T h e parameters for these sites also cover the reg ion of 
l ow-sp in i r o n ( I I ) compounds . W e be l ieve that a l l of these sites corre
spond to organica l ly b o n d e d i r o n a n d that the h i g h moisture content a n d 
m u l t i p l i c i t y of different l igands are a l ter ing parameters f r o m the p r e v i 
ously observed values for these compounds . T h i s bel ie f is supported b y 
measurements that w e have carr i ed out on a separate project i n v o l v i n g 
catalyt ic hydrogenat ion of some L a t r o b e V a l l e y coals that have been 
d r i e d , crushed to —60 mesh, a n d floated w i t h C C 1 4 to remove most of the 
m i n e r a l matter (21). I n a d d i t i o n to the pyr i t e peaks at an isomer shift of 
+ 0 . 3 1 ( 4 ) m m s"1 a n d a q u a d r u p o l e sp l i t t ing of 0 .62(4) m m s"1, these 
coals showed three other doublets w h i c h are also l i s ted at the bot tom of 
T a b l e I I I a n d no evidence of Sites 1-5 i n T a b l e I I . T y p i c a l absorpt ion 
dips were about 3 % , but the l inewidths w e r e broader than the bed-moist 
samples, be ing between 0.35-0.50 m m s' 1 . 

T h e characterist ic s ix -coordinated b o n d i n g of i r o n p r o b a b l y al lows 
considerable compet i t i on between water a n d carboxylate l igands. T h e 
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changes observed between the spectra of bed-moist a n d d r i e d M 2 2 7 6 
also ind i cate that the water must be in t imate ly b o n d e d to the i r o n . T h e 
change of a n order of magni tude i n the D e b y e - W a l l e r factor for a 14-keV 
g a m m a ray is total ly unexpected a n d shows that the i r o n environment i n 
the bed-moist coals must be dec ided ly "s loppy . " 

T h e quadrupo le - sp l i t doublets of the d r i e d samples are a l l shi fted to 
more pos i t ive isomer shifts than those of the bed-moist samples. T h i s 
t rend is also ev ident f r o m the other project measurements. H o w e v e r , 
ass igning the peaks is again diff icult w i t h organica l ly b o n d e d i r on p r o b 
ab ly p r o d u c i n g the intense central doublets i n the spectra f r om Samples 
15 a n d 29. T h e doublet w i t h the sp l i t t ing of 2.8 m m s"1 i n Sample 15 is 
at tr ibutable to szomolnokite , F e S 0 4 • H 2 0 ar i s ing f r om ox idat ion of the 
sulfide. N o t e that the prominent doublet i n the ox id i zed M 2 2 7 6 spectrum 
does not correspond to any of the doublets i n the o r i g i n a l sample. 

F o u r values of hyperf ine field c o u l d be d iscerned i n the re laxed wings 
of these samples, w i t h only the top -ox id ized sample g i v i n g any c lean 
spl i tt ings. I n Sample 15, the d i p was so weak a n d relaxation sufficiently 
fast that the field va lue is on ly an estimate, but Sample 29 showed a 
m a x i m u m value of 34 T . T h e o x i d i z e d M 2 2 7 6 showed spl itt ings out to 
5 5 T w h i l e the top ox id i zed sample showed three fields of 33 T , 48 T , a n d 
55 T , w i t h the 48 -T field be ing w e l l resolved ( F i g u r e 2 ) . W e bel ieve 
that the 48-T field results f rom geothite, a - F e O O H , w i t h a smal l part i c le 
size, s imi lar to that observed b y G o o d m a n and B e r r o w (22) i n their s tudy 
of Scott ish peats. T h e c r i t i ca l size for superparamagnet ism i n « - F e O O H is 
about 4 n m , a n d x-ray di f fraction measurements are consistent w i t h the 
conjecture of smal l part i c le sizes. T h e 55-T field is p r o b a b l y at tr ibutable 
to hematite , a - F e 2 0 3 , a l though l i q u i d h e l i u m experiments are r e q u i r e d 
to ru le out magnetite , F e 3 0 4 . T h e 33-T field p r o b a b l y results f r o m t r i -
valent i r on b o n d e d to organic mater ia l , w i t h the i r o n - i r o n separation 
b e i n g the r ight distance to g ive re laxat ion effects at l i q u i d n i trogen t e m 
peratures. Surpr i s ing ly , a spectrum of the o x i d i z e d M 2 2 7 6 sample taken 
at 4.2 K fa i l ed to show any sharpening of the re laxat ion. 

Conclusions 

T h e i n i t i a l a i m of this project was to investigate the usefulness of 
Mossbauer spectroscopy for character iz ing coals i n the bed-moist c o n d i 
t ion . T h e results show a c lear ly observable difference between the sample 
expected to conta in oxyhydroxides a n d those lower i n i r o n w h i c h on ly 
contain carboxylates. T h e spectra observed are m a r k e d l y different f r o m 
those obta ined on h igher -rank U . S . coals for w h i c h only in format ion o n 
minerals a n d clays has been obta ined . 

T h e d r y i n g of the coal a l tered the observed Mossbauer spectrum 
complete ly , increas ing bo th the D e b y e - W a l l e r factor a n d the isomer 
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shift. These changes are consistent w i t h a change f r om a lab i l e , loosely 
b o u n d environment to a t ight ly constrained site. 

T h e enormity of the change b o t h i n the shape of the spectrum a n d 
the size of the D e b y e - W a l l e r factor w h e n the coa l is d r i e d opens u p the 
poss ib i l i ty to study o n a microscopic scale the poor ly understood process 
of the d r y i n g of coal . C h e m i c a l measurements usua l ly determine to ta l 
water content or changes i n water content, a n d as p o i n t e d out b y A l l a r d i c e 
a n d E v a n s ( 9 ) , care must be taken not to confuse thermal release of 
chemica l l y c o m b i n e d water w i t h accelerated di f fusion of water out of 
micropores because of a n increase i n temperature. W i t h i r o n carboxylates 
b e i n g the most act ive h y d r o p h i l i c site, i t appears that Mossbauer spec
troscopy is w e l l p l a c e d to investigate selectively at least one of the 
different varieties of b o u n d water . 

F u r t h e r experiments at l i q u i d h e l i u m temperatures a n d i n a p p l i e d 
magnet i c fields are r e q u i r e d to a i d i n the interpretat ion of the bed-moist 
spectra a n d to conf irm the assignments of the magnet i ca l ly spl i t spectra. 
A n o t h e r possible extension of this w o r k w o u l d be a study of the changes 
i n the coa l d u r i n g the b r i q u e t t i n g process. 
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10 
Qualitative and Quantitative Analysis of 

Iron-Bearing Minerals in Fossil Fuels and 

Petroleum Source Rock by Iron-57 

Mössbauer Spectroscopy 

R. E . KARL1 and J. J. Z U C K E R M A N 

Department of Chemistry, University of Oklahoma, Norman, O K 73019 

The Mössbauer techniques described here have important 
advantages over current methods for analyzing coal and 
petroleum source rock. During the first stage of analysis, 
the iron-containing minerals are identified by comparing 
the line positions with values for pure mineral samples. In 
the second stage, absorption intensities are used to deter
mine relative amounts of mineral, and in the final step, 
absolute amounts of the mineral iron in the sample are 
found. In oil shales, four iron-containing minerals are 
predominant: pyrite, dolomite, siderite, and illite. The 
results are related to those from x-ray diffraction analysis 
where the correspondence is not always complete. 

n y spectroscopic method is intr ins i ca l ly capable of y i e l d i n g only three 
types of in f o rmat i on : (1 ) i d e n t i t y — o n the basis that i d e n t i c a l sys

tems behave i n a n i d e n t i c a l w a y ; (2 ) p u r i t y , or the composi t ion of a 
p h y s i c a l m i x t u r e — o n the basis that p h y s i c a l m i x i n g does not alter spectro
scopic propert ies ; a n d (3 ) in format ion concern ing structure, bond ing , a n d 
the forces between molecules. I t is a strange commentary that the a p p l i 
cat ion of Mossbauer spectroscopy to the first two of this l ist of three 
possibi l i t ies has come rather late, for these ana ly t i ca l appl icat ions w o u l d 

1 Current address: Degussa Hanau, Postfach 1351, 6540 Hanau 1, West Germany. 

0065-2393/81 /0194-0221$06.25/0 
© 1981 American Chemical Society 
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seem to be the most s imple a n d s tra ight forward , b u t interest i n the sys-
tematics of chemica l a n d minera log i ca l analysis b y Mossbauer spectros
copy is deve lop ing on ly now. 

Mossbauer Spectroscopy 

T h e Mossbauer effect is idea l ly suited, a m o n g spectroscopic t e ch 
niques , for analysis because of the h i g h energy of its exc i t ing l ine , w h i c h 
is expressed i n w a v e numbers ( c m - 1 ) i n T a b l e I , for easy comparison . 
T h e penetrat ing nature of the g a m m a rays makes Mossbauer spectroscopy 
effective for situations i n w h i c h the materials to be ana lyzed are i n a 
d i lute matr ix , such as rock or coal , w h i c h w i l l be large ly transparent to 
the exc i t ing g a m m a ray. These a n d other advantages of u s i n g the M o s s 
bauer effect to analyze i r on minerals are l is ted i n T a b l e I I . 

T h e Mossbauer effect was discovered i n 1957, a n d its pr inc ip les have 
been descr ibed i n a n u m b e r of excellent texts ( 1 , 2 , 3 ) , i n c l u d i n g its 
more recent appl icat ions to geology a n d minera logy ( 1 , 4 , 5 ) . T h e r m a l 
(6) a n d magnet ic (7 ) methods, scanning electron microscopy (8), 
x-ray p o w d e r di f fract ion (9-12), a n d in f rared spectroscopy (13) have 
been a p p l i e d to the detect ion a n d analysis of the m i n e r a l components of 
coal , bu t the Mossbauer method has some u n i q u e advantages not f o u n d 
i n other techniques. H o w e v e r , there are also f o rmidab le t e chn i ca l p r o b 
lems that w i l l need to be overcome. 

U s i n g the Mossbauer technique for analysis, no preconcentrat ion or 
c h e m i c a l treatment steps are necessary, w i t h their attendant possible 
alterat ion of c h e m i c a l state or environment . T h e exc i t ing l ine i n 5 7 F e 
Mossbauer spectroscopy is a g a m m a ray of 14.4-keV energy to w h i c h 

Table I. Spectroscopic Energies 

Spectroscopy 

X - r a y : inner electronic states ^ 

Photoe lec tron : electronic states / 

V i s i b l e - u l t r a v i o l e t : valence electronic states 

I n f r a r e d - R a m a n : v i b r a t i o n a l states 

M i c r o w a v e : ro ta t i ona l states 

E l e c t r o n sp in resonance: electron s p i n states i n a m a g 
netic field 

N u c l e a r magnetic resonance: nuclear sp in states i n a 
magnetic field 

M o s s b a u e r : nuc lear states 

Typical Energy of 
Radiation (cm'1) 

10,000,000 

10,000 

1,000 

10 

0.1 

0.001 

100,000,000 
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Table II. Mossbauer Spectroscopy in the Analysis of Iron Minerals 

N o preconcentration or chemical t reatment 
Carbonaceous and rock m a t r i x t ransparent to the exc i t ing l ine (14.4-

k e V ) gamma r a y 
A p p l i c a b l e to c rys ta l l ine or amorphous solids 
M e t h o d sensitive to t i n y amounts of i r o n 
N o isotopic enrichment 
H i g h specific a c t i v i t y 5 7 F e M o s s b a u e r sources a v a i l a b l e 
H i g h count rate spectrometers ava i lab l e 
S m a l l quant i t ies of sample 
M i n e r a l of greatest interest, p y r i t e , has an intense a n d s imple doublet 

spectrum 

the carbonaceous coa l or coa l process p r o d u c t matr ix w i l l be transparent. 
T h e r e is no requirement for c rysta l l in i ty , a n d i r o n i n amorphous solids 
resonates as w e l l . I n techniques based u p o n x-ray di f fract ion, o n the 
other h a n d , crystall ites of size < 200 n m give diffuse l ines, a n d crystall ites 
< 100 n m i n diameter give no pat tern at a l l d u r i n g reasonable co l lect ion 
times. T h e 5 7 F e n u c l i d e is the most easily s tudied , a n d has the most 
extensive Mossbauer l i terature ( 1 - 5 ) . P o w e r f u l 5 7 F e gamma-ray sources 
of h i g h specific ac t iv i ty are ava i lab le commerc ia l l y at reasonable costs, 
a n d spectra can be deve loped r a p i d l y us ing recent ly deve loped h i g h 
count rate spectrometers. M o d e r n Mossbauer instrumentat ion c a n be 
secured at very reasonable costs c ompared w i t h the corresponding costs 
for in f rared or nuc lear magnet i c resonance spectrometers. These advanced 
instruments a n d data reduct ion methods have made results more re l iab le . 
T h e technique is u n i q u e l y sensitive to sma l l amounts of i r o n i n large 
amounts of matr ix mater ia l such as coal . P y r i t e ( c u b i c F e S 2 ) , w i t h a n 
intense a n d character ist ical ly s imple doublet spectrum, is par t i cu lar ly 
easy to detect a n d analyze . 

T h e parameters of interest are : 

1. the isomer shift ( I S ) w h i c h reflects the electron density at 
the i r o n nucleus ; 

2. the quadrupo le sp l i t t ing ( Q S ) i n w h i c h the separation of 
the doublet peaks is a func t i on of the site symmetry at the 
i r o n nucleus; 

3. the Zeeman (magnet i c ) sp l i t t ing to a s ix - l ine pat te rn w i t h 
3 :2 :1 :1 :2 :3 intensity f r o m w h i c h the magnet i c field at the 
i r o n nucleus can be ca l cu lated ; a n d 

4. the area under the resonance absorpt ion w h i c h is re lated 
to the n u m b e r of i r o n atoms present a n d to the tightness of 
their b i n d i n g into the latt ice . 

Q u a d r u p o l e sp l i t t ing values often v a r y strongly w i t h temperature , a i d i n g 
spectral l ine assignments i n complex , o v e r l a p p i n g spectra. M a g n e t i c 
interactions can be strongly enhanced at r e d u c e d temperatures, or 
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e l iminated above the C u r i e or N e e l temperature , aga in a i d i n g assignment. 
A s i n other forms of spectroscopy, fingerprint spectra can ident i fy 
par t i cu lar species present. I ron ( I I ) to i r o n ( I I I ) ratios are general ly 
easier to obta in than w i t h t rad i t i ona l w e t chemica l methods, a n d accurate 
w e i g h t percentages can be de termined (1,4,5). 

T h e Mossbauer parameters for most of the i r o n - s u l f u r minerals a n d 
compounds l i k e l y to be f o u n d i n coals a n d petro leum source rock a lready 
have been obta ined . I ron pyr i t e and marcasite y i e l d doublet spectra, 
w h i l e the spectra of the other i r on sulfides are magnet i ca l ly spl i t at 
r oom temperature . I ron meta l itself a n d m a n y of its oxides, hydroxides , 
carbides , etc., g ive ambient temperature magnet i c spectra, but i r on ( I I ) 
i n c lay minerals a n d sulfates a n d their hydrates gives s imple double t 
spectra. T h e data i n the l i terature are scattered, w i t h some d a t i n g f r o m 
the 1960's just after the Mossbauer effect was first s tudied . T h e r e are 
differences outside of the exper imental errors assigned to the n u m e r i c a l 
data among laboratories, a n d there are several cases of more serious 
discrepancies i n the general appearance of the spectra reported for the 
same mater ia l . T h e authent ic i ty a n d p u r i t y of the na tura l m i n e r a l 
samples examined is obv ious ly i n quest ion i n several cases, a n d the data 
taken before a decade ago shou ld be r e r u n us ing a m o d e r n spectrometer 
w i t h up-to-date ca l ibrat ion a n d computat ion techniques. 

Current Analytical Methods 

T h e qual i tat ive analysis of coal a n d pe t ro leum source rock general ly 
employs the x-ray p o w d e r di f fract ion ( X R D ) technique (9 -12 ) i n w h i c h 
complex pattern recogni t ion is c r u c i a l to re l iab le detect ion. Quant i ta t ive 
analysis relies u p o n careful measurement of X R D peak heights i n w h o l e 
rock analysis , w h i c h has p r o v e d notoriously diff icult to do. T h e current 
A m e r i c a n Society for Tes t ing a n d M a t e r i a l s ( A S T M ) method for the 
determinat ion of sul fur i n coa l (14) is based u p o n a w e t chemica l 
procedure (15) i n w h i c h tota l sul fur a n d only two of its three forms, 
sulfate a n d p y r i t i c , are determined . T h e t h i r d f o r m , organic sul fur is 
ca l cu lated b y difference: 

Organic S = T o t a l S - (Sulfate S + P y r i t i c S) 

T h e sulfate a n d p y r i t i c sul fur together are k n o w n as m i n e r a l sul fur (16, 
17,18), w h i c h is b o u n d predominant ly to i ron . T h e H C l - s o l u b l e i r o n 
sulfates are separated f r om the H N 0 3 - s o l u b l e i r on sulfides i n p u l v e r i z e d 
a n d sieved coa l samples. 
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T h e A S T M method of analysis , a l though based u p o n t h e r m o d y n a m i c 
pr inc ip les , is i n fact contro l led b y k inet i c factors. Several k n o w n effects 
c a n contr ibute to systematic errors i n the results. F i r s t , sma l l crystall ites 
of the m i n e r a l sul fur forms m a y be complete ly encapsulated i n the 
carbonaceous mater ia l w i t h i n s ieved (250 /mi ) pieces, a n d thus survive 
b o t h the H C I - a n d H N 0 3 - d i g e s t i o n stages ( 1 9 - 2 2 ) . T h e carbonaceous 
environment of these crystall ites is combust ib le , a n d the ir sul fur content 
w o u l d contr ibute to the tota l sul fur analysis, b u t not to the m i n e r a l sul fur 
content. T h u s the net effect is to overestimate the organic sul fur content. 
Second, i r on minerals a n d compounds other than p y r i t e itself m a y r e m a i n 
b e h i n d as inso luble residues f r o m the H C I treatment. T h e i r sul fur 
content is l i k e l y to be less than that of F e S 2 , but the ir i r o n contr ibut ion 
is ca l cu lated as though it w e r e der ived f rom a mater ia l of the compos i t ion 
F e S 2 . I n add i t i on , finely d i v i d e d F e S 2 , especial ly i n the more react ive 
or thorhombic marcasite f o rm, m a y i n fact dissolve d u r i n g the H C I treat
ment to l iberate H 2 S a n d not be reported as m i n e r a l sulfur. T h e sulfate 
sul fur present may , i n any case, have been der ived on ly f r om the 
ox idat ion of less stable or surface forms of pyr i te d u r i n g the weather ing 
of m i n e d coal i n storage or transport , or even d u r i n g the g r i n d i n g a n d 
h a n d l i n g steps i n the laboratory , a n d m a y not be a n intr ins i c component 
of the r a w coal . P e r f o r m i n g the H C I - a n d H N 0 3 - d i g e s t i o n s s imultane
ously on different coal samples, rather than sequential ly , can actual ly 
y i e l d negative results for p y r i t e (23). E r r o r s i n the p y r i t i c or sulfate 
determinations w i l l accumulate i n the organic sulfur ca l cu lat ion for w h i c h 
no re l iable independent method of analysis exists (15). 

T h e determinat ion of the sul fur content of coals (24) has increased 
i n importance i n recent years, a n d is a concern of bo th the coa l -produc ing 
industries a n d governmenta l r egu la t ing a n d energy agencies. Ana lys i s 
for inorganic or m i n e r a l sul fur forms d i rec t ly t h r o u g h the app l i ca t i on of 
5 7 F e Mossbauer spectroscopy to i ron -conta in ing minerals i n coals c o u l d 
replace the current , we t - chemica l A S T M method w i t h a sensitive, a c cu 
rate spectroscopic technique . It is capable not only of p r o v i d i n g q u a n t i 
tat ive data on the total amounts of i r o n - s u l f u r minerals present i n coals 
a n d coa l process products , but of i dent i f y ing a n d de te rmin ing quant i ta 
t ive ly the relat ive amounts of the i n d i v i d u a l i r o n - s u l f u r minerals present. 
A l m o s t a l l the m i n e r a l sul fur is present as F e S 2 i n the f o rm of pyr i t e or 
its less stable d i m o r p h , marcasite . M u c h of the remainder consists of 
var ious ly h y d r a t e d forms of F e S 0 4 (16,17,18,24). A re l iab le , di f ferential 
ana ly t i ca l method for these two types of i r o n - s u l f u r minerals w o u l d itself 
constitute a significant improvement over w h a t is current ly avai lable . 

I n add i t i on , quant i tat ive determinat ion of the m i n e r a l assemblage 
a n d i r o n par t i t i on ing i n o i l shales is important for the inf luence these 
materials have on the retort ing characteristics of the shale (25,26,27). 
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Mossbauer Spectra of Coals and Coal Process Products 

T h e Mossbauer spectra of coals a n d coa l products were first recorded 
i n 1967 ( 2 8 ) , a n d recently interest has rev ived , bo th here (29-37) a n d i n 
the Soviet U n i o n (38). T h e p u b l i s h e d data are b o t h scattered a n d sparse, 
b u t i n c l u d e ambient temperature spectra of s ieved r a w coa l (28,29,38), 
v i t r a i n a n d fusa in samples of ranks f r o m l igni te to anthracite (28), a n d 
cryogenic spectra of h i g h - a n d l ow-pyr i t e - content coals (31). I n a d d i t i o n , 
da ta for heat-treated coals ( 2 9 ) , the residues f r o m the low-temperature 
ash ing process (31), are avai lable . T h e i r o n ( I I ) / i r o n ( I I I ) ratios i n 
p y r i t e ores also have been determined (40), a long w i t h i r o n i n the 
A t h a b a s c a tar sands (41) a n d i r o n par t i t i on ing i n o i l shale (42). 

T h e in format ion f r o m the studies o n coa l p u b l i s h e d so far confirms 
that F e S 2 , e i ther i n the f o r m of pyr i t e or marcasite , is b y far the 
predominant i r o n - s u l f u r m i n e r a l i n coa l , a n d that the i r o n ( I I ) sulfate 
hydrates can be d is t inguished f r o m F e S 2 i n ox id i zed a n d weathered coa l 
samples ( 2 8 ) . I t is c l a i m e d that some (ca . 2 0 % ) of the F e S 2 is r e m o v e d 
d u r i n g the H C l - d i g e s t i o n stage of the current A S T M procedure , a n d 
that sma l l amounts (ca . 5 % ) of a n i ron -bear ing species that is p r o b a b l y 
F e S 2 r e m a i n b e h i n d after H N 0 3 - d i g e s t i o n (32,33,34). 

Technical Problems 

T h e r e are several p rac t i ca l problems that have to be solved before 
Mossbauer spectroscopy can be a p p l i e d i n a rout ine w a y to the analysis 
of i r o n minerals i n coal a n d pe t ro leum source rock. Some of these are 
associated w i t h the spectroscopic method itself , w h i l e others arise because 
of the nature of the i r o n minerals a n d the materials i n w h i c h they 
are f ound . 

Coal. C o a l is an a i r - a n d moisture-sensit ive m a t e r i a l whose m i n e r a l 
compos i t ion begins to change once i t is d u g . W e a t h e r e d coa l w i l l g ive 
different results f r o m fresh, d r y samples protected f r om the atmosphere 
a n d water . W h a t is t e rmed coa l embraces an enormous n u m b e r of 
mater ia ls , w i t h different m i n e r a l composit ions a n d contents. T h u s , gen
era l i z ing results f r o m one coa l to another w i l l be hazardous , a n d the 
dif f iculty of choosing representative samples for s tudy f rom a mass of 
heterogeneous mater ia l w i l l have to be addressed careful ly . 

Iron-Sulfur Minerals. M i n e r a l samples have been w r o n g l y i d e n t i 
fied b y opt i ca l means i n large numbers of c i ted cases, a n d Mossbauer 
spectra for mis labe led i r o n - s u l f u r minerals are scattered throughout the 
l i terature . T h e densities of pyr i t e a n d the other i r o n - s u l f u r minerals of 
interest are m u c h greater than those of the carbonaceous materials that 
m a k e u p the ir matr ix , a n d there c o u l d be sett l ing a n d loss d u r i n g 
sampl ing . T h e most important of these minerals , F e S 2 , is also m u c h 
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harder than coal itself a n d m a y be lost systematical ly d u r i n g g r i n d i n g , 
r i f f l ing, a n d s ieving. F e S 2 , especial ly i n its more react ive marcasite 
d i m o r p h i c f o rm, is rather easily ox id i zed i n moist a ir to i r o n ( I I ) a n d 
i r on ( I I I ) sulfates i n different h y d r a t e d phases (17,43). A l t h o u g h usua l ly 
absent i n fresh coals, sulfate sul fur can become abundant i n weathered 
coa l samples. T h e amount of sulfate sul fur reported i n the c h e m i c a l 
analyses of m a n y coals is mere ly a func t i on of the t ime since co l lect ion of 
the fresh mater ia l , a n d the manner i n w h i c h i t was stored a n d h a n d l e d 
(17). Mossbauer spectroscopy has been used i n the Soviet U n i o n to 
f o l l ow the changes i n pyr i t e on flotation (44) a n d fine g r i n d i n g (45,46). 
T h e advanced stages of ox idat ion produce the thermodynamica l l y more 
stable i r o n oxides. I n add i t i on , i r o n i n coa l has been f o u n d as the 
nonsul fur - conta in ing siderite ( F e C 0 3 ) a n d ankerite ( 2 C a C 0 3 • M g C 0 3 • 
F e C 0 3 ) as w e l l as i n m a n y c lay minerals ; sul fur m a y be present as the 
non i ron sulfide minerals galena ( P b S ) a n d sphalerite ( Z n S ) as w e l l as 
the sulfate minerals g y p s u m ( C a S 0 4 • 2 H 2 0 ) a n d barite ( B a S 0 4 ) (16, 
17,18). O f course, on ly the i ron -bear ing materials can be detected b y 
the Mossbauer effect. 

The Mossbauer Technique. W h i l e the Mossbauer spectra of coals 
(28) a n d other n a t u r a l minerals (1-5) w e r e recorded i n the last decade, 
reach ing the goal of deve lop ing a method for quant i tat ive analysis a n d 
the a b i l i t y to ident i fy i n d i v i d u a l i ron -bear ing species b y this technique 
w i l l r equ ire more sophist icated apparatus to record spectra a n d compute 
routines for fitting the data. Some i r o n ( I I ) compounds m a y show no 
spectra at ambient temperatures d u r i n g n o r m a l data co l lect ion t imes, 
so low-temperature runs are necessary. T h e quadrupo le sp l i t t ing values 
i n some cases are strongly temperature-dependent , a n d magnet ic in ter 
actions m a y beg in to predominate at l o w temperatures. L i q u i d - h e l i u m 
temperatures m a y be necessary to ident i fy unequ ivoca l l y certa in i r o n 
minerals . L o n g count times a n d very p o w e r f u l sources are necessary to 
resolve shoulders ar i s ing f r om m i n o r components. Mossbauer spectra of 
materials g i v i n g rise to quadrupole -sp l i t l ines can be affected b y the 
par t i cu lar or ientat ion of the crystall ites i n the sample b e i n g s tudied . 
N o n r a n d o m orientations can give rise to double t l ines of u n e q u a l areas, 
w h i c h m i g h t l ead to the misassignment of a p a i r of l ines ar i s ing f r o m 
the same mater ia l to two different spectral features i n a complex spec
t r u m , or instead, skew quant i tat ive estimates of the amount of that 
component i n a complex mixture . D e c i d i n g u p o n re lat ive amounts of 
components b y w e i g h t f r om Mossbauer data is not s tra ight forward . T h e 
area u n d e r each resonance depends u p o n the recoil - free f ract ion , re lated 
to the D e b y e temperature or the tightness of b i n d i n g of the i r on nucleus 
at its par t i cu lar site, i n add i t i on to mere ly the n u m b e r of atoms of each 
type present. I n general , the latt ice dynamics w i l l not be the same at 
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each site, so site p o p u l a t i o n ratios c o u l d be difficult to obta in . I t must 
be assumed that no isotope f ract ionat ion has occurred d u r i n g geological 
t imes, so that 5 7 F e is i n fact 2 .19% b y w e i g h t at each site. T h e recoi l - free 
f ract ion can i n pr inc ip l e be determined b y several methods for each c o m 
ponent i r on m i n e r a l of coal , b u t i n pract i ce the determinations are rather 
laborious a n d are fraught w i t h large errors (1-5). T h i s fact, c o m b i n e d 
w i t h the quest ion of whether these values, w h i c h d e p e n d somewhat u p o n 
part i c le size (1-5), are the same for pure synthetic materials a n d those 
f o u n d natura l ly , m a y defeat attempts to ob ta in site p o p u l a t i o n ratios i n 
some cases. A n o t h e r feature of the p r o b l e m is the s imi lar spectral p a r a m 
eters reported for p y r i t e a n d marcasite , whose D e b y e temperatures are 
close as w e l l (47). 

Computation Methods. Computer - f i t t ing of a complex spectrum 
w i l l be necessary. Several choices confront the analyst, a n d assumptions 
must be made i n the fitting procedures , especial ly i n i t i a l l y . I m p l i c i t i n 
any analysis is the assumption that the 5 7 F e isotope is equa l ly abundant 
at each site. E i t h e r the recoi l - free fractions of each suspected component 
must be k n o w n re l iab ly , or set equal . L i n e shapes must be assumed to 
be L o r e n t z i a n , even though they beg in to deviate f rom the idea l as the 
thickness of the sample increases (saturat ion effects) a n d as the mover 
system vibrates , caus ing the l ine shapes to become Gauss ian . L i n e w i d t h s 
of the i n d i v i d u a l components of doublets or sextets usua l ly must be set 
equal . T h e close overlap of two or more L o r e n t z i a n curves w i l l g ive a n 
envelope of n o n - L o r e n t z i a n shape. T o resolve two o v e r l a p p i n g peaks 
accurately , the peak separation should be greater t h a n the f u l l - w i d t h at 
hal f -height . F o r peaks only 0.20 m m / s apart , for example, the standard 
dev iat ion i n the area estimates can be very large. 

Constraints often must be p laced on the fitting procedure , especial ly 
i n the i n i t i a l stages, i n order to have the fit converge. T h e n u m b e r of 
super imposed patterns a n d the ir m u l t i p l i c i t y are est imated, a n d hal f -
w i d t h s a n d intensities can be constrained to be equal . H o w e v e r , 
a ch i ev ing convergence even after stepwise reest imation a n d the r e m o v a l 
of the constraints does not a lways guarantee that a u n i q u e fit to the 
spectrum has been achieved. 

These technica l problems are s u m m a r i z e d i n T a b l e I I I . 

Approaches to the Solutions of the Technical Problems 

T h e attempt to overcome these apparent difficulties to produce a 
re l iab le ana ly t i ca l method for m i n e r a l sul fur is w o r t h w h i l e at this t ime , 
a n d solutions are at h a n d for each of the technica l prob lems just out l ined . 

Sampling. T h e h a n d l i n g of a i r - a n d moisture-sensit ive materials is 
commonplace i n inorganic a n d organometal l i c chemistry , a n d re l iab le 
techniques for re cord ing Mossbauer spectra of extremely unstable 
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Table III. Technical Problems 

Representat ive s a m p l i n g 
I ron minerals more dense and harder t h a n coal and petro leum source rock 

matr ices 
A i r - and mois ture -sens i t iv i ty of coal and rock i r o n minerals 
O x i d a t i o n of F e S 2 and i ron (II ) minerals 
P a r t i c l e size and or ientat ion effects 
M i n e r a l composit ion-dependent spectral parameters 
Resonance area dependence on number of 5 7 F e nuc le i , recoi l - free f rac t i on 
L a c k of re l iable recoil - free f ract ion data for i r on minerals 
Synthet i c vs. n a t u r a l samples 
C o m p l e x magnet i ca l ly and quadrupo lar sp l i t spectra 
F i t t i n g over lapp ing spectra 

R e l i a b l e data for each pure component 
Constra ints and assumptions 

Reco i l - f ree fractions set equal 
L o r e n t z i a n l ine shape vs. sa turat ion 
L i n e w i d t h s set equal 
L i n e intensities i n doublet spectra set equal 
L i n e intensities i n magnet i ca l ly sp l i t spectra set 3 : 2 : 1 : 1 : 2 : 3 

N o n - B e e r ' s l aw behavior (saturation) 

compounds have been developed. F r e s h samples can be h a n d l e d i n a n 
inert-atmosphere glovebox us ing convent ional techniques, a n d g r i n d i n g , 
pu lver i za t i on , r i f f l ing, a n d s iev ing can be carr i ed out under iner t -
atmosphere condit ions as w e l l . Inter ior port ions of chunk mater ia l c a n 
be chosen to ensure freshness, since only g ram quantit ies are necessary 
for spectral analysis. 

Iron-Sulfur Minerals. O p t i c a l l y authent icated samples of m i n e r a l 
specimens i n the smal l quantit ies r e q u i r e d for our experiments are 
obta ined f rom the Smithsonian Institute, the U . S . G e o l o g i c a l Survey , 
f r o m corresponding state surveys, or f r o m c o m m e r c i a l sources. C h e m i c a l 
analysis b y the A S T M (14) a n d x-ray p o w d e r methods (9-12) are used 
to characterize further the m i n e r a l samples, w h i c h are then character ized 
b y Mossbauer spectroscopy, i n c l u d i n g the isomer shift, quadrupo le 
sp l i t t ing , resonance area, a n d l ine m u l t i p l i c i t y . Beer 's l a w plots of reso
nance area vs. concentrat ion i n coal - l ike charcoa l matrices are constructed 
for each mater ia l . T h e B e e r s l a w plots are ca l ibrated vs. source-absorber 
distance i n the exper imental setup, temperature of the absorber, w e i g h t 
of the absorber, a n d thickness of the absorber. U t i l i z i n g the who le sample 
avoids problems of density or hardness separation of i r o n minerals d u r i n g 
sample preparat ion . 

Qualitative Analysis by Mossbauer Spectroscopy. T h e p r o b l e m of 
assigning the spectra of m i n e r a l samples to the ir component parts has 
been examined extensively, a n d treatments w i t h w o r k e d examples are 
f o u n d i n the s tandard textbooks on the subject (1-5). Sulfate minerals 
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Table IV. Approaches to the Solutions of the Technical Problems 

Representat ive sampl ing of inter ior por t ion or use of freshly dug m a t e r i a l 
Inert -atmosphere h a n d l i n g of samples 
C o m p a r i s o n spectra of authentic minerals 
Spectra l dependence of v a r y i n g m i n e r a l composit ion determined 
Var iab l e - t empera ture runs 

s i m p l i f y magnet i ca l ly sp l i t spectra 
ident i f i cat ion b y temperature dependence of area 
ident i f i cat ion b y magnetic t rans i t i on temperature 

have been detected i n the presence of pyr i t e i n coa l i n one study ( 3 1 ) , 
a n d the use of Mossbauer spectroscopy as a fingerprint technique i n 
minera logy a n d geochemistry has n o w reached a h i g h l eve l of deve l 
opment (4,5). 

Quantitative Analysis by Mossbauer Spectroscopy. T h i s subject is 
of great potent ia l interest i n ferrous meta l lurgy (48) a n d the study of 
corrosion (49), a n d methods have been w o r k e d out for mixtures of i r o n 
compounds (50). Intensive deve lopment of methods for charac ter i z ing 
minerals a n d lunar samples (51) has more recently taken p lace (4,5). 
Soviet workers have, for example , c l a i m e d the determinat ion of pyr i t e 
i n Donets coa l (38). I t is clear that accurate methods for b o t h the 
quant i tat ive analysis a n d speciat ion of pyr i t e a n d other i r o n minerals i n 
r a w coals a n d petro leum source materials can n o w be developed. 

T h e approaches to the solutions of the technica l problems are 
summar i zed i n T a b l e I V . 

A Portable Analyzer for Pyrite 

It is possible us ing current ly avai lab le technology to des ign an 
inexpensive, battery-operated, portable analyzer for pyr i t e , w i t h no 
m o v i n g parts, based on the Mossbauer effect. S m a l l , freshly p u l v e r i z e d 
samples c ou ld be ana lyzed r a p i d l y b y this backscatter spectrometer 
w i t h o u t w e i g h i n g or s ieving. S u c h a device w o u l d conta in a p o w e r f u l , 
fixed 5 7 F e Mossbauer source w i t h a gamma-ray tuned prec ise ly to the 
w i n g of the pyr i t e doublet least subject to interference f r o m other i r o n -
bear ing minerals i n coal . Basel ine , off-resonance ca l ibra t i on for each 
sample w o u l d be achieved b y m o u n t i n g the source o n a piezoelectr ic 
crysta l subjected to an intermittent osc i l la t ing voltage w h i c h w o u l d 
v ibrate the crystal a n d shift the source gamma-ray away f r o m any 
possible inter fer ing resonance. A conversion electron detector c o u l d be 
read out cont inuously as a d i g i t a l ratio of the on - a n d off-resonance 
signals. A n error analysis p r o g r a m w o u l d d ig i ta l l y d i sp lay the percentage 
of p y r i t i c sul fur as successive signif icant figures deve loped d u r i n g the 
course of analysis. S u c h portable devices have been deve loped extensively 
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for x-ray analyses of sul fur i n fue l o i l a n d lead i n gasoline ( 5 2 ) . A 
pyr i t e meter based o n a pyr i t e 5 7 C o source recently has been proposed 
( 5 3 ) . A n earl ier suggestion u t i l i z e d a 1 1 9 m S n 0 2 source to find cassiterite 
i n the field ( 54 ) . 

Survey of Coals 

T h e f o l l o w i n g spectra f o rm an anthology made possible b y samples 
f r om the O k l a h o m a G e o l o g i c a l Survey. T h e coals are a l l f r om C r a i g 
C o u n t y i n Northeast O k l a h o m a . A p p r o x i m a t e ana ly t i ca l da ta a n d forms 
of sul fur f rom the A S T M method were p r o v i d e d w i t h each sample. T h e 
t y p i c a l spectrum shown i n F i g u r e 1 is dominated b y the doublet for 
p y r i t e / m a r c a s i t e , a n d contains the r ight w i n g of a second doublet , whose 
pos i t ion is constant at 2.50 ± 0.01 m m / s for a l l coa l spectra i n w h i c h i t 
appears. T h e left w i n g is b u r i e d somewhere u n d e r the pyr i t e resonances, 
a n d there is l i t t le doubt that it arises f rom an i r o n ( I I ) sulfate. F o u r forms 
of this mater ia l are k n o w n : the or thorhombic anhydrous salt ( 5 5 , 5 6 , 5 7 ) , 
a n d the mono- ( szomolnok i te ) (58,59,60), te tra - ( rozeni te ) (61), a n d 
hepta - (melanter i te ) (60,62-71) hydrates. W e s tudied samples of iron(II) 
sulfate i n its various forms, a n d f o u n d four species w i t h almost e q u a l 
isomer shift values of 1.14-1.16 m m / s , but different quadrupo le sp l i t t ing 
magnitudes i n the range 2.70-3.62 m m / s . W e attempted to synthesize 
each f o rm separately, a n d a l though to our knowledge there are no re l iab le 

fc 

fs 
1 

100.0- 1 1 

w 95.0-1 
L U 
C J 

a 90.0-

85.0-

GC 

£ 80.0 

75.0 

-U". 0 - 3 . 0 ' - 2 . 0 ' - l ' . O ' 0.0 1.0 

VELOCITY (MM/S) 

3.0 4 . 0 

Figure 1. Coal sample from Craig County, Oklahoma containing pyrite/ 
marcasite (p) plus high-spin iron(H) sulfate monohydrate (fs). A second 

line from an iron(IH) sulfate (fc) can be seen in the fit. 
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fc 

100.0-

~ 95.0-
C_> 

c! 90.0-

z 
cr 

£ 80.0-

75.0-
-14.0 

fs 
1 

1 1 1 

-3.0 -2.0 -1.0 0.0 
VELOCITY 

1.0 
(MM/S) 

3.0 4.0 

Figure 2. Tfce Craig County, Oklahoma coal shown in Figure 1 with 
the iron(II) sulfate doublet fit inside the slightly more intense iron(III) 
sulfate doublet ((p) pyrite/marcasite; (fs) iron(H) (ferrous) sulfate; (fc) 

iron(III) (ferric) sulfate) 

data l i n k i n g Mossbauer parameters to each pure f o rm, w e can assign the 
smal l doublet to the monohydrated i ron ( I I ) sulfate f o rm us ing our o w n 
data a n d those f rom the l i terature just c i ted . 

T h e s i tuation becomes more complex on closer examinat ion, since 
i n almost a l l of these coal samples an add i t i o na l weak absorpt ion l ine i n 
the range 0.68-0.79 m m / s is detected. A g a i n , this is the h igher ve loc i ty 
component of a quadrupo lar doublet , but i n this case, no w e l l - f o u n d e d 
identi f icat ion is possible, apart f rom its assignment as an i r on ( I I I ) 
c o m p o u n d ( p r o b a b l y sul fate ) . T h i s assignment is l i k e l y on the basis of 
c h e m i c a l i n t u i t i o n , but is supported only on the pos i t ion of the h i g h 
ve loc i ty l ine , since there is s i m p l y no w a y to determine the correct 
pos i t ion of the second component of the doublet w h i c h lies under the 
p y r i t e / m a r c a s i t e absorptions a n d overlaps w i t h the i r o n ( I I ) sulfate l ines. 
I n the solut ion shown i n F i g u r e 1, this i r o n ( I I I ) l ine has been p l a c e d to 
l ower velocities of the i r o n ( I I ) l ines, l e a d i n g to isomer shift values of 
about 0.15-0.20 m m / s a n d a quadrupo le sp l i t t ing va lue of about 1.1 
m m / s . A second so lut ion, shown i n F i g u r e 2, places the i r on ( I I I ) 
doublet ins ide the i r on ( I I ) doublet , l ead ing to an isomer shift of 0 .30 -
0.35 m m / s a n d a quadrupo le sp l i t t ing of 0.7 m m / s . T h e Mossbauer 
values for the anhydrous i r on ( I I I ) sulfate (68,72) a n d that w i t h n ine 
waters of h y d r a t i o n ( c o q u i m b i t e ) , for w h i c h no Mossbauer data seem 
to have been reported , do not a l l o w us to d is t inguish the t w o possibi l i t ies , 
nor do the goodness-of-fit c r i ter ia f rom the spectra. W e bel ieve w e can 
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ru le out the presence of jarosite, ( N a , K ) F e 3 ( S 0 4 ) 2 ( 0 H ) 6 , since the l ine 
ar i s ing f rom this m i n e r a l should appear at h igher velocit ies (73, 74). 

I n F i g u r e 3 a shoulder ar i s ing f r om jarosite on the h igh-ve loc i ty side 
of the r i g h t - w i n g of the p y r i t e / m a r c a s i t e doublet can be seen easily. 
O n c e more , other possible solutions exist, but i n this case s w i t c h i n g the 
l ow-ve loc i ty components as i n F i g u r e 4 leads to a worsen ing i n x 2 a n d 
misfit parameters. 

100.0-

- 9 9 . 0 -

LU 
z 9 8 . 0 -

- 9 7 . O H 
21 
C O 

1 96 .OH 

9 5 . 0 -

- T — 1 
14.0 - 3 . 0 -2.0 ' - I ' . O ' o.b I . ' O 

VELOCITY (MM/5) 

2 . 0 3 . 0 H . 0 

Figure 4. The same coal sample spectrum depicted in Figure 3 with the 
low-velocity components of the two weak doublets reversed. The fit is 
worse ((p) pyrite/marcasite; (fs) iron(II) (ferrous) sulfate; (j) jarosite). 
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VELOCITY (MM/5) 

Figure 5. A low-mineral coal from Craig County fit to only three com
ponents: pyrite (p), dolomite (d), and illite (i) 

I n add i t i on to the minerals a l ready ment ioned , w e have been able 
to ident i fy d o l o m i t e / a n k e r i t e , ( C a , M g , F e ) C 0 3 , a n d i l l i t e , ( A l , F e , M g ) 2 -
( S i , A l ) 4 O i o ( O H ) 2 , i n these O k l a h o m a coals. F i g u r e 5 shows a l o w 
m i n e r a l coa l that gave a statist ical ly poor spectrum. D o l o m i t e was 
ident i f ied f r o m the pos i t ion of its w e a k doublet ( IS = 1.13; Q S = 1.48 
m m / s ) , a n d the more intense, larger -magni tude quadrupo le sp l i t t ing 
assigned to the h igh - sp in i r o n ( I I ) component of i l l i t e ( IS = 1.01; Q S 
= 2.70 m m / s ) , or a s imi lar c lay m i n e r a l . T h e two m a i n absorpt ion fines 

VELOCITY (MM/5) 

Figure 6. The same spectrum depicted in Figure 5 fit to four com
ponents, including the second iron component of illite ((p) pyrite/marca

site; (i) illite; (d) dolomite; (i') illite second iron site) 
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were first fit as one doublet , a n d the parameters c o i n c i d e d w i t h those 
of pyr i t e w i t h satisfactory x 2 a n d misfit values. H o w e v e r , i l l i t e is k n o w n to 
conta in a second i r o n site, w h i c h gives rise to smaller isomer shift a n d 
quadrupo le sp l i t t ing values a n d is var ious ly assigned as i r o n ( I I I ) or 
l o w - s p i n i r o n ( I I ) or as a pyr i t e i m p u r i t y . T a k i n g into account this 
second i l l i t e component leads to the four-parameter fit shown i n F i g u r e 
6 i n w h i c h the positions of the do lomite a n d the h i g h - s p i n i r o n ( I I ) l ines 
of i l l i t e are unchanged . T h e l ines ar i s ing f r o m the second i r o n site i n 
i l l i t e co inc ide almost exactly w i t h the p y r i t e / m a r c a s i t e doublet . T h e 
consequence of this is that the first fit ( F i g u r e 5 ) has overest imated the 
amount of pyr i t e i n the sample b y three t imes. 

Survey of Oil Shales 

T h e focus of our w o r k has been on shales f r o m the G r e e n R i v e r 
f ormat ion i n R i o B l a n c o , Gar f i e ld , a n d M e s a Count ies i n western 
Co lo rado s u p p l i e d b y the L a r a m i e E n e r g y Techno logy Center . F r o m the 
Mossbauer spectra four i ron -bear ing minerals can be ident i f i ed : p y r i t e / 
marcasite , do lomite , i l l i t e , a n d magnes ium siderite, ( F e , M g ) C 0 3 . F i g u r e 
7 has a sample w h i c h shows a l l four. P y r i t e / m a r c a s i t e predominates , w i t h 
siderite next i n intensity . D o l o m i t e gives rise to a w e a k doublet , a n d the 
h i g h - s p i n i r o n ( I I ) component of i l l i t e is the weak doublet w i t h the 
largest quadrupo le sp l i t t ing . T h e second doublet f r o m i l l i t e under the 
p y r i t e / m a r c a s i t e l ines was not separately ident i f ied . T h i s qual i tat ive 
analysis agreed w i t h the results f r o m X R D on the same sample. 

VELOCITY (MM/S) 

Figure 7. A Green River, Colorado oil shale containing pyrite (p), side
rite (s), dolomite (d), and illite (i), in that order of relative intensity. The 

second doublet from illite was not identified. 
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100.0-

£ 99.0-
LU 

g 98.0-

? 97.04 

S 96.0 

s 
1 

1 
? d 
1 1 1 

1II 1 

- 4 . 0 - 3 . 0 - 2 . 0 •l'.O ' o.b 71) ' 2.0 ' 3.0 H.O 
VELOCITY (MM/S) 

Figure 8. A shale in which dolomite (d) predominates, and which con-
tains pyrite/marcasite (p), siderite (s), and high-spin iron(II) from illite 

(i), in that order of relative intensity 

H o w e v e r , the correspondence be tween the X R D a n d Mossbauer 
results is not a lways as complete as i n the foregoing example . T h e sample 
whose spectrum appears i n F i g u r e 8 was ident i f ied b y X R D as conta in ing 
do lomite only , a n d the do lomite doublet pat tern is certa inly the most 
intense, but a second doublet is c lear ly v i s ib le whose parameters ident i fy 

100.0-

- 4 . 0 - l ' . O ' 0.0 1.0 

V E L O C I T Y (MM/S) 

Figure 9. A shale with predominantly pyrite/marcasite (p) and siderite 
(s) with only a trace of illite (i) 
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d 

V E L O C I T T ( M M / S ) 

Figure 10. A shale spectrum fit only to pyrite/marcasite (p) and dolo
mite (d) 

it as p y r i t e / m a r c a s i t e . I n add i t i on , a satisfactory fit is on ly achieved b y 
assuming the presence of two add i t i on a l doublet patterns compat ib le 
w i t h those of siderite a n d the h i g h - s p i n i ron ( I I ) i n i l l i t e . 

I t is instruct ive to record here brief ly some examples of the spectra 
of the G r e e n R i v e r shales. F i g u r e 9 shows a mater ia l conta in ing pre 
d o m i n a n t l y p y r i t e / m a r c a s i t e a n d siderite, w i t h on ly a trace of i l l i t e . T h e 
spectrum i n F i g u r e 10 can be fit b y assuming a predominant p y r i t e / 
marcasite component plus some dolomite , but a more satisfactory fit is 
obta ined b y assuming the presence of siderite a n d i l l i te as i n F i g u r e 11. 
T h e sample i n F i g u r e 12 contains three components that give a spectrum 
w i t h p y r i t e / m a r c a s i t e , dolomite , a n d siderite, i n that order of intensity , 
w h i l e the sample i n F i g u r e 13 contains the four components dolomite , 
p y r i t e / m a r c a s i t e , s iderite , a n d i l l i t e , i n that order of intensity . I n F i g u r e 
14 the four components are siderite, do lomite , pyr i t e /marcas i t e , a n d 
i l l i t e , i n that order of intensity. 

Quantitative Analysis 

Some idea of the correspondence of the Mossbauer a n d X R D results 
for o i l shales can be gathered f r o m the p lo t i n F i g u r e 15 of the Mossbauer 
resonance area analysis for p y r i t e / m a r c a s i t e a n d the data for p y r i t e 
f r o m X R D peak height analysis. A s discussed i n the earl ier sections of 
this chapter , poor ly c rys ta l l i zed materials or very smal l partic les w i l l be 
missed b y the X R D method , but not b y the Mossbauer technique, where 
strongly over lapp ing l ines are the chief dif f iculty. T h e best least-squares 
l ine t h r o u g h the points i n F i g u r e 15 cuts the abscissa above the o r ig in , 
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Figure 11. The same spectrum as depicted in Figure 10 fit to siderite (s) 
and illite (i) as well ((p) pyrite/marcasite; (d) dolomite) 
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Figure 12. A shale spectrum fit to three components: pyrite/marcasite 
(p), dolomite (d), and siderite (s), in that order of relative intensity 
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Figure 13. A shale spectrum jit to four components: dolomite (d), py
rite/marcasite (p), siderite (s), and illite (i), in decreasing relative order of 

intensity 
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Figure 14. A shale spectrum fit to siderite (s), dolomite (d), pyrite/mar
casite (p), and illite (i), in that order of relative intensity 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

01
0

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



240 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

support ing the idea that X R D analysis does not detect a l l the pyr i t e 
present, despite the fact that no attempt was m a d e i n the Mossbauer 
analyses to d is t inguish the marcasite a n d subtract i t . 

Plots for dolomite , s iderite, a n d i l l i t e are cons iderably worse, w h i c h 
is expected since the compos i t ion of these minerals is var iab le , b u t the 
Mossbauer technique detects the i r o n content only . 

F o r coal , a direct compar ison of the Mossbauer a n d A S T M methods 
a p p l i e d to the same samples leads to the p l o t i n F i g u r e 16. O u r M o s s 
bauer results for synthetic mixtures of p y r i t e w i t h carbon b lack gave 
values very close to this least-squares l ine , r u l i n g out a large systematic 
error i n the A S T M values. 

T h e var iat ion of the recorded q u a d r u p o l e sp l i t t ing values w i t h 
amount of m i n e r a l present i n coal a n d o i l shale is very smal l , as shown 
i n F i g u r e 17. 

F o r the q u i c k analysis envis ioned b y the por tab le pyr i t e meter 
discussed previous ly , the w h o l e spectrum w o u l d not be recorded ; on ly 
the count rates at the absorpt ion m a x i m a a n d the off-resonance count 
rate are needed. Interference w i t h other absorpt ion lines i n coa l is 
usua l ly l ow. A source emi t t ing gamma-rays t u n e d to one of the w i n g s 
of the pyr i te doublet is proposed here. T h i s stationary source w o u l d 
re cord the count rate at that m a x i m u m , a n d then be v i b r a t e d at a 
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Figure 16. Comparison of the Mossbauer resonance areas for pyrite/ 
marcasite and the ASTM pyritic sulfur results for Craig County, Okla

homa coals 
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Figure 17. Lack of variation in the magnitude of the quadrupole split
ting values with relative amount of minerals in coal and oil shales 
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L d 

• 
• a: 

+ 
LOWER ENERGY LINE 

+ + 

+ + 

HIGHER ENERGY LINE 

R5TM PYRITIC SULFUR (WEIGHTS) 

Figure 18. Overestimation of the amounts of pyrite/marcasite in coal 
vs. the ASTM pyritic sulfur values for the high- and low-velocity wings 

of the Mossbauer doublet 

ve loc i ty appropr iate to record the baseline values. C o m p a r i s o n of the 
t w o count rates w o u l d g ive the pyr i t e content d i rec t ly . T h i s technique 
w o u l d overestimate the amount of p y r i t e / m a r c a s i t e present, a n d w e have 
ca lculated the error l imi ts for each of the wings of the pyr i t e doublet . 
I n F i g u r e 18 the values for several spectra are p lo t ted against the corre
spond ing A S T M p y r i t i c sul fur values. T h e lower ve loc i ty pyr i t e l i n e 
suffers more interference because of its overlap w i t h the i r o n ( I I ) sulfate 
resonance (12 ± 2 % ) , w h i l e use of the h igher ve loc i ty l ine leads to a n 
overestimate of on ly 4 ± 2 % . T h e portable analyzer c o u l d take into 
account this overestimate i n the calculat ions per fo rmed b y its m i c r o 
processor, w i t h r e p r o d u c i b i l i t y b e i n g the on ly cr i ter ion for the choice of 
w h i c h l i n e to use. I n the case of the very l o w m i n e r a l content coa l s h o w n 
i n F igures 5 a n d 6, this m e t h o d w o u l d result i n a re lat ive threefo ld 
overest imation of p y r i t e / m a r c a s i t e . H o w e v e r , the absolute values are 0.1 
a n d 0 . 3 % , a n d therefore, the error m i g h t not be as serious. 

Further Work 

T o p u t the Mossbauer m e t h o d of analysis on a firmer foot ing , w e 
need to develop in format ion o n the f o l l o w i n g questions: 
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1. the Mossbauer parameters for the i r o n ( I I ) sulfate i n a l l 
four of its forms; 

2. the identi f icat ion of the l ow-sp in i r o n ( I I ) or i r on ( I I I ) 
sulfate present i n coa l a n d its Mossbauer parameters ; 

3. the re cord ing of re l iab le Mossbauer parameters for the 
i ron ( I I I ) or l ow-sp in i r o n ( I I ) i n i l l i t e ; 

4. the relat ive recoil - free fractions for a l l the minerals of 
interest i n coal a n d o i l shale so that quant i tat ive est imation 
of the i r on d i s t r ibut ion i n these complex m i n e r a l assem
blages can be carr ied out. 
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11 
Mössbauer Spectroscopic Analysis of Iron 

Oxides in Soil 

L A W R E N C E H . B O W E N and STERLING B. W E E D 

Departments of Chemistry and Soil Science, North Carolina State University, 
Raleigh, N C 27650 

Iron oxides in well-oxidized soils exist primarily in the form 
of aluminum-substituted goethite (α-FeOOH) and hematite 
(α-Fe2O3). These microcrystalline oxides often occur in low 
abundance and may be concentrated for analysis by boiling 
with 5 M N a O H . This chapter is a Mössbauer study of the 
consequences of this treatment in a variety of soil clays 
containing both goethite and hematite. The iron oxide is 
concentrated appreciably, while aluminum incorporation is 
not markedly affected. The Mössbauer results for alumi
num substitution in goethite generally agree with aluminum 
content chemically determined after treatment with base. 
Hematite samples give better agreement before treatment. 
Detection of hematite and goethite by x-ray diffraction 
agrees qualitatively with the Mössbauer data. 

T r o n oxides a n d oxyhydroxides are w i d e l y o c curr ing i n so i l c lays (1). 
A l t h o u g h often d i lute , they s igni f icantly influence the p h y s i c a l a n d 

c h e m i c a l propert ies of the soils because of the ir mode of occurrence as 
finely d i v i d e d part ic les or poss ib ly as coatings on si l icate minerals . B e 
cause of this mode of occurrence, s tandard techniques of analysis such as 
x-ray di f fract ion are of l i m i t e d use. Mossbauer spectroscopy gives u n i q u e 
in format ion about the i ron oxide constituents of soils ( 2 , 3 ) , a n d is par 
t i c u l a r l y useful i n d i s t ingu ish ing the t w o major n a t u r a l forms of hemati te 
( e* -Fe 2 0 3 ) a n d goethite ( a - F e O O H ) f r om their d i f fer ing magnet i c 
hyperf ine interactions. T w o effects compl i cate spectral analysis : s m a l l 
par t i c l e size produces superparamagnet ic re laxat ion (4) a n d subst i tut ion 
of nonmagnet i c ions, especial ly A l 3 + , into the oxide latt ice , reduces the 
magni tude , a n d broadens the d i s t r ibut i on of magnet i c fields ( 5 ) . These 

0065-2393/81/0194-0247$05.00/0 
© 1981 American Chemical Society 
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effects are interre lated , since a l u m i n u m subst i tut ion also reduces part i c l e 
size ( 5 ) . Mossbauer spectroscopy has the potent ia l for a n a l y z i n g not 
on ly the crystal l ine forms of the i r on oxides, but the ir degree of a l u m i n u m 
subst i tut ion a n d part i c le size as w e l l . 

T h e first step i n s tudy ing the i r o n oxide f ract ion of soils is often 
b o i l i n g w i t h 5 M N a O H to remove preferent ia l ly silicates a n d a l u m i n u m 
oxides (6). H o w e v e r , such drastic treatment m i g h t w e l l affect the nature 
of the r e m a i n i n g oxides, i n par t i cu lar their a l u m i n u m subst i tut ion a n d 
par t i c l e size. T h e present study was in i t ia ted to determine these effects 
f rom the resul t ing changes i n the Mossbauer spectra. T h e c lay fractions, 
i n w h i c h the i ron oxides are most abundant , f rom a var iety of soils were 
s tudied before a n d after c h e m i c a l concentration. Mossbauer spectra at 
r oom temperature a n d at 78 K were obta ined , a n d results f r o m these 
spectra were compared w i t h chemica l a n d x-ray di f fract ion analyses. 

Experimental 

The methods used were the same as those reported by Bigham et al . (3 ) . 
The soils (Table I) were fractionated by standard sedimentation procedures 
(7 ) . In most cases only the clay ( < 2/xm) fraction was studied. Samples A606 
and A608 were used as silt plus clay (<20 /xm). The analyses of iron and 
aluminum in the oxides were carried out by atomic absorption spectroscopy on 
the extracts from multiple extractions of nonsilicate oxides by treatment with 
sodium dithionite-citrate-bicarbonate ( D C B ) (8) . The x-ray diffraction stud
ies of the clays were carried out using C u K a radiation with a diffracted 
beam monochromator. Mossbauer spectra were obtained with an approximate 
10-mCi 5 7 C o - R h source, using samples containing 5-10 m g F e / c m 2 , mixed with 
powdered polyethylene. Velocity calibration was achieved by accumulating 
laser interferometer data in every sixteenth channel of the 512-channel ana
lyzer. For low-temperature runs, source and absorber were both cooled. A l l 
Mossbauer spectra were computer-fit to sums of Lorentzian fines wi th the 
positions constrained by the hyperfine interaction parameters. Certain widths 
and intensities were constrained also, for example, to make the spectra sym
metrical. 

The concentration of the iron oxide fraction was effected using boil ing 
5 M N a O H (6) with both the solution/solid ratio and extraction time doubled. 
After boiling, the samples were washed with water, 0 . 5 M H C I , 0 . 3 M KC1, and 
water again before being dispersed and freeze-dried. 

Results 

T h e samples s tud ied are d i v i d e d into four groups for d iscussion 
purposes. G r o u p A contains three clays w i t h p o o r l y c rys ta l l i zed i r o n 
oxides (apprec iab le doublet observed i n the 7 8 K Mossbauer spec t rum 
a n d re laxat ion-broadened magnet ic p e a k s ) . G r o u p B consists of f our 
N o r t h C a r o l i n a soils w i t h goethite present b u t no hematite . G r o u p C 
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11. BOWEN AND W E E D Iron Oxides in Soil 249 

T a b l e I. So i l M a t e r i a l s 

Sample No. Description and Source 

9 Grossarenic O c h r a q u u l t ; l oamy , sil iceous, thermic . A p hor izon. 
N o r t h C a r o l i n a C o a s t a l P l a i n . ( M c C o l l series) . 

13 T y p i c P a l e u d u l t ; c layey , k a o l i n i t i c , thermic . A p hor izon . 
N o r t h C a r o l i n a C o a s t a l P l a i n . (Facev i l l e series). 

A 6 0 6 T y p i c H a p l u d u l t ; f ine - loamy, si l iceous, thermic . B hor izon. 
N o r t h C a r o l i n a P iedmont . ( D u r h a m series, profi le I ) . 

A 6 0 8 T y p i c H a p l u d u l t ; f ine - loamy, siliceous, thermic . B hor izon . 
N o r t h C a r o l i n a P iedmont . ( D u r h a m series, profile I I ) . 

A 6 7 5 H u m i c P a l e u d u l t ; c layey , k a o l i n i t i c , thermic . B hor izon . 
N o r t h C a r o l i n a P iedmont . ( D a v i s o n - A p p l i n g intergrade) . 

A 6 8 5 H u m i c P a l e u d u l t ; c layey , k a o l i n i t i c , thermic . B hor izon . 
N o r t h C a r o l i n a P iedmont . (Dav idson -Georgev i l l e i n t e r 
grade) . 

A 9 0 6 Oxiso l . B hor izon. B r a z i l . 
A 9 1 5 A n d e p t . V o l c a n i c ash. G u a t e m a l a . 
A 9 2 4 T y p i c P a l e u d u l t . A l hor izon. A m a z o n b a s i n ; Y u r i m a g u a s , 

P e r u . 
A927 T y p i c P a l e u d u l t . B l hor izon i n same soi l profile as 924. 

A m a z o n b a s i n ; Y u r i m a g u a s , P e r u . 
B154 H u m i c P a l e u d u l t ; c layey , k a o l i n i t i c , thermic . B hor izon. 

N o r t h C a r o l i n a P iedmont . ( D a v i d s o n series) . 
B 1 5 7 T y p i c A c r o r t h o x ; c layey , oxidic , i sohyperthermic . B hor izon . 

Puerto R i c o ( N i p e series) . 
B 1 5 8 L a t e r i t e sample f rom A u s t r a l i a . (Sample L , obtained f rom 

I . J . Ibanga , N . C . State U n i v e r s i t y , R a l e i g h , N . C.) 
B 1 5 9 L a t e r i t e sample f rom A u s t r a l i a . (Sample Q , obtained f rom 

I . J . Ibanga , N . C . State U n i v e r s i t y , R a l e i g h , N . C.) 

samples conta in hematite as the major i r o n oxide species. F i n a l l y , i n 
G r o u p D are four c lay samples w i t h b o t h hemati te a n d goethite observed 
i n the M o s s b a u e r spectra. 

T h e results are tabu la ted b y groups i n Tab les I I—XI . I n each group 
the c h e m i c a l a n d x-ray di f fract ion analyses are g iven first, f o l l o w e d b y 
the Mossbauer data . I t shou ld be noted that the w e i g h t percent i r o n , 
a l t h o u g h ca l cu la ted o n the basis of the to ta l c lay , was de termined f r o m 
the mater ia l extracted b y D C B (8 ) a n d thus reflects the i r o n i n oxide 
f o rm, the so-cal led free i r on oxides easi ly r educed b y d i th ion i te . S i l i cate 
i r o n , i f present, w o u l d not be extracted. T h e a l u m i n u m content also 
gives that amount extracted b y D C B a n d is presented as mole percent, 
ca l cu la ted assuming the moles of a l u m i n u m p lus i r o n e q u a l 1 0 0 % . T h u s 
the va lue w i l l reflect the a l u m i n u m incorporat ion i n the i r o n oxide latt ice 
on ly i f no other f o r m of a l u m i n u m is extracted. I n fact, poor ly c rys ta l 
l i z e d a l u m i n u m oxyhydroxides are somewhat soluble i n the c itrate so lu 
t i o n used to complex the r e d u c e d i r o n ( 7 ) . Therefore , a n unspeci f ied 
amount of a l u m i n u m extracted i n the D C B treatment of the untreated 
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clays must come f r o m a source other t h a n the i r o n oxides. T h i s w o u l d 
not be true for the treated c lays, since easi ly s o l u b i l i z e d a l u m i n u m w o u l d 
be r e m o v e d b y the a l k a l i treatment ( 6 ) . Mossbauer data presented 
i n c l u d e the quadrupo le sp l i t t ing parameter A E= 1/2 e2qQ, the l i n e w i d t h 
at h a l f - m a x i m u m T ( for magnet i c components on ly the outermost p a i r 
of peaks is r epor ted ) , the in terna l magnet i c field H ( r ea l l y the magnet i c 
flux density B ) , a n d the re lat ive area of the respective peaks R A , w h i c h 
is the sum of peak intensity t imes l i n e w i d t h over a l l l ines. T h e isomer 
shifts are not reported i n d i v i d u a l l y , b u t a l l corresponded to the range 
expected for h i g h - s p i n F e 3 + , about 0.36 ± 0.05 m m / s re lat ive to meta l l i c 
i r on . 

Group A . I n this group are three samples l abe led poor ly crysta l l ine 
on the basis of the apprec iab le doublet observed at 78 K i n the Mossbauer 
spectrum. T h e results are i n Tab les I I a n d I I I . O f the c o m m o n i r o n 
oxides a n d oxyhydroxides , on ly lepidocroc i te , y - F e O O H , is not magnet i 
ca l l y ordered at the l i q u i d - n i t r o g e n temperature ( 2 ) . T h e i r o n oxide 
contents of these clays were very l ow , even after treatment of the c lay 
w i t h a l k a l i , a n d x-ray di f fract ion spectra of the i r o n oxides, i f present, 
were very weak a n d diffuse. O n l y goethite was detected i n A924 a n d 
A 9 2 7 ; no crysta l l ine i r o n oxide was detected i n A915 . T h e A n d e p t 
( A 9 1 5 ) is a very y o u n g so i l f o r m i n g on vo l can i c ash. H e n c e , l i t t l e crys 
ta l l ine c lay has f o rmed , hal loys i te b e i n g the only layer s i l icate present. 
H o w e v e r , the t w o U l t i s o l samples ( A 9 2 4 a n d A 9 2 7 ) conta in the better 
crysta l l ine kao l in i te i n a d d i t i o n to s m a l l amounts of vermicu l i t e , i n d i 
ca t ing a more a d v a n c e d weather ing state. T h e lack of magnet i ca l ly 
or iented i r o n oxide i n the A n d e p t , even after concentrat ion, most l i k e l y 
indicates that the i r o n oxide has extremely smal l par t i c l e size. I n the 
t w o U l t i s o l samples, the magnet i c component at 78 K is en larged cons id 
erab ly b y concentrat ion. I t is l i k e l y that some of the i r o n was present 
i n the kao l in i te structure (9 ) a n d w o u l d be r e m o v e d as n e w l y p r e c i p i 
tated oxide b y the a c i d w a s h f o l l o w i n g base concentrat ion ( 2 0 ) . T h e 
near-constant field values of the magnet i c component , i n d i c a t i n g par t i c l e 

Table I I . Composition of Group A (Poorly Crystallized) Oxides 

Iron Oxides Weight % Mole % 
Soil in X-Ray' Iron Aluminum 

A 9 1 5 none 3.4 33 
A 9 1 5 C * none 10.8 6 
A 9 2 4 g (?) 2.7 15 
A 9 2 4 C g 4.9 20 
A 9 2 7 g (?) 3.4 23 
A 9 2 7 C g 12.8 17 

• The diffraction peaks of goethite (g), if observed, were broad and weak. 
* The designation C refers to samples concentrated with NaOH. 
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1 1 . B O W E N A N D W E E D Iron Oxides in Soil 251 

Table III. Mossbauer Results at 78 K for Group A Clays 

Magnetic Component Doublet 

A r H R A A r R A 
Sample (mm/s) (mm/s) (kG) (%) (mm/s) (mm/s) (%) 
A 9 1 5 " 0.68 0.58 100 
A924 ( - 0 . 2 ) 6 1.80 456 24 0.68 0.64 76 
A 9 2 7 C - 0 . 2 9 1.56 452 78 0.65 0.55 12 
A 9 2 7 - 0 . 2 0 1.70 468 63 0.56 0.68 37 
A 9 2 7 C - 0 . 2 5 1.79 470 91 0.60 0.56 9 

a The concentrated Sample 915C was not analyzed, but had only slight evidence 
of magnetic peaks. 

6 Fixed parameter. 

size a n d a l u m i n u m incorporat ion i n this mater ia l w h i c h is almost def i 
n i t e ly a luminum-subs t i tu ted goethite f r o m the observed field ( 5 ) , r e m a i n 
the same. A n y recrysta l l i zat ion o c curr ing d u r i n g the N a O H treatment 
s h o u l d reduce the a l u m i n u m incorporat ion a n d thus increase the ob
served H. Sample A924 h a d a measurable reduc t i on i n l i n e w i d t h ( T a b l e 
I I I ) , b u t this is p r o b a b l y at t r ibutab le to the lack of prec is ion i n deter
m i n i n g r for samples w i t h d i lu te magnet ic peaks. A s representative of 
the broadened magnet i c spectra observed, Sample A 9 2 7 C is s h o w n i n 
F i g u r e 1. T h e doublet , a l though only 9 % of the to ta l area, is r ead i l y 
observed, a n d is p r o b a b l y par t of the superparamagnet ic goethite spec
t r u m . Par t i c l e size o n the basis of Shinjo's results on pure goethites (4) 
a n d G o l d e n et a l / s studies of subst i tuted goethites ( 5 ) is l i k e l y to be 
about 100 A or less. T h i s is supported b y the very diffuse x-ray reflec
t ions, ind i ca t ive of s m a l l par t i c l e size. O n l y goethite was ident i f ied b y 
either x-ray or Mossbauer techniques. 

Group B. T h e four samples i n this group are l i s ted i n T a b l e I V 
a n d the Mossbauer results i n T a b l e V . A g a i n , the content of extractable 
i r o n oxides was l o w i n the untreated clays, caus ing some uncerta inty 
r egard ing the type of oxide present as de termined b y x-ray di f fract ion. 
These also h a d kao l in i te as the dominant layer si l icate m i n e r a l , a n d 
reduc t i on of the double t area b y concentrat ion i n three samples ( T a b l e 
V ) was p r o b a b l y at tr ibutable to extract ion of some i r o n f r o m the kao l in i te 
structure. A g a i n , the magnet ic field values for goethite h a r d l y changed 
on concentrat ion, i n d i c a t i n g that l i t t le d i s so lu t i on / reprec ip i ta t i on oc
c u r r e d d u r i n g base treatment. T h e same three samples (A608 , 9 ,13 ) also 
showed less a l u m i n u m i n the treated materials ( T a b l e I V ) , w h i c h c o u l d 
be at tr ibutable to the presence of g ibbsite or poor ly crystal l ine a l u m i n o -
silicates i n the o r i g i n a l samples. T h e l inewidths for the magnet i c c o m 
ponent (p resumed to be goethite) were large, i n d i c a t i n g s m a l l par t i c l e 
size even after concentrat ion w i t h base. T h e observed quadrupo le sp l i t 
t i n g of the doublet i n these samples general ly increased o n concentrat ion 
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Figure 1. Mossbauer spectrum of concentrated oxide fraction from soil 
clay A927C at 78 K 

w i t h base ( T a b l e V ) . T h e doublet parameters are expected to change, 
since i n the samples before concentrat ion they are a superposi t ion of F e 3 + 

i n the f o r m of kao l in i te a n d superparamagnet ic goethite, whereas after 
concentrat ion the former is removed . T h e A values after concentrat ion 
seem somewhat large for goethite, b u t the weak intensity a n d relaxation-
broadened l inewid ths make the observed A values imprec ise . A l s o , each 

T a b l e I V . Compos i t i on of G r o u p B ( G o e t h i t e - R i c h ) Ox ides 

Iron Oxides Mole % 
Soil inX-Ray° Weight % Aluminum 

A 6 0 6 g ( ? ) 5.2 33 
A 6 0 6 C g 16.7 34 
A 6 0 8 g 2.9 37 
A 6 0 8 C g 5.7 28 

9 g ( ? ) 2.0 45 
9 C g 15.8 24 

13 g 
g 

3.7 40 
13C 

g 
g 18.3 24 

° Weak diffraction peaks of goethite are indicated by g. 
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Table V . Mossbauer Results at 78 K for Group B Clays 

Magnetic Component Doublet 

A r H R A A r R A 
Sample (mm/s) (mm/s) (kG) (%) (mm/s) (mm/s) (%) 

A 6 0 6 - 0 . 2 2 1.56 436 89 0.63 0.66 11 
A 6 0 6 C - 0 . 2 9 1.39 440 84 0.73 0.65 16 
A 6 0 8 - 0 . 2 7 1.48 448 81 0.60 0.70 19 
A 6 0 8 C - 0 . 2 4 1.46 441 86 0.84 0.98 14 

9 - 0 . 3 0 1.28 461 79 0.64 0.71 21 
9 C - 0 . 2 7 1.34 459 94 0.72 0.71 6 

13 - 0 . 2 3 1.68 463 79 0.65 1.04 21 
13C - 0 . 2 2 1.79 460 91 0.80 1.09 9 

of these materials has a weathered muscovite component ( d i o c t a h e d r a l 
v e r m i c u l i t e ) that m a y conta in some i r o n a n d w o u l d not be r emoved b y 
the base treatment. 

Group C. T h e three samples i n this group ( T a b l e V I ) h a d larger 
i r o n oxide content b o t h before a n d after concentrat ion. T w o of the sam
ples were s tud ied at r o o m temperature a n d exh ib i ted magnet ic c o m 
ponents ( T a b l e V I I ) . T h e spec trum of B158 is s h o w n i n F i g u r e 2. T h e 
field va lue is m u c h too large for goethite a n d indicates hematite w i t h 
a l u m i n u m subst i tut ion. Sample B154 h a d broader magnet i c l ines a n d 
l o w e r field t h a n B158, i n d i c a t i n g smal ler par t i c l e size. A t 78 K the h e m a 
tite l ines ( T a b l e V I I I ) of a l l these samples were sharp a n d predominant . 
Sample A906 h a d about 2 0 % relat ive area i n the f o r m of a doublet , 
w h i c h remains after concentrat ion. Sample B154 h a d a second magnet i c 
component present, w i t h parameters i n agreement w i t h a l u m i n u m - s u b s t i 
t u t e d goethite. T h e concentrat ion step i n this case appears to convert 
the s m a l l amount of doublet to goethite, w i t h a corresponding increase 
i n H. T h i s is to be expected i f a s m a l l amount of goethite c rys ta l l i za t i on 
occurred on treatment w i t h base, the n e w l y c rys ta l l i zed mater ia l b e i n g 
l o w i n a l u m i n u m subst i tut ion. 

Table VI . Composition of Group C (Hematite-Rich) Oxides 

Iron Oxides Weight % Mole % 
Soil in X-Ray° Iron Aluminum 

A 9 0 6 H , g 9.3 24 
A 9 0 6 C H , g 39.6 24 
B 1 5 4 H , g (?) 7.7 19 
B 1 5 4 C H , g 43.4 9 
B 1 5 8 H , g 22.5 9 
B 1 5 8 C H , g 56.8 5 

° Strong lines for hematite are indicated by H , weaker lines for goethite by g. 
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Table VII. Mossbauer Results at Room Temperature 
for Group C Clays 

Magnetic Component Doublet 

A r H RA A r RA 
Sample (mm/s) (mm/s) (kG) (%) (mm/s) ( mm/s) (%) 

B 1 5 4 - 0 . 1 7 1.25 478 62 0.55 0.44 38 
B 1 5 4 C ( - 0 . 2 ) ' 1.12 474 62 0.59 0.58 38 
B 1 5 8 - 0 . 2 1 0.56 498 84 0.55 0.50 16 
B 1 5 8 C - 0 . 2 1 0.72 493 84 0.56 0.54 16 

c Fixed parameter. 

X - r a y d i f f ract ion results showed l ines characterist ic of hemat i te i n 
a l l samples a n d weak peaks w h i c h c o u l d ind i cate some goethite ( the 
goethite l ines are general ly obscured b y si l icate m i n e r a l s ) . I n the con -
centerated Sample B 1 5 4 C goethite was def initely present, i n agreement 
w i t h the Mossbauer results. Samples B 1 5 8 C a n d A 9 0 6 C also s h o w e d 
w e a k goethite l ines. A n attempt was m a d e to fit the Mossbauer spec t rum 
of B 1 5 8 C to t w o sets of magnet i c l ines, b u t no i m p r o v e m e n t was obta ined . 
A stronger source a n d / o r longer c ount ing t imes w o u l d be needed there
fore to detect the presence of a s m a l l amount of goethite w h e n hemat i te 
is predominant . 
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Table VIII. Mossbauer Results at 78 

Sample 

A 9 0 6 
A 9 0 6 C 
B158 
B 1 5 8 C 

B 1 5 4 

B 1 5 4 C 

Magnetic Components 

A r H RA 
'mm/s) (mm/s) (kG) (%) 

- 0 . 1 9 0.51 518 78 
- 0 . 1 9 0.52 517 84 
- 0 . 1 9 0.47 523 100 
- 0 . 1 8 0.53 521 100 
- 0 . 1 7 0.54 514 57 
- 0 . 1 9 1.08 470 34 
- 0 . 2 0 0.48 516 56 
- 0 . 2 8 1.21 478 44 

K for Group C Clays 

Doublet 

A 
(mm/s) 

0.70 
0.70 

0.55 

r 
(mm/s) 

0.81 
0.90 

(0.54) 

RA 
(%) 

22 
16 

0 
0 

9 

Group D . T h i s group ( T a b l e I X ) contains four samples w i t h b o t h 
hemati te a n d goethite c lear ly present i n the i r Mossbauer spectra. I r o n 
content v a r i e d f r o m about 7 to 2 5 % . A s general ly observed i n the p r e 
v ious samples, the a l u m i n u m extracted b y D C B decreased after base 
concentrat ion. Boom-temperature Mossbauer spectra were ob ta ined for 
t w o of these ( T a b l e X ) . O n l y one, B159 , showed a w e a k magnet i c 
component. A f t e r concentrat ion, b o t h samples showed some magnet i c 
component characterist ic of hematite w i t h reduced field. A t 78 K ( T a b l e 
X I ) , a l l samples h a d sharp hematite l ines i n a d d i t i o n to a second m a g 
net ic component characterist ic of re laxat ion-broadened goethite, p lus a 
s m a l l doublet . T o fit these complex spectra, the l inewidths of a l l hemat i te 
peaks were constrained equa l ly a n d the doublet l i n e w i d t h was constrained 
to that of hematite . T h e spectrum of Sample B159 at r o o m temperature 
is shown i n F i g u r e 3. T h e spectral data for B159 a n d B 1 5 9 C are s h o w n 
i n F igures 4 a n d 5, i l lus t ra t ing the e l iminat i on of the doublet b y concen
trat ion . T h e x-ray patterns obta ined for B 1 5 7 C , B 1 5 9 C , a n d A 6 8 5 C 
also showed b o t h hematite a n d goethite present i n signif icant amounts . 

Table IX. Composition of Group D Oxides 

Iron Oxides Weight % Mole % 
Soil inX-Ray* Iron Aluminum 

A 6 7 5 G 6.6 24 
A 6 7 5 C G , h (?) 31.8 16 
A 6 8 5 H , G 8.8 14 
A 6 8 5 C G , h 32.8 10 
B 1 5 7 G , H 24.9 27 
B 1 5 7 C G , H 47.7 16 
B 1 5 9 H , g (?) 15.2 16 
B 1 5 9 C H , g 49.5 11 

° Dominant oxide in terms of diffraction intensity is labeled H (hematite) or G 
(goethite). Weaker peaks are indicated by lower case h and g. 
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Table X . Mossbauer Results at Room Temperature 
for Group D Clays 

Magnetic Component Doublet 

A r H RA A r RA 
Sample (mm/s) (mm/s) (kG) (%) (mm/s) (mm/s) (%) 

B 1 5 7 0 0.54 0.41 100 
B 1 5 7 C ( - 0 . 2 ) ' 1.86 475 30 0.57 0.65 70 
B 1 5 9 ( - 0 . 2 ) " 0.79 486 18 0.56 0.46 82 
B 1 5 9 C ( - 0 . 2 ) " 0.76 492 30 0.57 0.63 70 

• Fixed parameter. 

A l t h o u g h the Mossbauer re lat ive area for goethite was s imi lar i n A 6 8 5 C 
a n d B 1 5 9 C ( T a b l e X I ) , the goethite x-ray peaks were more p rominent i n 
A 6 8 5 C . T h i s agrees w i t h the smaller l i n e w i d t h of the latter, i n d i c a t i n g 
better crysta l l i zat ion . T h e o r i g ina l c lay B157 showed x-ray l ines charac 
terist ic of the a l u m i n u m oxide g ibbsite ; this p r o b a b l y accounts for the 
apprec iab le reduct i on i n a l u m i n u m content u p o n base concentrat ion 
( T a b l e I X ) . T h e reduct i on i n re lat ive area of the double t u p o n base 
concentrat ion for a l l of these samples ( T a b l e X I ) c o u l d be at tr ibutable 
either to r emova l of s i l icate i r on or to changes i n goethite part i c le size. 
T h e near constancy of the field values before a n d after concentrat ion 
argues against the latter, a l though the goethite re lat ive area d i d increase 
w i t h decreased doublet area i n three cases. 

Aluminum Incorporation in Iron Oxides. G o l d e n et a l . ( 5 ) ob 
t a i n e d a l inear corre lat ion be tween a l u m i n u m content of goethites a n d 
the Mossbauer H at 78 K . A l u m i n u m substitutions ca l cu la ted b y this 
corre lat ion , H ( 7 8 K ) = 500 — 1.77 (% a l u m i n u m ) , are c o m p a r e d i n 
T a b l e X I I w i t h values de termined b y D C B extract ion. F o r G r o u p B , the 
goethi te -r i ch samples, the corre lat ion is excel lent i f the D C B results o n 

Table X I . Mossbauer Results 

Hematite 

A r H RA 
Sample (mm/s) (mm/s) (kG) (%) 

A 6 7 5 - 0 . 1 7 0.49 517 33 
A 6 7 5 C - 0 . 1 6 0.51 512 30 
A 6 8 5 - 0 . 1 6 0.55 517 37 
A 6 8 5 C - 0 . 1 7 0.45 520 30 
B 1 5 7 ( - 0 . 2 ) ' 0.61 513 17 
B 1 5 7 C - 0 . 1 7 0.50 516 16 
B 1 5 9 - 0 . 1 8 0.56 515 35 
B 1 5 9 C - 0 . 2 1 0.58 513 43 

° Doublet width constrained equal to hematite width. 
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Figure 3. Mossbauer spectrum of soil clay B159 at room temperature 

the concentrated samples are used . M o s t of these o r i g i n a l l y must have 
conta ined a l u m i n u m i n some other f o r m so luble i n the D C B treatment. 
T h e corre lat ion is not as good for the samples f r o m G r o u p D , the M o s s 
bauer values general ly b e i n g somewhat larger . T h i s result c o u l d ind i cate 
the hemati te component was l o w e r i n a l u m i n u m , m a k i n g the average 
e q u a l to the D C B va lue . 

at 78 K for Group D Clays 

Goethite Doublet 

A r H RA A r RA 
(mm/s) (mm/s) (kG) (%) (mm/s) (mm/s) (%) 

- 0 . 2 3 1.28 468 57 0.59 (0 .49 ) ' 10 
- 0 . 1 6 1.35 462 67 0.61 (0.51)* 3 
- 0 . 2 3 1.18 467 52 0.59 (0.55) • 11 
- 0 . 2 5 1.34 471 66 0.67 (0 .45 ) ' 4 
- 0 . 2 2 1.35 463 76 0.69 (0.61)* 7 
- 0 . 2 7 1.42 466 84 — — 0 
- 0 . 2 0 1.34 469 59 0.57 (0.56) • 6 
- 0 . 1 8 1.51 465 57 — — 0 

6 Fixed parameter. 
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Table XII. Comparison of Aluminum Content in Goethite from 
Mossbauer Field Data with D C B Extraction 

Mole % Aluminum Mole % Aluminum 
Sample (Mossbauer)a (DCB) 

G r o u p B 
606 (606C) f t 36 ( 3 4 ) 6 33 (34) * 
608 29 (33) 37 (28) 

9 22 (23) 45 (24) 
13 21 (23) 40 (24) 

G r o u p D 675 18 (21) 24 (16) 
685 19 (16) 14 (10) 
B 1 5 7 21 (19) 27 (16) 
B 1 5 9 18 (20) 16 (11) 

• From H (78 K) = 500 — 1.77 (% aluminum). 
* The results for the NaOH-concentrated sample are given in parentheses fol

lowing the results for the untreated clay. 

T h u s a n attempt was made to estimate the a l u m i n u m content i n 
hemati te for those samples w i t h magnet i c components at r o o m tempera 
ture ( T a b l e X I I I ) . I t shou ld be noted that the field values for hemati te 
at 78 K are re lat ive ly independent of a l u m i n u m content a n d thus are not 

Figure 4. Mossbauer spectrum of soil clay B1S9 at 78 K 
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12.0 

Figure 5. Mossbauer spectrum of concentrated oxide fraction from 
B159C at 78 K 

suitable . T h e ear ly data of Janot a n d G i b e r t (11) on synthetic bauxites 
gives a slope of H ( 3 0 0 K ) vs. % a l u m i n u m of about —0.9. C l e a r l y this 
is too s m a l l to account for the observed l o w fields. 

D a t a f r o m our laboratory (12) on synthetic a luminous hematites 
indicate a more negative slope. B a s e d on these data w e used a corre la 
t i o n l ine of H ( 3 0 0 K ) = 513 - 1.07 (% a l u m i n u m ) . These results 
overestimate the mole percent a l u m i n u m i n a l l cases. P a r t of this is most 

Table XIII. Comparison of Aluminum Content in Hematite 
from Mossbauer Field Data with D C B Extraction 

Mole % Aluminum Mole % Aluminum 
Sample (Mossbauer) ° (DCB) 

B 1 5 4 ( B 1 5 4 C ) 5 33 (36) 19 (9) 
B 1 5 8 14 (19) 9 (5) 
B 1 5 7 — (36) 27 (16) 
B 1 5 9 25 (20) 16 (11) 

c From H (300 K ) = 513 - 1.07 (% aluminum). 
6 The results for the NaOH-concentrated sample are given in parentheses fol

lowing the results for the untreated clay. 
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l i k e l y a t tr ibutable to the fact that H is r ea l ly non l inear at h igher a l u m i 
n u m concentrations. A l s o , i t m a y be that part i c l e size is a more i m p o r t a n t 
parameter i n d e t e r m i n i n g the magnet i c field for hemati te t h a n for 
goethite. H o w e v e r , the results of K u n d i g et a l . (13) do not ind icate a n y 
drast ic r educ t i on of field w i t h part i c le size for p u r e hematites . M o s s 
bauer results also do not show the l o w a l u m i n u m content for hemat i te 
i n Samples B157 a n d B 1 5 9 proposed ear l ier o n the basis of the goethite 
spectra. 

P e a k A r e a Rat i o s . F o r those samples f r o m G r o u p s C a n d D s t u d i e d 
at b o t h r o o m temperature a n d 78 K , some in f o rmat i on about changes 
o c c u r r i n g u p o n concentrat ion c a n be ob ta ined f r o m the rat io R of peak 
area at r o o m temperature to that at 78 K . T h i s rat io s h o u l d be the same 
for a g iven c lay before a n d after concentrat ion i f the i r on - conta in ing 
m a t e r i a l is unchanged , a n d s h o u l d increase i f the effective par t i c l e size 
increased u p o n concentrat ion. C o m p l i c a t i o n s are caused b y changes i n 
re lat ive proport ions of doublets a n d magnet i c components. A l s o , l o w 
intensities a n d b r o a d l ines make determinat ion of the areas imprec ise . 
T h u s , these ratios c a n be interpreted on ly qua l i ta t ive ly . 

T w o of the samples h a d no signif icant change i n rat io u p o n concen
trat ion , B154 w i t h R « 0.6 before a n d after, a n d B159 w i t h R « 0.5. T h e 
l o w e r R for B159 is consistent w i t h its h igher percentage goethite. S a m 
p le B158, w h i c h was p r i m a r i l y hematite of l o w a l u m i n u m concentrat ion, 
h a d a decrease i n R u p o n concentrat ion, f r o m 0.8 to 0.6. T h i s indicates a 
r educ t i on i n par t i c l e size, w h i c h is consistent w i t h the l ine b r o a d e n i n g 
observed at r o o m temperature ( T a b l e V I I ) . F o r Sample B157, R i n 
creased f r o m 0.5 to 0.6 u p o n concentrat ion, i n d i c a t i n g an increase i n 
part i c l e size. T h i s is consistent w i t h the r educed area of the doub le t 
component at b o t h 78 K ( T a b l e X I ) a n d r o o m temperature ( T a b l e X ) . 
W h y these effects occur i n opposite direct ions is not c lear , b u t B157 h a d 
a larger goethite component t h a n the other samples. 

Conclusions 

Mossbauer spectroscopy i n con junct ion w i t h c h e m i c a l treatment a n d 
x-ray di f fract ion c a n give m u c h use fu l in format ion about the i r o n oxides 
i n so i l . C o n c e n t r a t i o n of the oxide f rac t i on b y treatment w i t h b o i l i n g 
N a O H has l i t t l e effect o n the i r o n ox ides—neither o n the i r par t i c l e size 
nor on the ir a l u m i n u m subst i tut ion. F o r a f e w soils w i t h poor ly c rys ta l 
l ine oxides, Mossbauer spectra b e l o w 78 K w o u l d be use ful , b u t i n most 
cases the oxides g ive characterist ic spectra at 78 K . T h e effects of a l u m i 
n u m subst i tut ion o n the Mossbauer spectra of hemat i te need further 
study. 
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12 
Applications of Mössbauer Spectroscopy in the 

Steel Industry 

G. P. H U F F M A N and F. E. HUGGINS 

U.S. Steel Corporation, Research Laboratory, Monroeville, PA 15146 

Applications of Mössbauer spectroscopy in three principal 
areas of interest to the steel industry are reviewed: (1) 
characterization and processing of iron ore; (2) investigations 
of coal and its derivatives; and (3) analysis of steel products. 
The ore section discusses the use of Mössbauer spectroscopy 
for characterization of raw and processed iron ores, with 
emphasis on the direct-reduction process. Topics reviewed 
in the coal section include Mössbauer determinations of 
pyritic sulfur and iron-phase mineralogies in coal, and in
vestigations of mineral transformations during weathering, 
coking, and combustion. In the steel section, traditional 
topics such as the iron-carbon system are reviewed briefly, 
and more detailed discussions are given of recent work on 
internally nitrided high-strength low-alloy ( H S L A ) steels, 
and electron and x-ray re-emission Mössbauer studies of 
surface and subsurface oxidation. 

T r o n is a n important , usua l ly dominant , constituent of most materials of 
interest to the steel industry . I t is therefore not surpr i s ing that M o s s 

bauer spectroscopy finds m a n y appl icat ions of bo th a f u n d a m e n t a l a n d 
p r a c t i c a l nature i n steel research. I n this chapter w e w i l l summarize 
some of these appl icat ions . 

T h r e e p r i n c i p a l areas w i l l be covered. T h e first section describes 
appl icat ions of Mossbauer spectroscopy i n the character izat ion a n d 
process ing of ores, w i t h emphasis o n studies re lated to the d irect r educ t i on 
of i r o n ore. T h e second section deals w i t h the p r i m a r y f u e l source of 
the steel industry , coal , a n d its important der ivat ive , coke. Several 
prob lems of current concern i n the steel indust ry are discussed i n this 

0065-2393/81/0194-0265$09.25/0 
© 1981 American Chemical Society 
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section, i n c l u d i n g Mossbauer investigations of ox id i zed or weathered coal , 
studies of m i n e r a l transformations that occur d u r i n g c o k i n g a n d their 
re lat ion to coke qua l i ty , a n d the p i v o t a l role p l a y e d b y i r o n i n contro l l ing 
ash m e t l i n g a n d deposit ion d u r i n g h igh- temperature combust ion . T h e 
final section deals w i t h Mossbauer studies of steel products . Because 
there is obvious ly a very w i d e range of appl icat ions i n this area, this 
section focuses p r i m a r i l y on re lat ive ly recent investigations i n the area 
of surface analysis , p rec ip i ta t i on strengthening, a n d in terna l solute ox ida 
t ion . M o r e t rad i t i ona l areas, such as studies of the i r o n - c a r b o n system 
a n d quant i tat ive phase analysis of steels, are discussed only brief ly , b u t 
extensive references are g iven . 

Characterization and Processing of Iron and Other Ores 

R a w a n d Benef ic iated Ores . I r o n ore m a y be def ined as any n a t u 
r a l l y o c curr ing i ron -bear ing f ormat ion that contains i r o n i n sufficient 
quant i ty a n d satisfactory f o r m to a l l ow its economic recovery. Therefore , 
what constitutes a suitable i r on ore s ignif icantly depends on such economic 
factors as the p r o x i m i t y of s tee l -making faci l i t ies a n d the ava i lab i l i ty a n d 
cost of fue l a n d transportat ion. 

M o s t of the i r o n ore current ly m i n e d contains f r o m 25 to 5 0 % i r o n . 
Consequent ly , concentrat ion of the i ron -bear ing phases, b y such methods 
as magnet ic separation or w a s h i n g a n d flotation, is usua l ly r e q u i r e d ( I ) . 
T h e type of benefic iation processes r e q u i r e d for a par t i cu lar ore depends 
on its iron-phase d i s t r ibut ion , w h i c h is r ead i l y de termined f r o m M o s s 
bauer spectroscopy. Spectra of some t y p i c a l ores are shown i n F igures 
1 a n d 2. T h e absorpt ion peaks der ived f r o m magnetite , hematite , goethite, 
a n d siderite are ind i ca ted . A n ore that has magnet i te as its p r i n c i p a l 
i r on -bear ing constituent can be benefic iated b y magnet ic separation w i t h 
out p r i o r treatment. T h i s is cer ta in ly the case for the taconi te -magnet i te 
ore of F i g u r e 1 ( top s p e c t r u m ) . (Tacon i te is the general name g iven 
to most ores n o w m i n e d i n the M i n n e s o t a ore fields. I t consists p r i n c i p a l l y 
of a mixture of s i l i ca a n d various i r o n oxides.) D i r e c t magnet i c benef ic i 
a t ion w o u l d p r o b a b l y also be suitable for the I n d i a n ore sample of F i g u r e 
1 ( b o t t o m ) , p r o v i d e d the hematite component is in t imate ly associated 
w i t h the magnetite , as is often the case. 

I n recent years, leaner, more h i g h l y weathered ores, such as the 
taconite ore w i t h the spectrum shown i n F i g u r e 2 ( t o p ) , have become 
impor tant sources of i r on . F o r such ores, "magnet i c roas t ing" treatments 
are r e q u i r e d p r i o r to magnet i c benef ic iat ion. S u c h treatments consist of 
approx imate ly 1 h i n a r e d u c i n g atmosphere ( H 2 - C O ) at 400° to 500°C. 
T h i s converts essentially a l l the i r o n to magnetite , as i l lustrated b y the 
l ower spectrum of F i g u r e 2. T h e magnet i te i n this instance is a n o n -
sto ichiometr ic f o r m ( F e 3 . a . 0 4 ) , as ev idenced b y the B / A site rat io of 1.14. 
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Figure 1. Mossbauer spectra of a taconite-magnetite ore (top) and of 
an Indian iron ore (bottom) 

S i n t e r Q u a l i t y . A f t e r benef ic iat ion of the ore, t y p i c a l l y to more 
t h a n 9 0 % i r o n oxide, i t is usua l ly subjected to one of several agg lomera
t i o n processes to convert i t to a suitable " b u r d e n " mater ia l for the blast 
furnace. S inter ing is perhaps the most w i d e l y used agglomerat ion process 
( I ) . T h e finely d i v i d e d , benefic iated ore is in t imate ly m i x e d w i t h a finely 
d i v i d e d f u e l such as coke breeze. F l u x ( l imestone, do lomi te ) r e q u i r e d 
for proper blast- furnace operat ion is also n o r m a l l y a d d e d to the mixture , 
w h i c h is then passed o n a cont inuous ly m o v i n g b e d t h r o u g h a n i g n i t i o n 
furnace . T h i s causes the f u e l to be combusted a n d the ore partic les to 
be s intered together into porous, coherent l u m p s ca l l ed "s inter . " 

Mossbauer spectra of t w o sinters, one of w h i c h gave good p e r f o r m 
ance i n the blast furnace , the other poor, are s h o w n i n F i g u r e 3. B o t h 
sinters exhibi t absorpt ion peaks f r o m hematite , c a l c i u m - a n d m a g n e s i u m -
subst i tuted magnetite , a n d a set of b r o a d paramagnet i c peaks d e r i v e d 
f r o m glass a n d c a l c i u m ferrite . These data ind i cate that the poor sinter 
contains approx imate ly tw i ce as m u c h glassy mater ia l as the good sinter 
( 2 8 % of the i r o n i n paramagnet i c phases for the poor sinter vs. 1 3 % 
for the good s inter ) . T h i s result is i n accord w i t h scanning-electron a n d 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

01
2

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



268 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

o p t i c a l microscopy , w h i c h show the poor sinter to consist of a b unda nt 
hematite , magnet i te , a n d ferrite crystals i n a glassy matr ix w h i c h fills 
essentially a l l of the space between crystal l ites, w h i l e the good sinter 
exhibits a m u c h more porous morphology . T h e poor r e d u c i b i l i t y of the 
glass-r ich sinter p r e s u m a b l y arises because of its l o w porosity . 

Investigation of Direct-Reduction Processes. T h e r e has been m u c h 
interest i n recent years i n d i rec t - reduct ion processes d u r i n g w h i c h bene
ficiated ores are r e d u c e d to essentially a meta l l i c state. S u c h h i g h l y 
r e d u c e d mater ia l can be used d i rec t ly i n electric furnaces i n p lace of 
more expensive scrap, p r o v i d i n g metalfics re lat ive ly free of contaminants . 
A l t e rnat ive ly , i f i t is used as b u r d e n mater ia l i n the blast furnace , the 
h i g h state of r e d u c t i o n permits significant decreases i n coke usage. 

T h e r e are numerous d i rec t - reduct ion techniques (1,2,3), b u t the 
shaft-furnace reduc t i on process is perhaps the most popu lar . T h e bene
ficiated ore is first m i x e d w i t h a very smal l amount ( ~ V i %) of a b i n d e r 
such as bentonite , r o l l e d into pellets, a n d i n d u r a t e d at 1300° to 1350°C 
i n a ir . T h i s i n d u r a t i o n process converts a l l i r o n to hemat i te a n d produces 
s inter ing between the hemati te part ic les . T h e i n d u r a t e d pel lets are then 
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Figure 2. Mossbauer spectra of a highly weathered taconite ore before 
(top) and after (bottom) "magnetic roasting* 
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Figure 3. Spectra of two sinter samples that exhibited good (top) and 
poor (bottom) performance in the blast furnace 

l o a d e d into the top of a large shaft -reduct ion furnace , i l lus t rated i n 
F i g u r e 4. T h e r e d u c i n g gas is n o r m a l l y > 9 0 % H 2 + C O ( H 2 : C O ~ 1 
to 3 ) . T o t a l pe l le t transit t ime t h r o u g h the furnace is t y p i c a l l y o n the 
order of Vi to 1 h . 

W o r k at U . S . Steel (4 ) has establ ished that Mossbauer spectroscopy 
is the best m e t h o d ava i lab le for m o m t o r i n g the iron-phase d i s t r ibut i on of 
d irec t - reduced pellets. T h i s is i l lus trated i n F i g u r e 5, w h i c h shows spectra 
obta ined f r o m pellets r e d u c e d b y several somewhat different methods . 
T h e iron-phase percentages de termined for these three samples show that 
the i r to ta l oxygen contents have been r e d u c e d b y 3 5 % , 8 5 % , a n d 1 0 0 % . 
( F o r a l l such results reported i n this chapter , the peak areas have been 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

01
2

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



270 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 
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Figure 4. Schematic of a shaft-reduction furnace 

converted to effective thicknesses, w h i c h are used to calculate the i r o n -
phase percentages. A s w e have emphas ized elsewhere ( 5 ) , serious errors 
c a n result f r o m us ing peak areas d i rec t ly to ca lcu late such percentages. 
Unless otherwise noted , equa l i ty of recoilless fractions is assumed for 
the absorb ing phases.) N o r m a l l y , the r e d u c t i o n of the i ron -bear ing phases 
is close to 1 0 0 % . T a b l e I shows the range a n d t y p i c a l values of the 
w e i g h t percentages of meta l l i c i r o n , cementite , wust i te , a n d magnet i te 
de termined b y Mossbauer analyses of a large suite of r e d u c e d pellets 
p r o d u c e d b y a var ie ty of r educt i on processes. O v e r a p e r i o d of years, 
such Mossbauer determinations have been compared w i t h the results of 
c h e m i c a l analysis for meta l l i c , ferrous, a n d ferr ic i r o n , oxygen, a n d carbon 
o n numerous occasions, a n d the agreement is n o r m a l l y very good ( 4 ) . 

O n e p r o b l e m encountered i n d i rec t - reduct ion technology is the rather 
m a r k e d tendency of some reduced pellets to reoxid ize d u r i n g storage a n d 
shipment . T h i s occurs because the r e d u c e d pellets consist p r i n c i p a l l y of 

Table I. Mossbauer Analyses of Reduced Pellets 

Wt %a 

Compound Process Ranges Typical 

M e t a l l i c I r o n 4 2 - 8 4 68 
Cement i te 8 -48 22 
W u s t i t e 0 -10 3 
M a g n e t i t e 0 -10 1 

a Corrected for gangue content. 
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fine grains of meta l l i c i r o n s intered together i n a h i g h l y porous mass w i t h 
large surface areas of m e t a l ( ~ 0 . 5 - 1 . 0 m 2 / g ) avai lab le for reoxidat ion . 
I n the worst cases, such reox idat ion m a y become pyrophor i c . 

A n invest igat ion was conduc ted at U . S . Steel to determine w h a t 
factors contro l such reox idat ion a n d h o w i t c a n be avo ided ( 6 ) . A 
s imple test was devised to determine the re lat ive stabil it ies of various 
r e d u c e d pellets. A s ingle pe l le t is heated to 450°C i n a n inert atmosphere, 
the iner t atmosphere is rep laced b y a ir , a n d the subsequent temperature 
rise of the pel let is measured . Pel lets exh ib i t ing temperature rises of 
more t h a n 100°F are considered to be unstable to reoxidat ion. 

t I 1 I I i 1 1 1 I 1 l 

V(MM/S) 

Figure 5. Mossbauer spectra of direct-reduced pellets exhibiting reduc
tions in oxygen content of 35 (top), 85 (middle), and 100% (bottom) 
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I t was f o u n d that such unstable pellets c o u l d be "pass ivated" b y 
m i l d reox idat ion treatments ( 6 ) . N u m e r o u s unstable pellets were 
selected, the ir surface areas per gram w e r e determined b y a gas-absorp
t i o n technique , a n d they w e r e subjected to short ( ~ 15-60 m i n ) 
reox idat ion treatments i n C 0 2 / C O mixtures ( C 0 2 / C O £ 4 ) at 400°C to 
convert a por t i on of the meta l l i c i r on to magnetite . Mossbauer spectra of 
these reox id i zed pellets were s imi lar i n appearance to the m i d d l e spec
t r u m of F i g u r e 5. A s s u m i n g that the magnetite is present chiefly as a 
t h i n layer on the meta l grains m a k i n g u p the pel let , a n approx imate 
f o r m u l a for the magnetite thickness c a n be w r i t t e n : 

Zmag — ( W t % F e 3 0 4 ) X lOVpmagS (1) 

H e r e , Z m a g is the magnetite thickness ( A ) , p m a g is the density of magnet i te 
( g / c m 3 ) , S is the surface area per g ( m 2 / g ) , a n d the w e i g h t percentage 
of magnetite is de termined f r o m the Mossbauer measurement. 

F o l l o w i n g this pass ivat ion treatment, the temperature rise i n the 
pel let -s tabi l i ty test, A T , was redetermined. T h e results are s u m m a r i z e d 
i n F i g u r e 6, w h i c h shows the dependence of A T on the thickness of the 
pass ivat ing magnetite layer p r o d u c e d b y reoxidat ion of three i n i t i a l l y 
unstable pellets. T h e dashed curve is the result of a theoret ical ca l cu la 
t i on b y Spe i ch ( 6 ) , us ing k n o w n thermodynamic quantit ies a n d other 
measured pel let parameters. T h e amount of i r o n a n d cementite o x i d i z e d 
d u r i n g the pe l let s tabi l i ty test, a n d therefore the amount of heat released, 
increases w i t h increas ing interna l surface area a n d decreases w i t h increas
i n g thickness of the pass ivat ing oxide layer . Consequent ly , the thickness 
of the magnetite layer r e q u i r e d for pass ivat ion increases w i t h increas ing 
surface area per gram. 

O t h e r Types of O r e . Iron-57 Mossbauer spectroscopy also can be 
qui te useful i n the character izat ion a n d processing of other types of ore. 
A n example is p r o v i d e d b y w o r k conducted on t i tan ium-bear ing sands 
( 7 ) , for w h i c h the processing objective was to l iberate the t i t a n i u m . T h e 
top spectrum i n F i g u r e 7 was obta ined f rom a h igh-gradient magnet i c -
separation product of the sand. It is seen that the t i t a n i u m is present 
i n the f o rm of i lmeni te , F e T i 0 3 , w h i c h is m i x e d w i t h near ly p u r e 
hematite i n an exsolution structure. T h e ferr ic quadrupo le doublet 
presumably arises f rom the smal l ferr ic component i n the i lmeni te phase. 
T h e transformation of this " feed m a t e r i a r after a 1-h reduc t i on i n H 2 

at 800°C is shown b y the l o w e r spectrum i n F i g u r e 7. I t is seen that 
most of the i r on has been converted to i r o n meta l , w i t h only a sma l l 
i lmeni te remnant. H 2 r educt ion for somewhat longer t imes or at somewhat 
h igher temperatures is sufficient to convert a l l i r o n to meta l l i c f o rm. 
C h e m i c a l l each ing processes, w h i c h can also be f o l l owed b y Mossbauer 
spectroscopy, are then used to remove the meta l l i c i r o n , l eav ing the 
t i t a n i u m b e h i n d as rut i l e , T i 0 2 . 
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Figure 7. Spectra of the magnetic separation product of a titanium-rich 
sand before (top) and after (bottom) a reduction treatment in Ht 

Investigation of Coal, Coke, and Ash 

I n this section, w e summar ize some aspects of the Mossbauer 
analysis of coa l a n d its derivatives that are of par t i cu lar relevance to the 
steel industry . O t h e r chapters i n this v o l u m e summar ize a d d i t i o n a l 
aspects of the numerous Mossbauer investigations of coa l that have been 
conducted i n recent years ( 8 - 1 4 ) . 

Coal Mineralogy—Pyritic Sulfur Determinations and Paleoenviron-
mental Considerations. T y p i c a l spectra of several fresh, deep -mined 
b i tuminous coals are shown i n F i g u r e 8. P y r i t e ( F e S 2 ) is present i n 
v i r t u a l l y a l l coals a n d is the dominant i ron -bear ing phase i n approx imate ly 
7 0 % of the samples w e have invest igated. T h e P i t t s b u r g h seam coa l , 
the spectrum of w h i c h appears at the top of F i g u r e 8, contains essentially 
a l l its i r o n i n pyr i t e . Ferrous c lay minerals , p r i n c i p a l l y i l l i t e a n d , to a 
lesser extent, ch lor i te a n d montmor i l l on i te ( r a r e l y ) , are the second most 
abundant i ron -bear ing minerals i n fresh coals. T h e m i d d l e spec trum of 
F i g u r e 8 is t y p i c a l of a c l a y - r i c h coal . A p p r o x i m a t e l y 9 0 % of the coals 
w e have invest igated conta in ferrous c lay , a n d i t is the dominant i r o n -
bear ing species i n perhaps 2 0 % . T h e carbonate phases s iderite ( F e C 0 3 ) 
a n d occasional ly ankerite [ ( C a , M g , F e ) C 0 3 ] occur i n approx imate ly ha l f 
the coals invest igated a n d are dominant i n perhaps 1 0 % . T h e sulfate 
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phases jarosite [ ( N a , K ) F e 3 ( S 0 4 ) 2 ( O H ) e ] a n d szomolnokite ( F e S 0 4 • 
H 2 0 ) are also f requent ly observed i n m i n o r amounts i n deep -mined coals. 

Several methods have been deve loped for de te rmin ing the p y r i t i c 
sul fur content of coa l b y Mossbauer spectroscopy. I n the m e t h o d 
deve loped at this laboratory ( 8 , 9 ) , the absorpt ion area u n d e r the pyr i t e 
doublet is converted to an effective thickness X p y r , w h i c h is d i v i d e d b y 
the area density of the absorber, y i e l d i n g a Mossbauer mass-absorpt ion 
coefficient for pyr i t e , 

T 1 r — i 1 1 1 1 r 
Pyr. 

I I I I I I I 1 1—i—I 1 
-10 -8 -6 -4 -2 0 2 4 6 8 10 

V(MM/S) 

Figure 8. Mossbauer spectra of three coals rich in pyrite (top), the clay 
mineral, illite (middle), and the carbonate mineral, siderite (bottom) 
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C a l i b r a t i o n data obta ined f r o m a set of samples of accurately k n o w n 
pyr i t e content have establ ished a l inear re lat ionship between p y r i t i c 
sul fur content a n d this mass-absorption coefficient ( 8 ) , namely , 

w t % S p y r — 0.394 / x p y r (3) 

A s discussed i n more deta i l i n our earl ier papers ( 8 , 9 ) a n d elsewhere 
i n this vo lume, p y r i t i c sul fur values de termined b y Mossbauer spectros
copy are usual ly somewhat larger a n d more accurate t h a n those deter
m i n e d b y the standard A S T M method . 

O v e r a p e r i o d of several years, w e have invest igated the mineralogies 
of r a w coal samples taken f r om a large var iety of U . S . seams, u s i n g b o t h 
Mossbauer spectroscopy a n d a scanning-electron microscopy technique 
k n o w n as automatic image analysis (15,16). Recent ly these techniques 
have been used to determine detai led mineralogies of a suite of dr i l l - core 
samples f rom the Sewick ley seam i n Pennsy lvan ia (17). It appears that 
such data, i n par t i cu lar the i ron phase d istr ibut ions , can be of signif icant 
va lue i n a i d i n g geologists to make pa leoenvironmenta l reconstructions of 
the or ig ina l peat deposit. S u c h reconstructions are used to del ineate the 
regions of best coa l qua l i ty i n a deposit , w h i c h n o r m a l l y means lowest 
tota l sulfur. T h e Mossbauer determinat ion of pyr i t i c sulfur is c lear ly of 
interest i n this connect ion. O f more signif icance, however , is the observa
t i on that the samples of lowest sul fur content conta in the highest 
percentages of i ron-bear ing carbonates a n d clays, whereas the samples of 
highest sul fur content usual ly contain very l i t t l e or none of these phases, 
but exhibit comparat ive ly large percentages of the sulfate phases jarosite 
a n d szomolnokite. Consequent ly , abundant i ron -bear ing carbonates a n d 
c lay minerals apparent ly reflect freshwater peat deposit ion, whereas a 
h i g h content of i r on sulfates reflects a more brack ish , mar ine environment 
w h i c h gives rise to h igh-sul fur , l o w - q u a l i t y coal . T h i s t rend be tween 
i ron-bear ing minerals a n d sulfur abundance is consistent w i t h E h - p H 
diagrams (9,18). 

O x i d i z e d C o a l . F o r various reasons the use of s tr ip -mine coa l i n 
the produc t i on of meta l lurg i ca l coke is increasing. O x i d a t i o n of s t r ip -mine 
coa l by natura l weather ing processes is h i g h l y probable because of its 
near-surface locat ion. S u c h ox idat ion , i f extensive, makes coal unsuitable 
for c ok ing (19), a n d is often diff icult to detect. Recent studies at this 
laboratory have establ ished that the p r i n c i p a l effect of weather ing o n 
the minerals i n coa l is to convert a signif icant f ract ion of the p y r i t e to 
i r o n oxyhydroxide , p r i n c i p a l l y geothite. T h i s is i l lustrated i n F i g u r e 9, 
w h i c h shows Mossbauer spectra obta ined f r o m samples of a s tr ip -mine 
coal . T h e designations "outcrop , " " m i d d l e , " a n d " h i g h w a l l , " speci fy coal 
obta ined at locations where the seam is exposed at the surface, a p p r o x i 
mate ly ha l fway into the strip p i t , a n d f r o m the deepest par t of the p i t , 
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Figure 9. Spectra of oxidized strip-mine coal from the Middle Kittanning 
seam, illustrating the transformation of pyrite to goethite with increased 

weathering (all spectra obtained at 77 K) 

respectively . A l l spectra s h o w n i n F i g u r e 9 were obta ined at 77 K , 
because the geothite i n these coals is superparamagnet ic a n d therefore 
gives very poor ly resolved peaks at r o o m temperature . A more deta i l ed 
descr ipt ion of this w o r k , i n c l u d i n g compar ison of the Mossbauer F e O O H / 
( F e S 2 + F e O O H ) rat io w i t h other coal -ox idat ion parameters , is g iven 
elsewhere ( 2 0 ) . 

Mineral Transformations During Coking. C o k i n g consists of heat
i n g a c o k i n g b i tuminous coa l or b l e n d of coals i n a n a ir - t ight s lot-shaped 
oven. T h e coa l is charged c o l d into the ovens, a n d f r o m 15 to 20 h are 
r e q u i r e d for the charge to reach the so-cal led ' p u s h i n g temperature" of 
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approx imate ly 1000° to 1100°C. D u r i n g this p e r i o d , the vo lat i le matter 
of the coa l is d i s t i l l ed off a n d col lected i n the f o r m of coke-oven gas a n d 
a n d other substances, l e a v i n g b e h i n d the so l id , h i g h l y porous carbon 
res idue ca l l ed coke. ( T h e p r i n c i p a l constituents of coke-oven gas are 
H 2 ( ~ 5 0 % ) , C H 4 ( - 3 0 % ) , a n d C O ( ~ 5 % ) . ) A b o u t 1 5 % of the coa l 
m i n e d i n the U . S . is converted to coke for use b y the basic steel industry . 

T h e i r on -bear ing phases i n coa l are s ignif icantly transformed d u r i n g 
c o k i n g ( 8 , 9 ) . T h i s is i l lus t rated b y the coke spectra shown i n F i g u r e s 
10 a n d 11. T h e top spectrum of F i g u r e 10 was obta ined f r o m coke m a d e 
f r om the P i t t s b u r g h seam coal of F i g u r e 8; the bo t tom spectrum of 
F i g u r e 10 was taken f r o m a coke made w i t h P i t t s b u r g h seam coal 
obta ined f r o m a different locat ion. T h e latter coal also h a d pyr i t e as its 
dominant phase, b u t conta ined approx imate ly 1 3 % of its i r o n i n i l l i t e . 

I n the case of the l ower coke sample of F i g u r e 10, the p y r i t e has 
been reduced to a mixture of pyrrhot i te a n d tro i l i te ( 8 ) , 

F e S 2 - * F e S + F e ( 1 _ * ) S (4) 

F o r the upper coke sample of F i g u r e 10, however , the pyr i t e has been 
reduced to a mixture of i r o n sulfide a n d meta l l i c i r o n ; that is , 

F e S 2 - » F e S + Fe(1.x)S + meta l l i c F e (5) 

100 

96 

96 

g 100 

99 

96 

97 

96 

Pittsburgh 

Pittsburgh 

- L . - L . - L . 

G.T.Pyh 

I - L - I I I 
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 

V(MM/S) 

Figure 10. Spectra of two coke samples prepared from pyrite-rich Pitts
burgh seam coal ((Fe) iron metal; (Pyh) pyrrhotite; (T) troilite + pyrrho
tite; (G) glass and poorly crystalline silicates; (M) magnetite; (W) wustite, 

containing calcium and magnesium) 
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Figure 11. Spectra of cokes prepared from the clay-rich Mary Lee seam 
coal (top) and from the carbonate-rich Colorado B seam coal (bottom). 

(Peak labels as in Figure 10.) 

T h e o r i g in of this di f fer ing behavior of pyr i t e d u r i n g c o k i n g is not 
thoroughly understood at this t ime. H o w e v e r , i t appears to be a func t i on 
of c o k i n g temperature a n d t ime, a n d of the compos i t ion of the evo lved 
gas. Because of the economic advantages of l ower -su l fur coke i n steel-
m a k i n g , alterations of the c o k i n g process to favor Reac t i on 5 w o u l d be 
desirable . 

T h e transformations of the ferrous c lay a n d i r o n carbonate phases 
are i l lustrated i n F i g u r e 11, w h i c h shows spectra obta ined f r om cokes 
p r e p a r e d f r om the M a r y L e e a n d Co lo rado B seam coals of F i g u r e 8. 
I l l i t e , the p r i n c i p a l ferrous c lay m i n e r a l , transforms to glass or poor ly 
crystal l ine mater ia l w h i c h gives r ise to the b r o a d quadrupo le contr ibut ion 
labe led G i n F i g u r e 11. S ider i te , the p r i n c i p a l i r on carbonate phase, is 
r educed to meta l l i c i r on . A n k e r i t e , however , appears to be reduced to 
a c a l c i u m - a n d magnesium-subst i tuted wust i te , i n d i c a t e d b y the doublet 
l abe led W . A l s o s h o w n i n F i g u r e 11 is a dashed a r r o w denot ing the 
locat ion of an unassigned single peak. T h i s component is seen i n m a n y 
coke spectra a n d is be l i eved to have a var iab le o r ig in . I n some cokes, i t 
appears to arise f r om austenitic i r o n - c a r b o n , whereas i n others i t seems 
more l i k e l y to be an unreso lved component of the glass spectrum. M o r e 
deta i led discussions of m i n e r a l transformations d u r i n g cok ing , a n d of 
quant i tat ive i r o n sulfide measurements b y Mossbauer spectroscopy, m a y 
be f o u n d elsewhere (8,9,21). 
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Inves t iga t i on o f Factors C o n t r o l l i n g A s h a n d S lag Deposits . I n 
a d d i t i o n to coke -making , coa l has m a n y combust ion appl icat ions i n the 
steel industry , such as combust ion i n indus t r ia l bo i ler systems a n d firing 
of k i lns used for the i n d u r a t i o n of iron-ore pellets ( J , 2 2 ) . T h e format ion 
of d a m a g i n g ash a n d slag deposits d u r i n g d irect combust ion of coal 
often c a n be a major p r o b l e m . T r a d i t i o n a l l y , the propensi ty of coals to 
f o r m such deposits has been assessed b y means of a s tandard A S T M ash 
fus ion test ( 2 3 ) , w h i c h defines a series of m e l t i n g points , a n d b y various 
e m p i r i c a l formulae (24). Recent investigations at this laboratory (25) 
have concentrated on phase analysis of ash samples quenched f r om h i g h 
temperatures i n either r e d u c i n g ( 6 0 % C O - 4 0 % C 0 2 ) or o x i d i z i n g ( a i r ) 
atmospheres. These studies show that significant p a r t i a l m e l t i n g of ash 
occurs at temperatures far be low the " i n i t i a l de format ion temperature" 
( I D T ) determined i n the A S T M test (23), w h i c h f requent ly is considered 
to be the temperature at w h i c h m e l t i n g begins. 

Mossbauer data are par t i cu lar ly useful for ashes quenched f r o m a 
r e d u c i n g atmosphere, because i r o n is the p r i n c i p a l flux i n this condi t ion . 
F o r ashes of t y p i c a l composi t ion , a definite sequence of i ron -bear ing 
compounds a n d ferrous glass associated w i t h the i r o n - r i c h corner of the 
F e O - A l 2 0 3 - S i 0 2 phase d i a g r a m (26), shown i n F i g u r e 12, is observed 

Si0 2 

1723 

3AI 2 0 3 -2Si0 2 

-1850 

\ 
FeO 
1369 

FeOAI 2 0 3 

-1780 
A l 2 0 3 

-2020 

Figure 12. The FeO-Al203-Si02 phase diagram. Several key liquidus 
temperatures are indicated. 
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Figure 13. Spectra of ash samples quenched from high temperatures in 
a reducing atmosphere. The top spectrum was obtained at room tempera

ture and the lower spectra at 77 K. 

as a func t i on of increas ing temperature . T h e results are summar ized i n 
F i g u r e 13, w h i c h shows t y p i c a l Mossbauer spectra of several ashes 
q u e n c h e d f r o m various temperatures i n a r e d u c i n g atmosphere, a n d i n 
F i g u r e 14, w h i c h is a schematic representation of the iron-phase per 
centages as a func t i on of temperature , t y p i c a l of most of the ashes 
invest igated. ( T y p i c a l ash composit ions are 40 to 6 0 % S i 0 2 , 20 to 3 0 % 
A 1 2 0 3 , a n d 5 to 1 5 % F e O , w i t h the balance contr ibuted b y C a O , 
K 2 0 , M g O , etc.) 
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% Fe 

I 1 1 r 

TEMP, °C 

Figure 14. Typical temperature dependence of the percentages of iron 
contained in various phases in ash samples quenched from a reducing 
atmosphere (60% CO-40% C02) (( ) glass; ( ) wustite, ferrite; 

(- • -) fayalite; (— • —) iron sulfide; ( )hercynite, Fe-Al spinel) 

B e l o w 850°C, most of the i r o n is present as wust i te a n d i r o n - r i c h 
ferrite phases der ived f r om i r o n - r i c h minerals i n the coa l (pyr i t e , s iderite, 
e tc . ) , w i t h a smaller amount conta ined i n glass or poor ly crysta l l ine 
phases der ived p r i n c i p a l l y f r o m i l l i t e . A b o v e approx imate ly 900°C, 
wust i te reacts strongly w i t h quar tz - a n d kao l in i te -der ived aluminosi l i cates 
to f o r m fayal i te a n d si l icate melts. T h e top spectrum of F i g u r e 13 is 
t y p i c a l of samples quenched f r om this temperature range. M e l t i n g 
accelerates a n d fayal i te disappears as the temperature is increased to 
approx imate ly 1100°C. D e p e n d i n g o n the a l u m i n u m content (kao l in i te 
i n the o r ig ina l m i n e r a l o g y ) , signif icant amounts of hercynite ( F e A l 2 0 4 ) 
or other refractory a luminum-sp ine ls m a y f o r m i n the range f r o m 1100° 
to 1200°C, re tard ing ass imi lat ion of i r o n into the mo l t en phase. A t 
temperatures above approx imate ly 1200°C, however , most of the i r o n 
has been incorporated into glass phases. T h e m i d d l e a n d l ower spectra 
of F i g u r e 13 are t y p i c a l of ashes quenched f r o m this temperature range. 

A s seen i n F igures 13 a n d 14, i r o n sulfide, f o r med b y react ion of 
ferrous i r o n w i t h sul fur f r o m C a S , is also f requent ly observed. U s u a l l y 
the amount of i r o n sulfide is minor , b u t for certa in ashes of h i g h i r o n 
a n d c a l c i u m contents, i r on sulfide a n d wust i te are the dominant i r o n -
b e a r i n g phases observed at a l l temperatures. M e l t i n g appears to be 
contro l l ed i n these cases b y the b i n a r y F e O - F e S phase d iagram. A more 
deta i led discussion of this a n d other points w i l l be g iven elsewhere ( 2 5 ) . 
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Mossbauer Analysis of Steels 

A p p l i c a t i o n s of Mossbauer spectroscopy to the problems of steel 
analysis a n d ferrous meta l lurgy constitute one of the largest Mossbauer 
research areas, a n d several reviews on this top ic have been w r i t t e n ( 2 7 -
3 0 ) . Consequent ly , this section w i l l concentrate p r i m a r i l y o n several 
re lat ive ly n e w ut i l izat ions of Mossbauer spectroscopy i n the analysis of 
steels, w i t h only a br ie f r e v i e w of more t r a d i t i o n a l areas. 

The Iron—Carbon System and Austenite-Martensite—Carbide Deter
minations. M o s t steels consist p r i n c i p a l l y of i r o n a n d carbon , a n d not 
surpr is ing ly , the i r o n - c a r b o n system has been s tudied extensively b y 
Mossbauer spectroscopy. Some of the p r i n c i p a l results of these studies 
m a y be discussed convenient ly b y re ferr ing to F i g u r e 15, w h i c h shows 
spectra of a l o w - a n d h igh - carbon steel after annea l ing at 1100°C, 
q u e n c h i n g into ice br ine , a n d ag ing at r oom temperature for a week. T h e 
high-temperature (above 750° to 900°C, de p end ing o n the carbon c on -

100 -

92 -

84 -

U J 

100-

94 -

88 -

82-

76L 
-10 -8 -6 -4 -2 0 2 4 6 8 10 

V(MM/S) 

Figure 15. Spectra of a low- (top) and high- (bottom) carbon steel, 
quenched from 1100°C, exhibiting retained austenite contents of 1.3 and 

10.4%, respectively 
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tent ) phase of steel is a face-centered cub i c so l id so lut ion of carbon i n 
i r o n ca l l ed austenite. O n coo l ing b e l o w the so-cal led M s temperature , 
austenite transforms to a body-centered tetragonal so l id solut ion ca l l ed 
martensite ( 3 1 ) . N o r m a l l y , the transformation of austenite to martensite 
d u r i n g coo l ing is incomplete . B o t h the amount a n d the f o r m of the 
reta ined austenite s ignif icantly affect m e c h a n i c a l properties . 

Because austenite is paramagnet ic a n d martensite is ferromagnet ic 
at r oom temperature , they are easily d is t inguished i n Mossbauer spectra. 
( O n l y a f e w papers w i l l be i n d i v i d u a l l y referenced i n this section. T h e 
reader is referred to the r e v i e w articles (27-30) noted earl ier for more 
extensive meta l lurg i ca l b ib l iographies . ) Recent discussions of austenite 
determinat ion b y transmission a n d backscatter ing Mossbauer spectroscopy 
have been g iven b y Schwartz et a l . (29,32) a n d b y F l i n n et a l . (27,33). 
T h e y conc lude that Mossbauer spectroscopy gives somewhat m o r e a c c u 
rate results than x-ray di f fract ion ( X R D ) , p r o v i d e d corrections for effec
tive thickness a n d other technique-re lated effects are made . A d d i t i o n a l l y , 
i t is f requent ly app l i cab le i n cases where X R D is ineffective, as discussed 
later. 

Recent ly , Schwartz a n d K i m (34) used electron re-emission M o s s 
bauer ( E R M ) spectroscopy to establish that the amount of austenite at 
the surface of a 1095 steel was only ha l f that i n the bu lk . T h e y have also 
used E R M spectroscopy to investigate fracture surfaces i n F e - 9 N i - 0 . 1 C 
steel ( 3 5 ) , a n d establ ished that the austenite i n the steel is t ransformed 
to martensite to a depth of 300 /*m b e l o w the fracture surface. S u c h 
measurements w o u l d be very diff icult b y X R D . 

Austen i te -martens i te percentages are also of interest i n other types 
of steel. M a n y austenitic stainless steels undergo p a r t i a l t ransformation 
to martensite d u r i n g deformation. T h e degree of transformation depends 
c r i t i ca l ly on pr i o r heat treatment a n d compos i t ion (36). T h e spec t rum 
of F i g u r e 16 was obta ined f r o m a h i g h l y de formed area of a w h e e l cover 
hot-pressed (temperatures of approx imate ly 100°C) f r o m T y p e 301 
stainless steel w h i c h was complete ly austenitic p r i o r to pressing. T h e 
very b road martensite peaks are fit b y three magnet i c components, 
ref lect ing the h i g h a l l o y i n g content of the steel (17 w t % c h r o m i u m , 7 
w t % n i c k e l ) . Invest igat ion of several T y p e 301 steels revealed that 
f o rmab i l i t y increased w i t h increas ing transformation of austenite to 
martensite , p resumably because of a d d i t i o n a l energy d iss ipat ion a n d 
w o r k h a r d e n i n g (36). A g a i n the X R D method w o u l d be diff icult 
because of de format ion a n d texture effects. 

R e t u r n i n g to F i g u r e 15, bo th the austenite a n d martensite spectra 
exhibi t structure ar i s ing f r o m carbon i n solut ion. T h e austenite spectrum 
consists of a singlet ( A 0 ) ar is ing f r om i r o n atoms w i t h no carbon nearest 
ne ighbor , a n d a doublet (A±) der ived f r o m i r o n atoms h a v i n g one carbon 
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Figure 16. Spectrum of a highly deformed section of a wheel cover 
hot-pressed from Type 301 stainless steel. The deformation has trans

formed 23% of the steel to martensite. 

nearest neighbor . E x a m i n a t i o n of the re lat ive percentages of i r o n atoms 
h a v i n g zero or one carbon nearest ne ighbor reveals that carbon atoms do 
not o c cupy adjacent sites, i n d i c a t i n g a strong repuls ion between c a r b o n 
atoms i n austenite ( 37 ) . 

T h e martensite spectrum for h igh - carbon steels is qu i te complex. A s 
seen i n F i g u r e 15, there are at least four d ist inct magnet i c satell ite 
components der ived f rom i r o n atoms w i t h various configurations of carbon 
neighbors . T h e r e have been m a n y attempts to interpret Mossbauer 
spectra of martensite (37-41). A l l investigators agree that signif icant 
t e m p e r i n g i n v o l v i n g c luster ing of carbon atoms occurs i n re lat ive ly short 
t imes ( ~ hours ) at r oom temperature. T h e r e also appears to be general 
agreement that the M i a n d M 2 satell ite components arise f r o m i r o n atoms 
that are d ipo lar a n d p lanar nearest neighbors of carbon atoms i n octa
h e d r a l interstices. T h e r e is l i t t le agreement, however , w i t h regard to the 
o r i g in of the r e m a i n i n g satell ite peaks or the atomic arrangement of the 
c a r b o n atoms. T h e o r i g ina l articles shou ld be consulted for further 
discussion (37-41). 

T e m p e r i n g at somewhat elevated temperatures ( 3 0 0 ° to 5 0 0 ° C ) 
n o r m a l l y causes the f ormat ion of cementite , as i l lustrated i n F i g u r e 17. 
A recent, de ta i l ed Mossbauer s tudy of cementite f o rmat ion d u r i n g tern-
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7fi' 1 ' 1 ' 1 ' ' 1 1 1 

-10 -8 -6 -4 -2 0 2 4 6 8 10 

V(MM/S) 

Figure 17. Spectrum of a steel quenched from 1100°C and subsequently 
tempered at 400° C for 3 h; 7% of the iron is contained in cementite 

p e r i n g has been p u b l i s h e d b y W i l l i a m s o n et a l . (42). C o m m o n a l l o y i n g 
elements such as manganese, c h r o m i u m , a n d s i l i con also m a y be incor 
porated into cementite a n d other carb ide structures; such m i x e d carb ide 
phases usua l ly give rise to quadrupo le doublets at r o o m temperature 
( 2 7 , 4 3 ) . 

F i n a l l y , i t is w o r t h no t ing that m a n y of the studies of the i r o n - c a r b o n 
system descr ibed i n this section have been large ly d u p l i c a t e d for the 
i r o n - n i t r o g e n system (40,44,45). 

Investigations of Internally Nitrided Steels. M u c h effort has been 
devoted i n recent years to the deve lopment of prec ip i tat ion-strengthened, 
h igh-strength l ow-a l l oy ( H S L A ) steels. H S L A steels that are strengthened 
b y prec ip i ta t i on of fine dispersions of in te rna l solute n i t r ide phases have 
been s tudied extensively at this laboratory. I n this section, some of the 
results ob ta ined b y Mossbauer analysis of such interna l ly n i t r i d e d alloys 
(46,47,48) are summar ized . 

T h e n i t r ide precipitates n o r m a l l y take the f o r m of t h i n coherent 
platelets l y i n g a long (100) ferrite planes. I n the transmission electron 
microscope, they g ive rise to a characterist ic t w e e d contrast, as s h o w n 
i n F i g u r e 18. Because the platelets are extremely fine (1 to 3 atom layers 
th i ck , 10 to 50 A i n d i a m e t e r ) , conclusive ident i f i cat ion of the i r s to i ch i 
ometry is diff icult. F i g u r e 19 i l lustrates h o w Mossbauer spectroscopy can 
be used for such sto ichiometry ident i f i cat ion (46,47). T h e top spectrum 
was obta ined f r om a n iron-2.9 at. % m o l y b d e n u m al loy p r i o r to n i t r i d i n g ; 
the arrows labe led (n,m) denote the outermost peaks der ived f r o m i r o n 
atoms w i t h n m o l y b d e n u m nearest neighbors a n d m m o l y b d e n u m next-
nearest neighbors . T h e r e m a i n i n g spectra w e r e obta ined after the a l loy 
was n i t r i d e d to various levels at 500°C i n a n N H 3 - H 2 atmosphere. A s 
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the n i trogen l eve l increases, the m o l y b d e n u m satellite peaks disappear. 
T h e y are rep laced b y a very weak set of peaks i n d i c a t e d b y dashed 
arrows; as discussed later, these arise f r om i r o n atoms i n the ferrite 
matr ix that are nearest neighbors to n i trogen atoms i n the platelets. 

T h e n i trogen l eve l is measured grav imetr i ca l ly , a n d at each l e v e l of 
n i trogenat ion the amount of m o l y b d e n u m r e m a i n i n g i n so lut ion, CMO , is 
de termined f r om the expression 

where P ( 0 , 0 ) is the Mossbauer -determined f ract ion of ferrite atoms 
w h i c h have no m o l y b d e n u m nearest neighbors or next-nearest neighbors . 
C o m p a r i s o n of the m o l y b d e n u m removed f r o m solut ion w i t h the amount 
of absorbed n i trogen for m a n y samples l e d to the conc lus ion that the 
sto ichiometry of the n i t r ide was M o N . S i m i l a r l y , the stoichiometry of 
the most stable n i t r ide i n the i r o n - t i t a n i u m - n i t r o g e n system was estab
l i shed as T i N . 

0 .lym 

Figure 18. Characteristic tweed microstructure exhibited by an inter-
nally nitrided iron-titanium alloy 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

01
2

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



288 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

104 

96 

88 

100 

102 

96 

90 

o,ol 

Alloy 

500-1 

- . .: 500-3 

-10 -8 -6 -4 -2 0 2 4 6 
VELOCITY (mm/s) 

8 10 12 

Acta Metallurgies 

Figure 19. Spectra of iron-2.9 at. % molybdenum alloy before (top) and 
after nitriding to various levels at 500°C. Nitrogen contents (at. %) are: 

500-1-0.93%; 500-2-1.73%; 500-3-2.75% (46). 

T h e n i t r ide platelets f o rmed i n the i r o n - t i t a n i u m - n i t r o g e n system are 
m u c h more stable a n d signif icantly smal ler t h a n those i n the i r o n - m o l y b 
d e n u m - n i t r o g e n system ( 4 6 ) . Consequent ly , i r o n atoms ne ighbor ing 
t i t a n i u m a n d n i trogen i n the platelets can be read i l y detected a n d studied. 

T h e spectrum of a n i r o n - t i t a n i u m al loy conta in ing 1.9% t i t a n i u m is 
shown at the top of F i g u r e 20; satellite peaks der ived f r o m i r o n atoms 
w i t h one a n d two t i t a n i u m nearest neighbors or next-nearest neighbors 
are ind i ca ted . ( T h e change i n the hyperf ine field a n d isomer shift 
p r o d u c e d b y a nearest ne ighbor t i t a n i u m atom is not sufficiently different 
f r o m that p r o d u c e d b y a next nearest ne ighbor t i t a n i u m atom to be 
dis t inguished (51).) T h e l ower spectrum of F i g u r e 20 was obta ined after 
the a l loy was n i t r i d e d at 400°C to a very h i g h n i trogen l eve l (5.4 at. % 
n i t r o g e n ) . T h e upper spectrum of F i g u r e 21 was taken after the a l loy was 
n i t r i d e d to a h i g h leve l a n d subsequently equ i l i b ra ted at a l o w ni trogen 
act iv i ty at 500°C; this treatment was f o u n d to produce a T i N 2 s to i ch iom
etry for numerous alloys of various t i t a n i u m contents (48,49). F i n a l l y , 
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the l ower spectrum of F i g u r e 21 was obta ined after the a l loy was n i t r i d e d 
a n d subsequently r educed i n H 2 at 400°C to remove a l l n i t rogen i n excess 
of the T i N leve l . 

Mossbauer , transmission electron microscopy , a n d other measure
ments o n this a n d more d i lu te i r o n - t i t a n i u m - n i t r o g e n alloys have s igni f i 
cant ly c lar i f ied the in te rna l solute n i t r ide structure a n d its re lat ion to 
b u l k m e c h a n i c a l properties ( 48 ) . F o r samples r e d u c e d to the T i N l eve l , 
the Mossbauer results are i n good agreement w i t h a m o d e l proposed b y 
D . H . Jack ( 5 0 ) , i l lustrated i n F i g u r e 22. T h e T i N takes the f o r m of 
approx imate ly c i r cu lar , monolayer platelets l y i n g a long (100) ferr i te 
planes, i n w h i c h the ni trogen atoms occupy octahedral interstices sur
r o u n d e d b y four p l a n a r t i t a n i u m nearest neighbors a n d t w o d ipo lar i r o n 
nearest neighbors i n the ferrite matr ix ; these i r o n atoms g ive rise to the 

104.00 

96.00 

88.00 

80.00 

o 
QC 
£ 100 

96 -

92 -

88 -

84 -

Alloy 

T i N 2 + 1.6%N 

- L . 
-10 -8 -2 0 2 

V(MM/S) 

10 

Figure 20. Spectra of an iron-1.9 at. % titanium alloy before (top—295 
K) and after (bottom—77 K) nitrogenation to a high level (5.4 at. % 

nitrogen) 
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Figure 21. Spectra of the iron-titanium-nitrogen alloy at the TiNt level 
(top) and at the TiN level (bottom) 

satell ite peaks labe led N d i n F i g u r e 21. T h e r e are two other p r i n c i p a l 
types of i r on atoms present: 

1. I r o n atoms that are either nearest ne ighbor or next-nearest 
ne ighbor to t i t a n i u m atoms i n the monolayer . T h e next-
nearest i r o n atoms occur i n the second atomic planes above 
a n d be l ow the monolayer , a n d the nearest ne ighbor i r o n 
atoms are located i n the first a tomic planes above a n d 
b e l o w the square monolayer i n the ferrite sites a r o u n d its 
perimeter . These produce the component l abe led t i t a n i u m 
i n the l ower spectrum of F i g u r e 21 ; its Mossbauer p a r a m 
eters are quite close to those observed for i r o n atoms w i t h 
one t i t a n i u m nearest ne ighbor or next-nearest ne ighbor i n 
the untreated al loy . 

2. I r o n atoms i n the p lane of the monolayer that are p l a n a r 
nearest neighbors to n i trogen atoms on its per imeter , a n d 
g ive rise to a satellite component labe led N P . 
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Est imates of the thickness a n d diameter of the T i N platelets can be 
m a d e f r o m the percentages of i r o n atoms c o n t r i b u t i n g to the satell ite 
components. F o r monolayers , i t is seen f r om F i g u r e 22 that the percentage 
of i r o n atoms h a v i n g a d ipo lar n i trogen nearest neighbor , P d , shou ld be 
twice the t i t a n i u m percentage. T h i s has been observed for several F e -
T i N alloys after n i t r i d i n g a n d r e d u c i n g at 400°C a n d 500°C. S i m i l a r l y , 
estimates of plate let d iameter can be made f r o m the percentages P T i a n d 
P P ( 4 8 ) . F o r the T i N sample of F i g u r e 21 , the satell ite percentages 
indicate a thickness of one monolayer a n d a diameter of a p p r o x i 
mate ly 10 A . 

A g i n g the F e - T i N samples at e levated temperatures i n H 2 causes 
t h i c k e n i n g and g r o w t h of the T i N platelets , p r o d u c i n g changes i n 
m e c h a n i c a l propert ies . Plate let g r o w t h can be moni tored b y Mossbauer 
spectroscopy. F o r example, the average platelet thickness < n > is 
g iven b y 

< n > — 2 X at. % T i / P d 

T h e T i N - l e v e l sample of F i g u r e 21 was aged for 1 to 33 h i n H 2 at 600°C, 
a n d Mossbauer data were obta ined at each stage. F i g u r e 23 shows the 
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(B) 
Figure 22. Model of a circular TiN monolayer platelet lying on a (100) 

ferrite plane viewed (a) edge on and (b) face on 
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0.3 0.4 0.5 0.6 0.7 
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Figure 23. Hardness values of the 1.9 at. % TiN level samples aged 
from 0 to 33 h in H2 vs. the inverse of the percentage of iron atoms that 

are dipolar nearest neighbors to nitrogen atoms in the TiN platelets 

mechan i ca l hardness p lo t ted against 1 / P d . T h e peak hardness va lue 
occurs at an average plate let thickness of approximate ly t w o atomic 
layers. T h i s is i n accord w i t h electron microscopy , w h i c h indicates that 
transformation to an incoherent " b u l k " T i N structure occurs w h e n the 
platelet thickness exceeds two layers. 

I n spectra obta ined f r om alloys i n w h i c h the precipitates have the 
T i N 2 structure ( F i g u r e 21, t o p ) , the satellite component N d aga in arises 
f r om d ipo lar i r on nearest neighbors to n i t rogen atoms i n the platelet . 
T h e components N i n t are be l i eved to arise f rom a n ordered arrangement 
of inter fac ia l n i t rogen atoms w h i c h o c cupy every f our th interst i t ia l site i n 
the two ferrite planes immedia te ly above a n d b e l o w the centra l T i N 
monolayer (48). A t n i trogen levels above the T i N 2 l eve l (bot tom, F i g u r e 
2 0 ) , a l l peaks are m a r k e d l y broadened, a n d assignment of satellite c o m 
ponents is inconclus ive . A n important observation, however , is that no 
i r o n n i t r ide phases are detected, ref lect ing the m a r k e d l y increased n i t rogen 
so lub i l i ty of ferrite conta in ing dispersed t i t a n i u m nitr ides re lat ive to that 
of pure i ron . 

Investigation of Surface and Subsurface Oxides in Steels. E l e c t r o n 
a n d x-ray re-emission Mossbauer ( E R M a n d X R M ) spectroscopy p r o v i d e 
excellent methods for surface a n d subsurface analysis of steel. F o r 5 7 F e , 
E R M spectroscopy samples approx imate ly the top 0.5 of an i r o n - r i c h 
surface, whereas X R M samples approx imate ly the top 20 / m i . 
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T h e E R M technique has been invest igated more extensively ( 5 2 - 6 1 ) . 
A theory of E R M spectroscopy deve loped at this laboratory (54) prov ides 
ana ly t i ca l expressions that a l l o w the convers ion of E R M spectral area 
percentages to surface-layer thicknesses. T h i s theoret ical method has 
been used i n studies of surface oxide layers on i r on (55 ,56 , 59) a n d i n a 
1 1 9 S n E R M invest igat ion of surface layers on t inplate ( 5 7 ) . A chapter 
r e v i e w i n g the E R M technique is conta ined i n this v o l u m e (60 ) . A n 
earl ier rev iew art ic le descr ib ing the use of E R M , X R M , a n d transmission 
spectroscopy i n the analysis of surface-treated steels is also avai lab le (58). 

I n this section, w e summarize several p r a c t i c a l appl icat ions of these 
techniques i n the analysis of surface a n d subsurface oxides i n steel. W e 
first consider the ox idat ion of s i l i con d u r i n g the annea l ing of nonor iented 
e lectr ica l sheet steel ( 6 1 ) . These steels, w h i c h t y p i c a l l y conta in a p p r o x i 
mate ly 4 at. % s i l i con , 0.5 at. % a l u m i n u m , a n d 0.3 at. % manganese, 
are subjected to a var iety of annea l ing treatments to achieve des ired 
magnet ic properties. N o r m a l l y , these treatments are conducted i n H 2 -

N 2 - H 2 0 or " H N X " atmospheres at approx imate ly 800°C (decarbur i za t i on 
anneal ) a n d 1000°C (g ra in -growth a n n e a l ) . Investigations here (61) 
a n d elsewhere (62) have establ ished that in te rna l solute ox idat ion d u r i n g 
such anneal ing treatments can signif icantly degrade magnet i c properties . 

Several t y p i c a l E R M a n d X R M spectra of samples treated i n re la 
t ive ly w e t ( H 2 0 / H 2 = 0.15) a n d d r y ( H 2 0 / H 2 — 0.02) H N X atmos
pheres are shown i n F i g u r e s 24 a n d 25. Samples annealed complete ly i n 
d r y H N X exhib i ted only peaks f rom u n o x i d i z e d i ron ( top , F i g u r e 2 4 ) ; 
the arrows labe led 0, 1, a n d 2 denote the outer peaks ar i s ing f rom i r o n 
atoms i n the ferrite matr ix that have 0, 1, or 2 solute atoms as nearest 
neighbors . F o r samples treated i n w e t H N X , s i l i con is r emoved f r om 
solut ion a n d incorporated into the ferrous si l icate phase, fayal i te 
( F e 2 S i 0 4 ; peaks labe led F a i n F igures 24 a n d 2 5 ) . T h e l o w e r spectrum 
of F i g u r e 24 not on ly exhibits a significant amount of fayal i te , b u t also 
shows the existence of a surface magnetite layer est imated f r o m its 
spectral area percentage (54) to be 540 A th ick . T h i s indicates a large 
H 2 0 / H 2 ratio ( > 0.5) i n the c racked n a t u r a l gas atmosphere i n w h i c h 
this sample was annealed. 

T h e fayal i te peaks are most prominent i n the E R M spectra, a n d are 
either m u c h weaker or undetectable i n the X R M spectra, i n d i c a t i n g that 
fayal i te is contained p r i m a r i l y i n the top several microns of most samples. 
F r o m the re lat ive ly smal l intensities of the satellite peaks attr ibutable 
to s i l i con i n solut ion exhib i ted b y the X R M spectra, i t is seen that s i l i con 
has been signif icantly depleted f r om the ferr ite matr ix to depths of 20 to 
30 /xm. T h e micrographs of F i g u r e 26 show that this re lat ive ly deep 
r e m o v a l of s i l i con f r om so lut ion is associated w i t h the f ormat ion of sma l l 
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Figure 24. ERM spectra of several samples of nonoriented silicon-steels 
annealed as follows: Sample 15D3—5 min, dry HNX (H20/H2 = 0.02), 
800°C; Sample 16K4—5 min, wet HNX (H20/H2 = 0.15), 980°C; Sam

ple 13L2—30 min, cracked natural gas (H20/H2 > 0.5), 840°C 

in te rna l oxide inclusions ( p r i n c i p a l l y S i 0 2 ) w h i c h have a m a r k e d affinity 
for g ra in boundaries . 

T h e surface oxide layer a n d the gra in boundaries apparent ly become 
more permeable to oxygen w h e n fayal i te is f ormed . T h e deleterious 
effect of fayal i te f o rmat ion is i l lustrated i n F i g u r e 27, w h i c h shows a 
corre lat ion between magnet ic permeab i l i t y a n d the E R M - d e t e r m i n e d 
percentage of i r o n conta ined i n fayal i te . T h e two so l id data points 
represent samples subjected to a n i n i t i a l 5 -min anneal i n w e t H N X , 
f o l l o w e d b y a longer annea l ing treatment i n d r y H N X that converts 
fayal i te to i r o n p lus S i 0 2 , b u t produces no significant recovery of m a g 
net ic properties . 
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R e m o v a l of solute elements f r o m so l id so lut ion to f o r m in te rna l 
solute oxides is a c o m m o n p r o b l e m encountered i n the annea l ing of m a n y 
types of steel. F i g u r e 28 provides a n example of such ox idat ion d u r i n g 
box annea l ing of a steel conta in ing 1.7 at. % manganese ( 63 ) . T h e 
surface oxide layers are determined f r om the E R M spectrum area per 
centages (54) to be qui te th i ck i n this instance ( Z h e m = 1070 A ; Z m a g = 
2310 A ) . M o r e serious, however , is the fact that the X R M spectrum 
shows a n almost complete deplet ion of manganese f r o m solut ion to a 
d e p t h of 20 / m i . Serious i m p a i r m e n t of p h y s i c a l properties a n d appear
ance results f r o m such oxidat ion. 

6 -

4 -

2 . 15A3 
ERM 

0 -

6 -

-10 
_l_ 

-2 0 2 

V(MM/S) 

Figure 25. ERM (top) and XRM (middle,) spectra of silicon-steel an
nealed 5 min in wet HNX at 800°C; XRM spectrum (bottom) of Sample 

16K4, the ERM spectrum of which appears in Figure 24 
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Figure 27. Permeability vs. the ERM-determined percentage of iron in 
fayalite (61) ((O) 5-min anneal at 147S°F; (A) 5-min anneal at 1800°F) 
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Figure 28. ERM and XRM spectra of an annealed steel containing 1.7 
at. % manganese illustrating the nature of the surface oxide layer and the 
removal of manganese from solution by internal oxidation. The surface 

oxide peaks are just detectable (arrows) in the XRM spectrum. 
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I n m a n y cases, the oxide scales of interest o n steel are too t h i c k for 
E R M spectroscopy to p r o v i d e rea l ly use fu l in format ion . X R M spectros
copy is more use fu l here, a n d some t y p i c a l X R M spectra of re lat ive ly 
t h i c k oxide scales are shown i n F igures 29 a n d 30. T h e X R M spectra 
i n F i g u r e 29 i l lustrate the nature of ox ide scales f o r m e d d u r i n g hot-
r o l l i n g . I f the hot - ro l led c o i l is cooled r a p i d l y , the scale is p r e d o m i n a n t l y 
wust i te ( l ower s p e c t r u m ) ; for s lower coo l ing rates, the scale is trans
f o rmed to magnet i te ( u p p e r spec t rum) . I t is f o u n d that desca l ing is 
more easily accompl i shed for the magnet i te t h a n for the wust i te scale. 

F i g u r e 30 shows spectra obta ined f r o m the protect ive oxide layer 
f o rmed on U S S C O R - T E N , a s tructura l steel, d u r i n g three months of 
atmospheric exposure ( 6 3 ) . F r o m the re lat ive percentages contr ibuted 
to the X R M spectrum b y the steel substrate a n d the ferr ic oxyhydr ide 
layer , the thickness of the layer is est imated to be 13 /*m. Identi f icat ion 
of the superparamagnet ic oxyhydrox ide phases r e q u i r e d a l ow- tempera 
ture transmission spectrum of the extracted oxide layer ( l ower spectrum, 
F i g u r e 3 0 ) , w h i c h showed i t to consist of 6 7 % 0 - F e O O H a n d 3 3 % 
y - F e O O H . 

3.801 I I I I l I i i i 

-2 001 i i i i i i 1 1 1 1 
-10 -8 -6 -4 -2 0 2 4 6 8 10 

V(MM/S) 

Figure 29. XRM spectra illustrating different types of oxide scales 
formed during hot-rolling 
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Figure 30. Analysis of the protective oxide layer on COR-TEN requires 
both XRM and low-temperature transmission spectra 

Summary 

I r o n is a n important a n d f requent ly dominant constituent of the r a w 
materials ( i r o n a n d other ores ) , of the p r i n c i p a l f u e l source ( coa l a n d 
c o k e ) , a n d of the m a n y products of the steel industry . I n this chapter , 
w e have at tempted to g ive examples of the appl icat ions of Mossbauer 
spectroscopy i n each of these important areas. Because of the scope of 
the subject, no app l i ca t i on has been treated i n any deta i l . Nevertheless , 
i t is h o p e d that some of the p r i n c i p a l contr ibutions of Mossbauer 
spectroscopy i n each area have been h i g h l i g h t e d proper ly , a n d that 
sufficient references have been g iven to a l l o w the reader to pursue any 
par t i cu lar top i c i n more deta i l . 
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13 
Novel Iron-Sulfur Clusters 

E C K A R D MÜNCK 

Gray Freshwater Biological Institute, Department of Biochemistry, 
University of Minnesota, P.O. Box 100, Navarre, M N 55392 

Three novel iron-sulfur clusters have emerged during the 
past few years from the study of various biological systems. 
Two of the new centers are components of the molybdenum-
and iron-containing protein (nitrogenase) of the biological 
nitrogen fixation system. During the past few months Möss
bauer data and x-ray diffraction studies have given evidence 
for a cluster containing three spin-coupled iron atoms and 
(probably equimolar amounts of) sulfide. We characterized 
this center in detail for two ferredoxins from A . vinelandii 
and D . gigas. The new group also was present in aconitase 
from beef-heart mitochondria and in glutamate synthase 
from E. coli. This chapter focuses mainly on the spectro
scopic evidence for this new three-iron center. 

i p v u r i n g the past 15 years a fasc inat ing subfield of m o d e r n b iochemistry , 
the f a m i l y of i r o n - s u l f u r proteins, has developed. D u r i n g the past 

decade this d i s c ip l ine has m a t u r e d into a sophist icated b r a n c h of m o d e r n 
research, a n d i t has spawned the vigorous pursu i t of des igning s tructura l 
models for the meta l centers d iscovered i n the proteins. T h i s w o r k 
c u l m i n a t e d w i t h the syntheses of [ 2Fe -2S ] a n d [ 4 F e - 4 S ] centers b y 
R. H . H o l m ' s group ( I ) . A b o u t five years ago i t appeared that the 
fundamenta l units h a d been discovered. Some strange E P R spectra, 
however , were s ignal ing that add i t i ona l structures r e m a i n e d to be 
character ized. Indeed , three nove l i r o n - s u l f u r centers were f ound since 
1975. T w o of the n e w structures reside on the m o l y b d e n u m - a n d i r o n -
conta in ing pro te in ( M o F e prote in ) of nitrogenase; they seem to be 
specific ingredients to carry out the b io l og i ca l n i trogen fixation process. 
T h e t h i r d nove l cluster, a sp in - coupled center conta in ing three i r o n atoms 
a n d inorganic sul fur , was discovered very recently ; d u r i n g the past four 
months w e f o u n d this structure to be present i n four different proteins 

0065-2393/81/0194-0305$05.25/0 
© 1981 American Chemical Society 
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a n d enzymes, a n d at present i t appears that this n e w center m a y be 
d i s t r ibuted w i d e l y i n nature. Since Mossbauer spectroscopy has been a n 
indispensable too l i n character iz ing this center a n d since the decis ive 
clues were furn ished b y this technique , w e w i l l focus i n this chapter o n 
this nove l structure. Moreover , w e w i l l have the opportuni ty to employ 
a n d discuss some n e w Mossbauer methodologies that promise to be 
f r u i t f u l i n unrave l ing the spectral intricacies of m u l t i m e t a l systems. 

I n the f o l l o w i n g w e brief ly summarize nomenclature a n d salient 
spectral features of the f a m i l i a r i r o n - s u l f u r centers, ment i on the n o v e l 
centers of nitrogenase, a n d proceed , i n the t h i r d section, w i t h a br ie f 
history of two proteins that conta in the n e w three- iron center. I n the 
f our th section w e discuss recent Mossbauer a n d E P R data , a n d i n the 
fifth section w e present a discussion of the p r i n c i p a l results a n d a n 
out l ine of some interest ing future work . 

It should be emphas ized that the w o r k presented here is the result 
of a f r u i t f u l cooperation between the Mossbauer group at the G r a y 
Freshwater B i o l o g i c a l Institute w i t h other groups, i n par t i cu lar those of 
W . H . O r m e - J o h n s o n , M . I . T . , a n d A . V . X a v i e r , U n i v e r s i t y of L i s b o n , 
Por tuga l . 

Familiar Centers and the Clusters of Nitrogenase 

I n this section w e w i l l brief ly r ev i ew the pert inent features of [ 2 F e -
2S] a n d [ 4 F e - 4 S ] centers a n d of the cofactor centers a n d P-clusters of 
nitrogenase. W e w i l l not discuss rubredox in , a l though a n interest ing 
(geometr ica l ) twist r egard ing the simplest i r o n - s u l f u r center (one i r o n 
atom, no inorganic su l fur ) was reported recently ( 2 ) . 

[ 2 F e - 2 S ] C l u s t e r s . T h e history of the e luc ida t i on of the structure 
of the [ 2 F e - 2 S ] centers b y means of spectroscopic techniques is a 
beaut i fu l example of h o w techniques such as the Mossbauer effect, E P R , 
E N D O R , N M R , magnet ic suscept ib i l i ty , a n d various op t i ca l methods 
can be c o m b i n e d i n a very p o w e r f u l way . A l u c i d r ev i ew has been g iven 
b y P a l m e r ( 3 ) . T h e most important b i ophys i ca l property of the [ 2 F e - 2 S ] 
centers is their ab i l i ty to mediate reversible one-electron transfer b y 
u t i l i z i n g two stable ox idat ion states. I n the ox id i zed f o rm the centers 
have a d iamagnet i c (S = 0) g round state; u p o n a one-electron reduct ion 
the famous E P R feature at g = 1.94 is observed, a s ignal resu l t ing f r o m 
an S = 1 /2 g round state. I n 1966 G i b s o n a n d co-workers (4 ) proposed 
a very elegant m o d e l i n v o l v i n g anti ferromagnetic c o u p l i n g ( v i a sul fur 
br idges ) of the two i ron atoms for the observed E P R features. T h i s 
m o d e l was conf irmed exper imental ly b y D u n h a m et a l . ( 5 ) a n d M i i n c k 
et a l . (6); the decisive c lue was the observation of posit ive a n d negative 
magnet ic hyperf ine fields w i t h Mossbauer spectroscopy. Recent ly , the 
salient features of the proposed structure for the [ 2 F e - 2 S ] centers w e r e 
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conf irmed b y x-ray di f fract ion studies of the ferredoxin f r o m Spirulina 
phtensis ( 7 ) ; this w o r k also establishes that the compounds synthesized 
b y H o l m ' s group are close s tructura l models of the act ive centers f o u n d 
i n the electron transfer proteins. 

[ 4 F e - 4 S ] Clusters. Clusters of the cubane [ 4 F e - 4 S ] type are sta
b i l i z e d b y proteins i n three ox id i zed states, a l though a g iven pro te in 
apparent ly ut i l izes on ly a single redox pa ir . I n the Chromatium vinosum 
high-potent ia l i r o n pro te in ( H i P I P ) the cluster operates at a m i d p o i n t 
potent ia l of + 4 2 0 m V . I n the ox id i zed f o rm an ax ia l E P R s ignal is 
observed at gz = 2.12 a n d gj_ = 2.04 (see O r m e - J o h n s o n a n d Sands 
( 8 ) ) ; u p o n a one-electron reduct ion a d iamagnet ic c luster g round state 
results. I n contrast, most other proteins stabi l ize the [ 4 F e - 4 S ] center at 
a m i d p o i n t potent ia l of about —400 m V . I n the latter case (examples are 
the ferredoxins f r om Bacillus polymyxa a n d Bacillus stearoihermophilus) 
the ox id i zed state is d iamagnet ic w h i l e the reduced state (S = 1 /2 ) 
y ie lds a s ignal at g = 1.94 ( t y p i c a l g-values are g~ — 2.06, gy = 1.92, 
a n d gx = 1.88 as observed for the B. polymyxa p ro te in ; see Ref . 8 ) . 
T h e occurrence of three ox idat ion states for the [ 4 F e - 4 S ] clusters has 
been rat ional i zed b y Car te r et a l . (9 ) b y the three-state hypothesis w h i c h 
proposes that the clusters of r educed H i P I P a n d the ox id i zed ferredoxins 
are i n equivalent d iamagnet ic states. T h e ferredoxins can be reduced 
into the E P R - a c t i v e ( + 1 ) state (here w e use the n e w rules for the 
nomenclature of i r o n - s u l f u r centers (10)). N o t e that the average g-value 
for reduced ferredoxin is g a v < 2, w h i l e g a v > 2 is for ox id i zed H i P I P . 
There are m a n y examples i n the l i terature where signals a r o u n d g = 2.01 
have been observed i n i r o n - s u l f u r proteins u n d e r o x i d i z i n g condit ions. 
These features often have been referred to as " H i P I P - t y p e " signals, a n d 
f requent ly i t was conc luded (or tac i t ly assumed) that a [ 4Fe -4S ] cluster 
i n the ( + 3 ) ox idat ion l eve l is present. I n the next section w e discuss a 
three- iron center as the source of m a n y of the reported signals. 

The P -Cluster of Nitrogenase. T h e P-clusters of nitrogenase are 
i r o n - s u l f u r centers w i t h u n i q u e spectroscopic properties ( the s y m b o l P 
indicates that these centers ( four per molecu le ) reside o n the pro te in 
component of the M o F e pro te in , i n contrast to the M-centers , d is 
cussed later, w h i c h be long to the i r o n - a n d m o l y b d e n u m - c o n t a i n i n g 
cofactor ( F e M o - c o ) of n i trogenase) . T h e e luc idat ion of the ir s tructural 
features so far has been entirely i n the r ea lm of Mossbauer spectroscopy. 
Z i m m e r m a n n et a l . (11) a n d H u y n h et a l . (12) have p u b l i s h e d deta i led 
analyses of Mossbauer spectra of nitrogenase f r om Azotobacter vinelandii 
(11) a n d Clostridium pasteurianum (12). A l l evidence favors the P -
clusters to be variants of f a m i l i a r [ 4Fe -4S ] centers. Spectroscopical ly , 
however , the P-clusters are qui te un ique . I n the nat ive prote in (as 
isolated) the P-clusters are d iamagnet ic . A c c o r d i n g to the Mossbauer 
data one of the i r o n sites ( l abe led F e 2 * ) is c lear ly recognizable as h i g h -
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sp in ferrous i n character (this reminds one of the t r a p p e d ferrous valence 
state observed for r educed [2Fe~2S] centers ) ; no such site has been 
observed for s tandard [ 4 F e - 4 S ] clusters. A one-electron ox idat ion of the 
P-clusters y ie lds an electronic g round state w i t h ha l f - in tegra l e lectronic 
sp in , S > 3 / 2 ; cur ious ly , this state is E P R - s i l e n t ( Z i m m e r m a n n et a l . 
(11) have ra t i ona l i zed this observat ion) . A t present i t is not clear w h a t 
c h e m i c a l features d is t inguish the P-clusters f r om other [ 4 F e - 4 S ] centers. 
I t appears that these spectroscopical ly u n i q u e structures have a [ 4 F e - 4 S ] 
core, as ind i ca ted b y core extrusion experiments (11,13) w h i c h y i e l d e d 
three to four [ 4 F e - 4 S ] clusters, i n accordance w i t h conclusions reached 
f r om Mossbauer spectroscopy ( four clusters per molecu le ) a n d redox 
t itrations ( I I ) . T h i s suggests that the u n i q u e spectroscopic features 
s ignal different l igations of the P-c luster i r o n atoms. S u c h differences 
c o u l d inc lude expansion to five-coordination or replacement of th io late 
l igands b y other nucleophi les . 

I f w e tentat ively accept the idea that the P-clusters are variants of 
[ 4 F e - 4 S ] centers, an i n t r i g u i n g quest ion arises: T o w h a t ox idat ion l eve l 
i n C a r t e r s scheme does the nat ive d iamagnet i c state, P N , belong? It 
seems obvious to associate the ox idat ion state P N w i t h the d iamagnet i c 
( + 2 ) state. H o w e v e r , the average isomer shift Say = 0.65 m m / s suggests 
an ox idat ion leve l even more reduced than the ( + 1 ) state w h i c h has 8 « 
0.58 m m / s ) , that is , the ox idat ion state of super-reduced ferredoxin , 
the ( + 0 ) state, is i m p l i c a t e d . T h i s is i n accordance w i t h the observation 
of transient g = 1.94 signals u n d e r o x i d i z i n g condit ions. (So far w e have 
not been able to prove unambiguous ly that these signals result i n d e e d 
f r o m the P-clusters ; the l o w concentrat ion of the g = 1.94 centers a n d 
the presence of about 30 i r on atoms impose f o rmidab le diff iculties.) T h e 
P-clusters can be revers ib ly o x i d i z e d into the state P o x (see F i g u r e 1 ) ; 
recent Mossbauer experiments, i n co l laborat ion w i t h W . H . O r m e - J o h n s o n 
a n d M . H . E m p t a g e , have y i e l d e d a m i d p o i n t potent ia l of about —250 
m V for the P ° X / P N

 C 0 U p l e ( for the A . vinelandii p r o t e i n ) . T h i s va lue for 
the potent ia l seems to be cons iderably h i g h for a ( + l ) / ( - f - 0 ) couple . 
O n the other h a n d , —250 m V is very l o w for a ( + 3 ) / ( + 2 ) couple , the 
only other possible assignment for the P 0 X / P N pa i r . I t is c lear that m u c h 
interest ing research needs to be done. 

The Cofactor Center of Nitrogenase (M-Centers). I n 1975 i t was 
s h o w n (14) b y c o m b i n e d E P R a n d Mossbauer studies that the prominent 
E P R features at g = 4.32, 3.67, a n d 2.01 observed for the A . vinelandii 
M o F e pro te in result f r o m an S «= 3 / 2 sp in - coupled cluster ( M - c e n t e r ) 
that contains at least four i r o n sites. ( T h e r e are two apparent ly ident i ca l 
M-centers per pro te in molecule . ) Subsequent ly , R a w l i n g s et a l . (15) 
p r o v e d that the M-centers conta in those m e t a l atoms that comprise the 
E P R - a c t i v e component of the i r o n - a n d m o l y b d e n u m - c o n t a i n i n g cofactor 
( F e M o - c o ) of nitrogenase. X - r a y absorpt ion fine structure studies (16) 
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13. M U N C K Iron-Sulfur Clusters 309 

Figure 1. Stable oxidation states of 
the cofactor centers and P-clusters of 

nitrogenase. 
The hexagon symbol was used to indi
cate a structure with (most probably) 
six iron atoms; no structural features are 
suggested. The cubane structure de
picted for the P-clusters is very prob
able but not an established fact. The 
symbol D represents three iron atoms 
that give rise to a Mossbauer quadru
pole doublet D; the Fe2+ site yields a 
doublet labeled Fe2+ (see Refs. 11, 12, 

14). 

on the m o l y b d e n u m of isolated F e M o - c o a n d of ho loprote in strongly 
suggest that the M-centers conta in i ron , m o l y b d e n u m , a n d sulfur. T h e 
exact sto ichiometric ratios of these three elements are at present the 
subject of intensive research i n m a n y laboratories. B y c o m b i n i n g M o s s 
bauer a n d E P R spectroscopy on holoproteins (12,17,18) a n d F e M o - c o 
(15), i t was f ound that each M - c e n t e r most l i k e l y contains six i ron atoms 
a n d one m o l y b d e n u m . T h i s n u m b e r agrees qu i te w e l l w i t h values (about 
7 i r on atoms) ob ta ined recently b y c h e m i c a l analysis of F e M o - c o (13). 
T h e M-center , i n the prote in , can be s tab i l i zed i n three d ist inct ox idat ion 
states (see F i g u r e 1 ) . So far the reduced state M R has been observed 
only w h e n nitrogenase is prepared under n i trogen fixing condit ions. T h e 
d iamagnet i c state M o x is attained b y ox idat ion i n air or w i t h redox dyes 
such as thionine . 

M a n y laboratories have made considerable efforts to assess whether 
isolated cofactor mater ia l contains amnio acids serving as external l igands 
to the M-centers a n d whether any organic component is present at a l l . 
C u r r e n t l y it appears that no such components are present a n d that the 
cofactor is removed f rom the pro te in as an anion. I t has been s h o w n 
recently that none of the ingredients of the or ig ina l extract ion procedure 
of Shah a n d B r i l l is absolutely r e q u i r e d ( B . K . Burgess , W . E . N e w t o n , 
a n d E . I. Stiefel , pr ivate c o m m u n i c a t i o n ) . A p p a r e n t l y , buffer a n d solvent 
molecules coordinate to the M-centers i n F e M o - c o to rep lace l igands 
furn ished b y the prote in . T h i s is qu i te surpr is ing since Mossbauer a n d 
E P R studies demonstrate the structural s imi lar i ty of the F e M o - c o cluster 
to the pro te in -bound M-centers . Reports f r om various laboratories sug
gest the presence of about four sul fur atoms i n F e M o - c o . Since precise 

C O F A C T O R CENTER M 

M M M 

S = 0 S = 3/2 

(EPR act ive) 
S>1 

P - CLUSTER 

(EPR s i lent ) 

frfi 
,D-- - jS 

S - — D 
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sul fur analyses are extremely difficult to obta in i n the presence of m o l y b 
d e n u m , these findings, as most results for F e M o - c o , should be considered 
as tentative. W e shou ld l ike to po int out that the observed isomer shifts 
of the M-centers do not d e m a n d a sul fur coord inat ion of the i r o n atoms 
(nor do they rule out a sul fur environment , see Ref . 1 9 ) . T h i s should not 
discourage chemists f r om cont inu ing to des ign cofactor models b y c lever ly 
c o m b i n i n g a n d m o d i f y i n g [ 4 F e - 4 S ] cubes; however , other i r o n c oord i 
nations are w o r t h consideration. O n e m i g h t contemplate the poss ib i l i ty 
that some i r on atoms of F e M o - c o are l i n k e d b y oxo-bridges. I t should be 
possible to e lucidate this po int b y l a b e l i n g the pro te in w i t h l s O or 1 7 0 . 
( M a s s spectroscopy a n d spin-echo mo du la t i o n experiments c ou ld p r o v i d e 
useful in format ion . ) 

Background on Two Ferredoxins 

I n 1971 L e G a l l ' s group i n M a r s e i l l e isolated a very interest ing ferre
dox in f rom the sul fate -reducing bac ter ium Desulfovibrio gigas. T h e basic 
subuni t of this pro te in has 57 amino acids (6 cys) of k n o w n sequence 
(20). T h e ferredoxin is isolated i n two different o l igomeric forms. F d I I 
is a tetramer f o rmed f rom ident i ca l monomers. It has been reported (21) 
that F d I I mediates electron transfer between cytochrome c 3 a n d the 
sulfite reductase system, w h i l e another o l igomeric f o rm, the t r imer ic F d I , 
can serve as a carr ier i n the phosphoroclast ic react ion. T h e magnet ic 
properties of the i r o n - s u l f u r centers i n the two o l igomer ic forms are 
drast ica l ly different (22). R e d u c e d F d I exhibits E P R features at gx = 
1.92, gy = 1.94, a n d gz = 2.07, signals ind i cat ive of [ 4 F e - 4 S ] centers i n 
the ( + 1 ) state. I n sharp contrast, F d I I exhibits a near ly isotropic s ignal 
a round g = 2.01 i n the ox id i zed state; this s ignal vanishes u p o n a one-
electron reduct ion . T h e m i d p o i n t potentials of F d I a n d F d I I w e r e 
determined to be at —455 m V a n d —130 m V , respectively. A l t h o u g h 
there are notable differences between H i P I P a n d F d I I i n g-values a n d 
redox potent ia l , the entire pat tern of E P R observations was interpreted 
b y C a m m a c k et a l . (22) as i n d i c a t i n g [4Fe -4S ] clusters s tab i l i zed i n 
different redox pairs i n F d I a n d F d I I , accord ing to C a r t e r s three-state 
scheme (see the second sect ion) . T h e idea of a [ 4Fe -4S ] center s tab i l i zed 
i n different redox pairs b y the same monomer ic u n i t has caused con 
siderable excitement. 

Shethna a n d subsequently Y o c h a n d A n i o n have isolated a ferredoxin 
( M W 14400) f r o m A . vinelandii c onta in ing 6-8 i r o n atoms a n d about 
equa l amounts of lab i l e sulfur. Subsequently , Sweeney et a l . (23) 
reported potent iometr ic t itrations of the prote in , a n d suggested the 
presence of two [4Fe -4S ] cores that are E P R - a c t i v e i n the ox id i zed state 
a n d that are each reduced b y a one-electron step into a n E P R - s i l e n t state. 
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13. M U N C K Iron-Sulfur Clusters 311 

T h e y proposed that the two clusters operated i n the ( + 3 ) / ( + 2 ) states 
as does H i P I P , a l though the two centers have drast ica l ly different m i d 
po in t potentials ( + 3 2 0 m V a n d —450 m V ) . B o t h centers, i n the o x i d i z e d 
state, exhib i t nearly isotropic E P R signals a r o u n d g = 2.01. H o w a r d et a l . 
(24) interpreted their cluster d isp lacement experiments as ind icat ive of 
t w o [4Fe -4S ] centers, w h i l e A v e r i l l et a l . (25) f ound evidence for on ly 
one such cluster. I n 1979, Stout (26) reported the analysis of a n x-ray 
di f fract ion study at 4 -A resolution, suggesting the presence of one [ 2 F e -
2S] cluster a n d one [4Fe -4S ] center. W e were qui te excited about this 
report since it suggested that something n e w was to be d iscovered : Since 
f a m i l i a r [ 2 F e - 2 S ] centers are E P R - a c t i v e on ly i n the reduced state, a n d 
since the presumed [ 2 F e - 2 S ] center y i e l d e d an E P R s ignal i n the ox id i zed 
state, the p u b l i s h e d data suggested that either a h igher ox idat ion state of 
a [ 2 F e - 2 S ] center was attained or that a n e w structure was present. 
A c c o r d i n g to present spectroscopic evidence (27,28) a n d a recent 
re interpretat ion of the electron density m a p at 2.5-A resolution, a n o v e l 
three - i ron center is present i n the two ferredoxins. 

Spectroscopic Evidence for a New Three-Iron Center 

Together w i t h co-workers W . H . O r m e - J o h n s o n a n d M . H . E m p t a g e 
w e have s tudied a 5 7 F e - e n r i c h e d sample of the ferredoxin f rom A . vine
landii ( 27 ) . Short ly after w e submit ted the Azotobacter w o r k w e started 
a s tudy of F d I I , together w i t h A . V . X a v i e r , J . J . G . M o u r a , a n d I . M o u r a 
( 2 8 ) . I n the f o l l o w i n g w e treat b o t h proteins b u t w e focus m a i n l y on 
F d I I since the presence of on ly one cluster faci l itates the analysis 
considerably . T h e reader m a y keep i n m i n d that the results were obta ined 
d u r i n g the past f ew months a n d that m a n y details need to be w o r k e d 
out. A l l chemica l , Mossbauer , a n d E P R data reported here o n F d I I 
were taken on the selfsame sample ; i r o n a n d sp in concentrations are 
quoted per monomer . T h e Mossbauer data were taken o n a sample w i t h 
5 7 F e i n natura l abundance . ( T h e sul fate -reducing D . gigas bacter ia 
p roduce sulfide w h i c h precipitates i r on i n the g r o w t h m e d i u m a n d thus 
precious dollars i f 5 7 F e were used.) 

T h e F d I I sample was ana lyzed for eight stable amino acids; the i r 
d i s t r ibut i on was f o u n d to fit the k n o w n sequence. T h u s , the sample was 
pure i n pro te in a n d the pro te in concentrat ion was therefore k n o w n . I ron 
analyses y i e l d e d repeatedly , to w i t h i n 3 % , 3 i r o n a toms /monomer . 
T h e Mossbauer data w i l l prove the absence of any discernable i r o n 
i m p u r i t y . A n E P R spectrum of ox id i zed F d I I is shown i n F i g u r e 2. 
W e s tudied the E P R saturation behavior of the sample over a w i d e range 
of temperatures a n d f ound that only one E P R - a c t i v e species is present. 
A good representation of the observed spectrum was obta ined b y choosing 
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g = 2.02 g=2.00 

Figure 2 . EPR spectrum of oxidized Fd II from D . gigas recorded at 
6 K. The derivative of the absorption is plotted vs. the magnetic induc

tion. 

g i = 2.02, g 2 = 2.00, a n d g 3 = 1.97 for spectral s imulations. W e 
quant i tated the spectra at 6, 8, a n d 12 K against a c o p p e r - E D T A 
standard a n d f o u n d a s p i n concentrat ion of 0.93 ± 0.12 s p i n s / 3 i r o n 
atoms. T h u s , i f one can establ ish that a l l i r o n atoms i n the sample are 
connected w i t h the E P R - a c t i v e center, i t fo l lows that a center w i t h 3 
covalent ly l i n k e d i r o n atoms is present. T h e Mossbauer data w i l l p rov ide 
the answer. 

F i g u r e 3 A shows a Mossbauer spectrum of ox id i zed F d I I taken at 
77 K . T h e so l id l ine is a least-squares fit generated b y assuming that 
only one species is present, that is , b y assuming that a l l i r on atoms i n the 
sample are equivalent . T h e q u a l i t y of the fit, the symmetry of the 
spectrum, a n d the sharpness of the absorpt ion lines (0.27 m m / s ) support 
this assumption. A l s o , there is no evidence for any i r o n i m p u r i t y . T h e 
Mossbauer parameters A E Q = (0.54 ± 0.03) m m / s a n d S = (0.27 =b 
0.03) m m / s are prac t i ca l l y the same as those observed for ox id i zed 
rubredox in (29 ) . I n par t i cu lar , the isomer shift suggests a tetrahedral 
coord inat ion of sul fur atoms. Moreover , the data show that the i r o n 
atoms are h igh - sp in ferr ic (S = 5 / 2 ) i n character. Isolated S = 5 / 2 i r on 
obvious ly is not present; otherwise, an E P R s ignal t y p i c a l of the ferr ic 
i o n should be observed. 

F i g u r e 4 shows a spectrum of the sample taken at 1.5 K . A b r o a d 
spectrum exh ib i t ing paramagnet i c hyperf ine structure is observed, i n 
accordance w i t h the in format ion f r o m E P R w h i c h shows s low electronic 
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i i i 

V E L O C I T Y ( m m / s ) 

Figure 3. Zero-field Mossbauer spectra of Fd II from D . gigas. The 
sample had 26mM iron with 57Fe in natural abundance: (A) spectrum of 
oxidized, EPR-active Fd II taken at 77 K; (B) spectrum of reduced Fdll 
taken at 4.2 K. The solid lines are the result of a least-squares fitting of 

the quadrupole doublets to the data. 
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Figure 4. Mossbauer spectrum of oxidized Fd II taken at 1.5 K in a 
parallel field of 600 G. The solid line plotted over the data is the result 
of adding three theoretical spectra computed from Equation 1 using the 

parameters quoted in Table I. 
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s p i n re laxat ion b e l o w 10 K . N o t e that the doublet - type spectrum around 
zero ve loc i ty is qu i te different f r o m the doublet observed i n F i g u r e 3 A . 
Before w e discuss the spectral decomposi t ion ind i ca ted i n F i g u r e 4, w e 
present some data taken on the ferredoxin f r om A . vinelandii ( the pro te in 
was labe led i r o n - s u l f u r pro te in I I I b y Shethna, b u t here w e w i l l l a b e l 
i t A v I I I for b r e v i t y ) . 

A Mossbauer spec trum of semi-reduced A v I I I is shown i n F i g u r e 5. 
I n the semi-reduced state the h igh-potent ia l center of A v I I I is r educed 
w h i l e the l ow-potent ia l center is i n the ox id i zed , E P R - a c t i v e state. T h e 
spectrum shows essentially two components : an intense quadrupo le 
doublet ( i n d i c a t e d b y the bracket ) a n d a magnet i c component ( t raced 
out b y the so l id l i n e ) . T h e quadrupo le doublet has to be associated w i t h 
the h igh-potent ia l center. I n most respects this center behaves indeed 
l ike an H i P I P - t y p e [ 4 F e - 4 S ] cluster. W e w i l l not discuss this component 
here any further , but w i l l concentrate o n the magnet i c mater ia l . 

T o evaluate the magnet i c spectrum the f o l l o w i n g remarks m i g h t be 
h e l p f u l . F o r a system w i t h S = 1/2 exh ib i t ing an isotropic Zeeman term 
a n d isotropic magnet ic hyperf ine interact ion , the in terna l magnet i c field 
p r o d u c e d b y the doublet is J ? i n t = — A < l > > / g n / ? n . F o r a n isotropic 
system the expectation va lue of the electronic s p i n < S > w i l l be p a r a l l e l 
( or ant ipara l le l ) to the a p p l i e d magnet ic field H. T h u s r 7 i n t w i l l be 
p a r a l l e l to it also, regardless of the or ientat ion of the molecule re lat ive 
to the a p p l i e d field. Since 7 ? i n t is (essential ly) the quant i za t i on axis of the 
nucleus , the nuc lear A m — 0 fines w i l l be quenched w h e n a sample is 
s tud ied i n a field a p p l i e d p a r a l l e l to the observed g a m m a rad ia t i on . I n 
transverse field the A m = 0 lines w i l l have m a x i m u m intensity. I f w e 
record a Mossbauer spectrum i n para l l e l a n d transverse field a n d subtract 
the "transverse" spectrum for that ob ta ined i n p a r a l l e l field, w e w i l l 

2 oF 
o 

i 5 -
r— 
CL 
cr _ 
O 1 0 -

- 4 - 2 0 2 4 

VELOCITY ( m m / s ) The Journal of Biological Chemistry 

Figure 5. Mossbauer spectrum of 57Fe-enriched ferredoxin from A . vine
landii taken at 4.2 Kin a 500-G parallel field (27). The bracket indicates a 
doublet resulting from the high-potential [4Fe-4S] center. The solid lines 
in Figures 5 and 6 are theoretical spectra for Sites 1 and 2, computed 

with the parameters of Table I . 
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- 4 - 2 0 2 4 

VELOCITY (mm/s) 

The Journal of Biological Chemistry 

Figure 6. Mossbauer spectra of the oxidized low-potential center of 
Av III (21). 

Spectrum c was obtained by removing the contribution of the high-potential 
center quadrupole doublet, using methods as described in Ref. 11. Spectra a 
and b are theoretical spectra belonging to Sites 1 and 2. Spectrum d is a dif
ference spectrum, obtained by subtracting a 4.2-K spectrum taken in transverse 
field from that of Figure 5. The solid line in d is a theoretical difference spec

trum computed with the parameters of Table I. 

generate a difference spectrum w i t h the posit ions of the t w o nuc lear Am 
= 0 lines c lear ly identi f ied. F o r A v I I I this procedure has an obvious 
benefit: the h igh-potent ia l center that y ie lds the intense doublet i n F i g u r e 
5 is d iamagnet ic , a n d therefore, its spectrum is prac t i ca l ly insensit ive to 
the d i rec t ion of a w e a k (500 G ) a p p l i e d field. T h u s , its contr ibut i on 
cancels w h e n the difference spectrum is f ormed . A difference spectrum 
obta ined for A v I I I , shown i n F i g u r e 6d , should be at tr ibutable ent ire ly 
to the E P R - a c t i v e , l ow-potent ia l center. N o t e that the spectrum exhibits 
two sets of Am = 0 lines ( ind i ca ted b y the brackets ) , p r o v i n g the 
presence of at least two magnet i ca l ly unequiva lent subsites. F r o m the 
difference spectrum the general features of the two magnet i c components 
are obta ined qui te readi ly . W e computed theoret ical spectra for the t w o 
subcomponents f r o m the sp in H a m i l t o n i a n (S = 1 / 2 ) . 

cH = pH-g-S + S-A-I - gnpn H-I 

+ 
eQVZi 

12 [ 3 / / - 7 ( 7 + 1) + * ( J „ a - V ) ] (1) 

T h e g-values for A v I I I were taken f r o m the E P R data , gx = gy = gz = 
2.01. A E Q is independent of temperature a n d is k n o w n f r o m the h i g h -
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temperature data . T h e magnet ic hyperf ine c o u p l i n g constants of the t w o 
ident i f ied sites are f o u n d f rom the tota l spl itt ings (or the spl itt ings of the 
Am = 0 p a i r s ) . T o account for some details of the l ine shape w e f o u n d i t 
necessary to introduce some magnet ic anisotropy. T h e so l id l ines i n 
F i g u r e s 6a a n d b are theoret ical spectra of Sites 1 a n d 2; the curve i n 
F i g u r e 6 d is a theoret ical difference spectrum, w h i l e the sum of b o t h 
spectra is d i sp layed i n F i g u r e 5. T h e spectral parameters are l i s ted i n 
T a b l e I . 

I n strong a p p l i e d fields the s ign of r 7 i n t can be determined . W e have 
s tudied samples of F d I I a n d A v I I I i n fields u p to 60 k G a n d f o u n d that 
A < 0 f o r Site 1 w h i l e A > 0 for Site 2 (see T a b l e I ) . Since the magnet i c 
hyperf ine c o u p l i n g constants of s ingle h igh - sp in ferr ic irons are a lways 
negative, the observat ion of a pos i t ive c o u p l i n g constant gives strong 
evidence for sp in c o u p l i n g (5,6). 

A t this stage of the analysis w e have c lear ly ident i f ied two i r on sites 
that are associated w i t h the S = 1/2 center. Since there is on ly one E P R 
s ignal present a n d since two field-dependent magnet ic Mossbauer spectra 
are observed, bo th i r o n sites must part i c ipate i n a sp in -coupled complex. 
H o w e v e r , there is one p r o b l e m : two S = 5 / 2 irons cannot be coup led 
to y i e l d the observed ha l f - in tegra l system sp in S = 1 /2 ; a t h i r d ha l f -
integra l sp in is r equ i red . 

T h e F d I I spectrum of F i g u r e 4 is very s imi lar to the magnet ic 
spectrum of the A v I I I l ow-potent ia l center except that the magnet i c 
spl itt ings of Sites 1 a n d 2 differ less for F d I I , y i e l d i n g a less-resolved 
spectrum. H o w e v e r , the miss ing sp in shows u p qui te n i ce ly i n F d I I : 
T h e t h i r d i r on site, t raced b y the dotted l ine i n F i g u r e 4, is character ized 
b y a very smal l magnet ic hyperf ine interact ion , A ^ 3.5 M H z . W e have 
just completed a series of h igh- f ie ld studies of ox id i zed F d I I . T h e data 
show that A < 0 for Site 1 w h i l e A > 0 for Site 2, but the s ign of A for 

Table I. Hyperfine Parameters for Oxidized Three-Iron Centers 0 

A . V i n e l a n d i i Ferredoxin D . gigas Fd II 

Site No. 1 2 3 1 2 3 

A » ( M H z ) - 3 7 + 1 7 4 - 2 7 + 2 9 ( + ) 3 . 5 
A j, ( M H z ) - 4 2 + 1 7 4 - 4 4 + 1 6 ( + ) 3 . 5 
i l . ( M H s ) - 4 5 + 1 7 4 - 4 4 + 1 6 ( + )3.5 
A# Q (mm / s ) + 0 . 6 3 + 0 . 6 3 0.6 +0 .54 +0 .54 +0 .54 
8 (mm /s) 0.27 0.27 0.3-0.4 0.27 0.27 0.27 

° Isomer shifts are quoted at 77 K relative to iron metal at room temperature. 
T o account for the details of line shape some magnetic anisotropy seems to be 
required. However, within the limited resolution microheterogeneities could have 
similar effects. The sign of A for Site 3 is extremely difficult to determine and should 
be considered as tentative. For the simulations of the Av III spectra we used v — 0.7 
and a linewidth of 0.3 mm/s ; for F d II we used v = 1 and 0.4 mm/s for the line-
width. For further details see Refs. 27 and 28. 
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13. M U N C K Iron-Sulfur Clusters 317 

Site 3 is extremely diff icult to determine. F i r s t , i n order to assess the 
shape of the h igh- f ie ld spectra of Site 3 one has to understand the features 
of the h igh- f ie ld spectra of Sites 1 a n d 2 i n deta i l ; unfortunate ly , the 
b r o a d spectra ind icate the presence of magnet i c anisotropics as w e l l as 
micro-heterogeneities ( the latter also seem to be ind i ca ted b y the h i g h -
field t a i l of the E P R spectrum of F i g u r e 2 ) . Second, since the magnet i c 
sp l i t t ing is very smal l for Site 3, magnet ic anisotropics c o u l d result i n 
posi t ive a n d negative components of the A tensor. I f w e assume a n 
isotropic A tensor for Site 3, the h igh- f ie ld data on F d I I suggest A > 0. 
(Because of the smal l hyperf ine field the nuc lear A m = 0 lines of the 
Site 3 spectrum overlap w i t h the A m = db 1 l ines. T h u s , this site is not 
d iscernib le i n the difference spectrum i n F i g u r e 6d.) 

T h e theoret ical spectra shown i n F i g u r e s 4 and 6 fit the data qui te 
nice ly . T h e parameters quoted i n T a b l e I are tentative a n d certa inly not 
un ique . W e bel ieve, however , that they represent the essential features 
of the observed spectra. 

A t this stage of the analysis w e have obta ined , i n our v i e w , c om
p e l l i n g evidence for the existence of a nove l three- iron center. T h e case 
can be strengthened further b y s tudy ing the one-electron reduced centers. 

A Mossbauer spectrum of reduced F d I I , taken at 4.2 K i n zero 
a p p l i e d field, is shown i n F i g u r e 3 B . T h e one-electron reduct i on has 
transformed the spectra of a l l irons of F i g u r e 4 into two sharp quadrupo le 
doublets . D o u b l e t I has A E Q = (1.47 ± 0.03) m m / s a n d 8 = (0.46 ± 
0.02) m m / s w h i l e D o u b l e t I I has A E Q = (0.47 ± 0.03) m m / s a n d 8 = 
(0.30 ± 0 . 0 2 ) m m / s ( isomer shifts are quoted relative to i r o n meta l at 
298 K ) . A least-squares fit to the data ( F i g u r e 3 B ) showed, somewhat 
fortuitously , that the two sites are i n the ratio of 2.0:1. 

T h e spectra shown i n F i g u r e 7 show that the three- iron centers have 
a very d ist inct ive Mossbauer signature. F i g u r e 7 A shows aga in the zero-
field spectrum of F i g u r e 3 B ; a spectrum taken i n a para l l e l field of 600 G 
is shown i n F i g u r e 7 B . N o t e that bo th quadrupo le doublets have v i r t u a l l y 
d isappeared a n d that the w e a k external field has i n d u c e d sizeable 
magnet ic hyperf ine interactions. T h i s observation proves immed ia te ly 
that the electronic g round state of the r educed cluster is paramagnet ic , 
that is, S > 1. ( T h e sp in must be an integer because the cluster is 
r educed b y a one-electron step.) F u r t h e r m o r e , it is very clear that the 
centers under considerat ion have no spectral resemblance to H i P I P as 
suggested i n the l i terature ; r educed H i P I P has S = 0 ( a n d four i r o n 
s ites) . 

F i g u r e 8 shows a spectrum of r educed F d I I taken at 4.2 K i n a 
p a r a l l e l field of 10 k G . A beaut i fu l ly resolved magnet ic hyperf ine pat tern 
is observed. W e f o u n d that the hyperf ine fields are essentially saturated 
i n a p p l i e d fields of about 2 k G . F o r H > 10 k G w e observed a pat te rn 
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Figure 7. Mossbauer spectrum of reduced Fd II taken at 4.2 K. 
The spectrum shown in Figure 7A is identical to that of Figure 3B. The spec
trum of Figure 7B was obtained in an external field of 600 G. The broadening 
of the spectrum in a weak applied field is attributable to the presence of sizable 
induced internal magnetic fields, a distinctive feature of reduced three-iron 

centers. 

- 4 0 4 
VELOCITY (mm/s) 

8 

Figure 8. Mossbauer spectrum of reduced Fd II taken at 4.2 K in a 
parallel field of 10 kG. Also shown is a theoretical curve and decomposi
tion into two subcomponents of area ratio 2:1. The subcomponent corre
sponding to Site I is traced by the solid line. For convenience, the spectra 

were computed from a spin Hamiltonian with S = 2. 
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of i n w a r d - a n d o u t w a r d - m o v i n g absorpt ion l ines, showing again the 
presence of negative a n d posit ive hyperfine fields, that is , the effects of 
sp in -coupl ing . T h i s pat tern of m o v i n g l ines a l l o w e d us to ident i fy the 
absorpt ion lines of each subcomponent. T h e data analysis revealed that 
the two i r o n sites of D o u b l e t I r e m a i n indist inguishable even i n strong 
a p p l i e d fields, that is , the spectrum i n F i g u r e 8 is a superposit ion of two 
spectra w i t h an intensity ratio of 2 :1 . T h e l ine assignment of the decom
pos i t ion shown i n F i g u r e 8 was fac i l i tated b y c o m p a r i n g the F d I I spectra 
w i t h the spectra observed for the [ S 2 M o S 2 F e ( P h S ) 2 ] 2 ~ anion w h i c h 
presently is under study i n our laboratory. T h e values for A E Q a n d 8 of 
this c o m p o u n d m a t c h those f ound for Site I I ; the h igh- f ie ld spectra also 
have a close resemblance (30 ) . 

Isomer shift a n d quadrupo le sp l i t t ing of the Site I I i r on (8 = 0.30 
m m / s ) ident i fy this site as h i g h - s p i n ferr ic i n character. Prev ious ly w e 
have argued, g i v i n g phys i ca l a n d chemica l arguments ( 2 7 ) , that the i r o n 
of Site I I is a subsite of a sp in -coupled cluster a n d not an isolated ferr ic 
i on . T h e high- f ie ld studies on F d I I prove this assertion to be correct; 
Site I I has A > 0 a n d thus part ic ipates i n sp in -coupl ing . A t present the 
system sp in of the reduced three- iron centers is not k n o w n . J . J . G . M o u r a 
has per formed room-temperature suscept ib i l i ty studies of reduced F d I I 
us ing the N M R method at 270 M H z . T h e d iamagnet ic corrections are 
n o w be ing assessed so the room-temperature suscept ib i l i ty of the r educed 
three- iron center shou ld be avai lable soon. 

T o explore the physics of the spectra i n F igures 7 a n d 8 a b i t more , 
let us assume that S = 2, the va lue presently ind i ca ted . T h e fact that a 
s izable internal magnet ic field is observed i n a p p l i e d fields of on ly 100 G 
shows that the electronic relaxation rate is s low at 4.2 K . F u r t h e r m o r e , 
since the magnet ic hyperf ine fields saturate a lready i n weak a p p l i e d fields, 
the lowest electronic sp in levels are two closely spaced states of energy 
separation A ( for F d I I w e f o u n d A = 0.35 c m " 1 ) ; for the h i g h - s p i n 
ferrous i r on the physics of such situations has been discussed i n de ta i l 
(2,29,31,32). T h e d is t inct ive feature of the reduced three- iron centers 
is the observation that the values for A are m u c h smaller than those for 
other compounds. T h i s can be used to ident i fy the presence of r educed 
three- iron clusters i n proteins w i t h more t h a n one meta l center. L e t us 
discuss this for reduced A v I I I . 

I n reduced A v I I I b o t h i r o n centers are E P R - s i l e n t . T h e H i P I P - t y p e 
[ 4 F e - 4 S ] center is i n the same d iamagnet ic state as observed ( i n F i g u r e 
5 ) for semi-reduced A v I I I ; i n add i t i on , the l ow-potent ia l center has 
become reduced . A Mossbauer spectrum of a sample taken i n zero field 
at 4.2 K is shown i n F i g u r e 9a; the spectrum i n F i g u r e 9b was taken i n a 
p a r a l l e l field of 500 G . N o t e that the app l i ca t i on of a 500 -G field has 
e l i c i ted a magnet ic component, most conspicuously i n the ve loc i ty range 
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Figure 9. Mossbauer spectra of fully reduced Av III, taken at 4.2 K (a) 
in zero-field and (b) in a parallel field of 600 G (27). The spectrum in (c), 
obtained by subtracting the spectrum in (b) from that in (a), should be 

compared with that shown in Figure 7A. 

f r o m + 2 m m / s to + 4 m m / s . W e k n o w f r o m the semi-reduced sample 
that the h igh-potent ia l center is i n a d iamagnet i c state. T h u s , b y sub
t rac t ing the spectrum of F i g u r e 9b f r o m that shown i n F i g u r e 9a its 
contr ibut i on w i l l cancel . T h e resu l t ing difference spectrum, d i sp layed i n 
F i g u r e 9c, is p rac t i ca l l y i d e n t i c a l to that obta ined w h e n the same p r o 
cedure is used for the F d I I data of F i g u r e 7. Therefore , the spectrum 
of r educed F d I I a n d the spectrum of the reduced l ow-potent ia l center 
of A v I I I are almost ident i ca l . ( T h e observation that the t i n y absorpt ion 
feature at -f- 0.5 m m / s i n F i g u r e 9a broadens i n a w e a k magnet ic field 
p r o v i d e d us w i t h the first c lue of the existence of three- i ron centers.) 

T h e theoret ica l spectra i n F i g u r e 8 w e r e s imulated us ing a sp in 
H a m i l t o n i a n w i t h S = 2. I n a p p l i e d fields of moderate strengths the 
electronic system has an easy axis of magnet izat ion , a n d Sites I a n d I I 
are character ized b y interna l magnet ic fields of —237 k G a n d + 2 5 0 k G , 
respect ively . W e re fra in at present f r om p u b l i s h i n g a complete set of 
hyperf ine parameters ; the a m b i g u i t y p r o b l e m c o m m o n l y associated w i t h 
mul t iparameter fits requires more deta i led studies. ( A set of parameters 
used to s imulate the 1 0 - k G spectrum m a y be obta ined f r o m the author . ) 

Discussion 

I n the p r e c e d i n g section w e discussed i n some deta i l the Mossbauer 
results obta ined for F d I I a n d the l ow-potent ia l center of the ferredoxin 
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13. M U N C K Iron-Sulfur Clusters 321 

f r o m A . vinelandii. I n the f o l l o w i n g w e summarize a n d elaborate o n some 
of the salient features of the n e w three- iron centers. W e w i l l focus m a i n l y 
o n F d I I ; except for minor details the same conclusions a p p l y for A v I I I . 

A t temperatures above 15 K , where the electronic sp in re laxat ion is 
fast, a l l three i r on sites of ox id ized F d I I exhibit the same quadrupo le 
doublet . T h e observed isomer shifts, 8 = 0.27 m m / s , strongly suggest 
h i g h - s p i n ferr ic - type i r on i n a tetrahedral environment of sul fur atoms. 
A l t h o u g h such an environment , b y analogy w i t h we l l - character i zed c o m 
pounds , is strongly i m p l i c a t e d , w e cannot ru le out a site w i t h three 
thio late l igands a n d , for example, one oxygenic or nitrogeneous l i g a n d ; no 
suitable reference compounds are ava i lab le for comparison. W h i l e a l l 
three i ron atoms seem to be equivalent w h e n only A E Q a n d 8 are con 
s idered, the low-temperature data reveal drast ic differences between the 
i r o n sites w h e n the magnet ic properties are taken into account. N o t on ly 
do the A values have different signs, a strong ind i ca t i on of sp in - coup l ing , 
but their magnitudes also differ apprec iab ly . There are essentially two 
possibi l i t ies for ra t i ona l i z ing the vast ly different spl itt ings. F i r s t , the 
intr ins i c A values m i g h t be different for the three sites, that is, l i g a n d 
geometry a n d covalency effects are at the root of the observed differences. 
H o w e v e r , this is u n l i k e l y because these w o u l d affect the values of 8 a n d 
A E q , at least to some observable extent. Since 8 indicates tetrahedral 
environments of sul fur atoms, one w o u l d expect the intr ins i c A values to 
be close to those observed for r u b r e d o x i n ^ 2 9 ) a n d desul foredoxin ( 1 ) , 
that is, A ^ - 2 2 M H z (defined b y A l f i • I w i t h Sx — 5/2) . I n our v i e w , 
the observed difference i n the magnet i c spl itt ings reflects the mechanism 
of sp in -coupl ing . W h a t i s j n e a s u r e d are A values re ferr ing to the c oup led 
system sp in ; namely , S • A • I where S = 1/2. I t is w e l l k n o w n f r o m the 
analysis of the sp in - coup l ing of the [ 2Fe -2S ] centers (4,5,6) that essen
t ia l l y one measures the components of the intr ins ic in terna l fields a long 
the d irect ion of the system sp in , w h i c h defines the frame of reference. 
T . A . K e n t and B . H . H u y n h , i n our laboratory, are. presently s tudy ing the 
p r o b l e m of c o u p l i n g three S = 5 / 2 spins to a resultant sp in S = 1/2. 
T o produce an S = 1/2 g round state, at least three different c o u p l i n g 
constants are r equ i red . I t appears that the exper imental results, b o t h 
the signs a n d magnitudes of the A values, are n ice ly expla ined i n such 
a mode l . 

U p o n reduct ion b y a one-electron step, a l l three irons of F d I I 
experience p r o f o u n d changes. E v i d e n t l y the electron enter ing the cluster 
is essentially accommodated b y those two i r o n atoms that give rise to 
D o u b l e t I. T h e observed isomer shift for the two Site I irons, 8 = 0.47 
m m / s , is just between the values observed for ferr ic (8 = 0.3 m m / s ) 
a n d ferrous (8 = 0.7 m m / s ) rubredox in (29 ) . B o t h irons of Site I are 
r ough ly at the ox idat ion l eve l F e 2 < 5 + w h i l e the i r o n of Site I I remains 
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F e 3 + i n character. T h e observation that the two Site I i r o n atoms are 
ind is t inguishable even i n the wel l - reso lved h igh- f i e ld spectra suggests 
that they reflect t w o sites i n equivalent ( c h e m i c a l a n d geometr ica l ) 
environments . 

N u m e r o u s H i P I P - t y p e E P R signals around g — 2.01 have been 
reported i n the l i terature. I n par t i cu lar , a n E P R s ignal s imi lar to those 
observed i n F d I I a n d A v I I I has been reported for ox id i zed aconitase 
f r o m beef-heart mi to chondr ia ( 3 3 ) , a n important enzyme operat ing i n 
the K r e b s cycle . H . Be iner t a n d J . - L . D r e y e r of the U n i v e r s i t y of 
W i s c o n s i n have p r o v i d e d us w i t h a sample of the r educed enzyme. T h e 
l o w concentrat ion of 5 7 F e has p u t some restrictions o n the Mossbauer 
invest igat ion. ( W e used a 2 - m M sample w i t h 5 7 F e i n natura l abundance ; 
5 7 F e - e n r i c h e d beef hearts are m u c h more expensive t h a n beef We l l ing ton . ) 
T h e d ist inct ive signature of the three- iron centers, however , was apparent : 
T w o spectra obta ined at 4.2 K i n zero field a n d 600 G are prac t i ca l l y 
i d e n t i c a l to those shown for F d I I i n F i g u r e 7. Together w i t h the E P R 
in format ion , the Mossbauer data strongly inp l i cate a three- iron center i n 
aconitase. W e f o u n d no evidence for any other i r on component . I n 
par t i cu lar , w e f o u n d no evidence of a h i g h - s p i n ferrous component 
a l l u d e d to i n m a n y b iochemistry text books. 

Recent ly w e s tudied another pro te in that exhibits a n H i P I P - t y p e 
E P R s ignal i n the ox id i zed state. T h e enzyme glutamate synthase f r o m 
E . coli has a complex subuni t structure a n d at least four prosthet ic 
groups (34 ) . U s i n g s imi lar difference spectroscopy as discussed i n the 
previous section, w e f o u n d that the enzyme contains a c luster w i t h the 
spectroscopic properties of three- iron centers. ( T h i s w o r k was per f o rmed 
i n cooperat ion w i t h W . H . O r m e - J o h n s o n a n d A . R e n d i n a . ) 

So far w e have concentrated ent ire ly on the spectroscopy of the 
three - i ron centers a n d have not ment ioned the results of core extrusion 
experiments. T h i s technique has been a p p l i e d to b o t h A v I I I (27) a n d 
aconitase (35) w i t h the result that [ 2 F e - 2 S ] centers are recovered i n 
h i g h y ie lds . W e suspect that the three- iron centers m a y decompose to 
y i e l d [ 2Fe -2S ] cores under the exper imenta l condit ions. A v e r i l l et a l . (25) 
have reported that the absorpt ion spectrum of the A v I I I p ro te in i n 8 0 % 
d imethylsul fox ide w i t h 10 m M benzenethio l c o u l d not be s imulated as the 
sum of [ 2 F e - 2 S ] a n d [ 4 F e - 4 S ] centers. F u r t h e r m o r e , the spectra changed 
s l owly w i t h t ime. I t w o u l d be interest ing to k n o w at w h a t stage of the 
extrusion procedure the three- iron centers decompose. E x p e r i m e n t a l data 
on this quest ion m i g h t shed some l i g h t on s tructura l features of the 
three - i ron centers. A l s o , i f the t h i r d i r o n a tom remains o n the pro te in , 
interest ing i sotop ic - labe l ing experiments w o u l d be use fu l i f (at least 
p a r t i a l l y ) reversible condit ions c o u l d be f ound . 
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W h a t is the structure of the n e w three- iron centers? B a s e d o n x -ray 
di f fract ion studies at 2.5-A resolut ion, Stout et a l . (36) re interpreted the 
data o n A v I I I a n d f o u n d that a three- iron center best fits the e lectron 
density m a p . T h e y also report that the cluster is d is t inct ly p lanar a n d 
that i t cannot be mode led w i t h [ 2 F e - 2 S ] or [ 4 F e - 4 S ] structures. T h e 
proposed m o d e l has not been refined crysta l lographica l ly , but w h a t seems 
to emerge is a p lanar structure of three i r o n atoms finked b y three sulfurs. 
Six contacts (most ly cysteines) w i t h the pro te in are suggested. F o r details 
the reader is referred to the art ic le b y Stout et a l . ( 36 ) . 

W e po inted out earl ier that C a m m a c k et a l . (22) have suggested 
that the centers of F d I a n d F d I I are [ 4 F e - 4 S ] clusters s tab i l i zed at 
different ox idat ion levels b y the pro te in environments . W e are presently 
s t u d y i n g an F d I sample w i t h Mossbauer a n d E P R spectroscopy. A l t h o u g h 
the studies are not completed , w e can unequ ivoca l l y state that the center 
that gives rise to the E P R s ignal at gx = 1.92, gy = 1.94, a n d gz = 2.07 
is indeed a [ 4 F e - 4 S ] center. T h u s the monomer i c un i t can accommodate , 
i n the proper o l igomeric f o rm, three- iron centers a n d [ 4 F e - 4 S ] clusters. 
I t m i g h t appear that the tetrameric f o r m of the pro te in accommodates 
three- iron centers, w h i l e the t r imer i c o l igomer folds into a conformat ion 
that can accept [ 4Fe -4S ] centers. H o w e v e r , w e f o u n d that the F d I 
sample has about 2 5 % of its i r o n i n the f o r m of three- iron centers. 
A c c o r d i n g to the pur i f i cat ion standards the sample is homogeneous i n 
tr imers , that is, there is no evidence for a ( te trameric ) F d I I contaminant . 
Since even molecules such as rubredox in a n d i n s u l i n can accommodate 
[ 4 F e - 4 S ] centers under the proper condit ions, m u c h w o r k needs to be 
done to ident i fy the phys io log i ca l ly act ive centers of F d I . I t is c lear that 
some exc i t ing pro te in chemistry lies ahead. A t present, extreme caut ion 
needs to be exercised i n assessing the phys io l og i ca l significance of the 
chemica l a n d spectroscopic observations for F d I a n d F d I I . 

F i n a l l y , w e have reported here the presence of a nove l three- i ron 
center i n four proteins. T h e r e is qui te a var ie ty of proteins w i t h magnet i c 
properties that also suggest the presence of the three- iron center. A m o n g 
t h e m are the ferredoxins f r om P . ovalis ( 3 7 ) , R . rubrum ( 3 8 ) , M . favum 
( 3 9 ) , M . smegmatis ( 4 0 ) , a n d T . thermophilus (41). 
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Addendum 

Recent ly w e have demonstrated (42) that the magnet ic properties of 
the ox id i zed three- iron centers can be expla ined w i t h a s imple m o d e l of 
three h i g h - s p i n ferric ions (S = 5 / 2 ) exchange-coupled to a system sp in 
S = 1 /2. T h e results show that the three sites have intr ins ic magnet ic 
interactions l ike rubredox in ; the differences i n the hyperf ine fields 
observed for the three sites reflect the geometr ical features of s p i n -
coup l ing . I n par t i cu lar , the smal l hyperf ine field observed for Site 3 is 
at tr ibutable to a n almost perpend i cu lar or ientat ion of the l oca l sp in to the 
system spin . F u r t h e r m o r e , the m o d e l suggests strongly that the three- iron 
center is a single, covalent ly l i n k e d structure; i t should not be considered 
as a [ 2 F e - 2 S ] cluster w e a k l y coup led to a t h i r d i r on atom. 

Together w i t h H . Be iner t a n d J . - L . D r e y e r w e have cont inued the 
Mossbauer studies of aconitase. D a t a obta ined for ox id i zed a n d reduced 
aconitase c lear ly show the presence of a three- iron center. 
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14 
Mössbauer Effect in Zinc-67 

W I L L I A M T. V E T T E R L I N G 

Department of Physics, Harvard University, Cambridge, M A 02138 

Recent developments in the use of 67Zn as a Mössbauer 
isotope are reviewed. Methods are discussed for the con
struction and calibration of two appropriate velocity drives. 
A historical review is followed by a summary of results on 
the pressure and temperature dependence of the resonance, 
the spectrum characteristics for the zinc chalcogenides, the 
Goldanskii-Karyagin effect, quadrupole interactions in Z n O 
and zinc metal, and isomer shift systematics (including the 
second-order Doppler shift from zero-point motion). 

/ ^ v n l y recently , instrumentat ion a n d techniques have been deve loped to 
prov ide 6 7 Z n resonances w i t h sufficient re l iab i l i ty , a n d i n enough 

circumstances, to make t h e m appropr iate tools for c h e m i c a l studies. 
A l t h o u g h the present body of in format ion so der ived is not large, i t is a 
t ime ly project to summarize w h a t has been learned so that such invest i 
gations m a y become more rout ine . T h i s chapter indicates the par t i cu lar 
problems that s l owed progress w i t h the isotope for m a n y years, a n d 
describes procedures for overcoming them. I n part i cu lar , two successful 
transducer designs are descr ibed a n d the means b y w h i c h accurate 
low-temperature ve loc i ty cal ibrat ions may be achieved. T h e n a summary 
of exper imental progress is f o l l owed b y a discussion of the recent 
investigations. 

General Properties 

T h e 93.3-keV leve l of 6 7 Z n , w i t h a ha l f - l i f e of 9.1 fxs, represents a 
resonant system w i t h extraordinar i ly sma l l f rac t ional w i d t h . T h e n a t u r a l 
l i n e w i d t h of 0.16 / rn i / s corresponds to a Q of about 2 X 10 1 5 . Conse 
quent ly , the very early efforts to develop n a r r o w Mossbauer sources a n d 
absorbers i n c l u d e d w o r k on this isotope (1). H o w e v e r , m a n y years have 

0065-2393/81 /0194-0329$05.00/0 
© 1981 American Chemical Society 
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elapsed since the t ime of these experiments, a n d on ly i n the past f e w 
years have re l iab le methods been establ ished to d e a l w i t h i t . T h e s low 
progress m a y be t raced p r i m a r i l y to four problems. 

F i r s t , the transit ion energy of 93 k e V a n d atomic mass of 67 l e a d to 
a free reco i l energy of 0.069 e V . I n the l i m i t of l o w temperature , a z i n c 
c o m p o u n d w i t h a D e b y e temperature of 300 K is expected to show a 
recoil - free f ract ion of on ly 1.6%. ( I n this context, " l o w " temperature 
means l ower than about 50 K , where the recoil - free f ract ion is r educed 
b y a factor of t w o ) . A t l i q u i d - n i t r o g e n temperatures the f ract ion f is 
r educed b y a factor (0.17.) I n fact, a l l successful 6 7 Z n experiments to 
date have been per formed b e l o w 43 K . 

Second, the smal l f rac t ional effects, even at 4.2 K , r equ i re the col lec
t i o n of m a n y g a m m a rays for adequate statist ical prec is ion . E v e n w i t h a 
moderate ly active source (10 -20 m C i ) , the counts co l lected over the 
three-day hal f - l i f e of the 6 7 G a parent w o u l d be inadequate at c ount ing 
rates of about 1 0 3 / s . O n e must w o r k at rates w e l l over 1 0 5 / s for consistent 
success, a n d this places demands on the s ingle -channel analysis a n d 
m u l t i c h a n n e l sca l ing systems. 

T h i r d , the natura l l i n e w i d t h of this isotope is on ly 0.16 fim/s, w h i l e 
the isomer shifts measured so far span a range of about 180 / m i / s . T h e 
smal l l i n e w i d t h requires , at the very least, the use of a very "stiff" mount 
for sources a n d absorbers, to a v o i d di f ferential motions due, for example , 
to b o i l i n g cryogens. H o w e v e r , an equa l ly serious p r o b l e m is the large 
isomer sh i f t - to - l inewidth rat io , w h i c h makes necessary the use of an 
extremely stable m o d u l a t i o n a n d t r igger ing system, a n d a great dea l of 
ve loc i ty resolution. A large n u m b e r of mult i sca lar channels must be 
scanned i n one mo du la t i o n cycle , a n d therefore an unusual ly fast channe l 
advance system is needed. 

F i n a l l y , 6 7 Z n has a natura l abundance of on ly 4 % , a n d sui tably 
enr i ched absorbers are v a l u e d at several dol lars per m i l l i g r a m . A n 
absorber of Z n O w i t h two rad iat ion - length thicknesses (at 93 k e V ) a n d 
1 c m 2 area has a va lue of several thousand dol lars. 

Instrumentation 

T h e p r o b l e m of deve lop ing a stiff transducer system w i t h adequate 
range, for use at l i q u i d - h e l i u m temperature , has been dealt w i t h p r i m a r i l y 
i n two ways . T h e first is the use of x-cut quar tz plates. A single p late 
of this type has a range of on ly about 10 /xm/s ( 2 ) , but drives have been 
made b y stacking t h e m w i t h inter leaved electrodes of a l ternat ing po lar i ty 
(3 ) (see F i g u r e l a ) . T h e properties of the i n d i v i d u a l transducers are w e l l 
k n o w n a n d , p r o v i d e d that one can make re l i ab ly stiff joints between 
them, the resul t ing dr ive m a y be considered to produce at k n o w n ve loc i ty 
for a g iven a p p l i e d ac voltage. S u c h a ca l ibrat ion remains suspect, 
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E3 S O U R C E E 

ABSORBERE 

• Q U A R T Z 

PZT4 | 

DRIVE 
V O L T A G E 

(0) 

DRIVE 
V O L T A G E 

(b) 

Physical Review 

Figure I . Transducers for use with 67Zn: (a) stacked-quartz plates; (b) 
PZT-4 cylinder (5) 

however , u n t i l checked b y more fundamenta l means. E v e n at f u l l voltage 
at 100 H z , these drives generate a d isplacement of on ly 5000 A . ( T h e 
problems i n v o l v e d i n b o n d i n g quartz plates can be c i r cumvented b y us ing 
larger single pieces of proper ly cut quartz , as has been demonstrated 
recently b y Forster et a l . ( 4 ) . ) 

A second f o rm of dr ive m a y be constructed f r om commerc ia l l y 
p r o d u c e d cyl inders of P Z T ( l e a d - z i r c o n a t e - t i t a n a t e ) . C y l i n d e r s of 
1.27-cm o.d. a n d 1.27-cm length have been used to produce dr ive velocit ies 
i n excess of 200 /xm/s (5,6,7) (see F i g u r e l b ) . T h e m o t i o n is generated 
b y a p p l y i n g s inuso idal voltages of u p to 340 V peak-to-peak between 
electrodes on the inner a n d outer surfaces of the cy l inder , thus caus ing 
a l o n g i t u d i n a l contract ion a n d elongation. T h i s transducer makes no 
pretense of h a v i n g a k n o w n ca l ibrat ion . Indeed , the ve loc i ty m a y not 
even be prec ise ly constant around the c ircumference of the cy l inder , a n d 
one must screen a stock of such cy l inders ( w i t h a p h o n o g r a p h cartr idge 
as a sensor) to find examples w i t h adequate un i f o rmi ty . A s shown i n 
F i g u r e l b , the source a n d absorber are m o u n t e d as an integra l package , 
w i t h the source fastened w i t h f rozen water or v a c u u m grease to an endcap 
on the transducer. T h e P Z T c y l i n d e r itself was mainta ined under a force 
of about 1.5 X 10 6 d y n (measured at r o o m temperature) b y a con 
centr i ca l ly r i b b e d B e - C u d iaphragmat i c s p r i n g to m a i n t a i n contact w i t h 
the cy l inder a n d to suppress h igher modes of v ibra t i on . 

R a d i a t i o n is usua l ly detected w i t h a N a l ( T l ) detector, us ing a 
w i d e - b a n d ampli f ier a n d a h igh-speed, s ingle -channel analyzer to d is 
cr iminate the des ired g a m m a rays. I n i t i a l count rates of 2 X 1 0 5 / s or 
h igher are appropr iate so that 1 0 1 0 - 1 0 n counts total w i l l be co l lected i n 
the l i f e of a single 2 0 - m C i source. 
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T h e m u l t i c h a n n e l sca l ing system represents a f u n d a m e n t a l l i m i t a t i o n 
to present systems. T o ob ta in adequate ve loc i ty sweep, one uses dr ive 
frequencies of 100 H z or higher . I n a single cycle , an analyzer w i t h a 
m i n i m u m d w e l l t ime of 10 /us c a n sweep t h r o u g h 1000 channels . T h u s i n 
sweep ing f r o m zero to m a x i m u m posit ive ve loc i ty , i t covers on ly 250 
channels. A l ine of 0.32-/xm/s observed w i d t h (the theoret ical m i n i m u m ) 
a n d a n isomer shift of 100 / m i / s w o u l d have poor def init ion u n d e r these 
c ircumstances. T h e resonances d iscovered so far at large isomer shift 
have been considerably broadened a n d so have not f u l l y encountered 
this l imi ta t i on . T h e method of u s i n g a "region-of - interest" spectrometer 
has not been a p p l i e d , a l though the very recent in t roduc t i on of n o v e l 
interferometric ve loc i ty measurement techniques m a y make i t possible 
to do so ( 7 ) . A l i m i t a t i o n of such a spectrometer m a y be the compl i ca ted 
response of the piezoelectr ic a n d ferroelectric transducers to nons inuso idal 
d r i v i n g waveforms of the frequencies r e q u i r e d for ob ta in ing adequate 
ve loc i ty range. 

O n e m a y a v o i d large l ine displacements i n certa in investigations b y 
choosing an absorber matched re lat ive ly closely i n isomer shift to the 
sources. ( W e w i l l specify later i n this chapter a set of possible absorbers 
that span the presently k n o w n range of shifts.) Moreover , the u s u a l 
technique of m u l t i c h a n n e l sca l ing m a y be modi f i ed (4,8,9). I n one 
alternate system, a scalar is r u n at very h i g h speed, a n d the detect ion of 
a g a m m a ray initiates the transfer of the present scalar contents into a 
first-in first-out ( F I F O ) buffer. T h e series of numbers p r o d u c e d is used 
b y a computer to specify memory addresses w h i c h it increments . T h e 
method al lows channe l -advanc ing to occur effectively at the m a x i m u m 
count rate of the scalar, since each advance is not necessarily a c compan ied 
b y two memory cycles as i n the usua l m u l t i c h a n n e l sca l ing scheme. 
D w e l l times as short as 100 ns have been achieved , easily a l l o w i n g the 
use of 1024 mult i sca lar channels at the t y p i c a l dr ive frequencies of several 
h u n d r e d H e r t z . 

Calibration 

U s e of the 6 7 Z n Mossbauer resonance i n c h e m i c a l appl icat ions re 
quires that one be able to establ ish a ve loc i ty ca l ibra t i on for the dr ive . 
A s w e p o i n t e d out earl ier , the displacements i n v o l v e d make convent iona l 
pos i t ion measurements diff icult , a n d the drives do not span an adequate 
ve loc i ty range to a l l o w compar ison to the w e l l - k n o w n 5 7 F e resonance. 
H o w e v e r , dr ive ca l ibrat ion is n o w possible b y at least three independent 
means. T h e first two re ly on the fact that the g round state sp in of 6 7 Z n 
is 5 / 2 , so that i t develops a three- l ine quadrupo le -sp l i t structure i n the 
presence of the field gradients that exist i n its noncub i c compounds , such 
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14. V E T T E R L I N G Mossbauer Effect in Zinc-67 333 

as Z n O a n d z inc . ( T h e excited state has s p i n 1/2 a n d remains unsp l i t . ) 
T h e t h i r d m e t h o d involves a rather unconvent iona l interferometric 
measurement. 

F r e q u e n c y modu la t i on has been used to produce sidebands to c a l i 
brate the quadrupo le sp l i t t ing i n Z n O ( 1 0 ) . T h e quadrupo le c o u p l i n g 
constant was determined to be e2qQ/h = 2.408 ± 0.006 M H z . I n d e p e n d 
ent measurement w i t h a pulsed-radio frequency , t ime-shar ing N M R 
spectrometer measured this constant to be e2qQ/h = 2.409 ± 0.010 M H z 
b y observ ing the or ientat ion dependence of the m = 1/2 l ine i n a single 
crysta l of Z n O (11). ( T h e latter measurement was per fo rmed at r oom 
temperature . ) 

T h e quadrupo le sp l i t t ing also has been measured for a z inc m e t a l 
absorber. T h i s was done or ig ina l ly us ing the Z n O sp l i t t ing , just descr ibed , 
as the ve loc i ty reference (12). T h e first-order measurement then made 
it possible to find the resonance us ing pu l sed F o u r i e r transform nuc lear 
quadrupo le moment ( N Q R ) techniques, w i t h the result that e2qQ/h = 
13.620 ± 0.008 M H z (13). 

Therefore , a measurement of the quadrupo le structure of either Z n O 
or z inc provides a transducer ca l ibrat ion . Moreover , these two c a l i b r a 
tions a p p l y to the extremes of presently k n o w n isomer shifts. A s imi lar 
measurement for the hexagonal f o rm of Z n S , as w e shal l see, w o u l d offer 
a more accurate ca l ibrat ion for the central par t of the range of these shifts. 

A very recent contr ibut ion to the technique of 6 7 Z n spectroscopy wa* 
the development of an interferometric system capable of accurately a n d 
q u i c k l y p r o v i d i n g absolute measurements of the very smal l displacements 
invo lved ( 7 ) . T h e device is based on a double - f requency laser w i t h t w o 
s tabi l i zed and orthogonal po la r i zed modes. T h e two modes are m i x e d to 
prov ide a measurable 5 6 5 - M H z beat. A n o t h e r por t i on of the l ight has its 
two modes separated spat ial ly b y a b irefr ingent crystal a n d reflected 
respect ively f rom mirrors attached to the Mossbauer source a n d absorber. 
T h e reflected waves are m i x e d to prov ide a second 5 6 5 - M H z beat, out of 
phase w i t h the first. T h e phase difference is a measure of the s o u r c e -
absorber displacement , a n d can be used to measure displacements u p to 
158 n m . T h e system achieves 0.6-nm resolut ion at frequencies u p 
to 200 H z . 

Experimental Background 

Exper iments w i t h the 6 7 Z n isotope use 6 7 G a as the parent , w i t h a 
hal f - l i fe of 78.3 h . A b o u t 3 2 % of the decays involve emission of 93 .3-keV 
g a m m a rays, as a result of transitions f r om the s p i n - 1 / 2 first excited state 
to the s p i n - 5 / 2 g round state of 6 7 Z n . T h e n u m b e r of materials used as 
absorbers is somewhat l i m i t e d . T h e best resonances have been observed 
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w i t h Z n O absorbers, a n d this remains the mater ia l of choice w h e n inves t i 
gat ing n e w sources. Moreover , the enr i ched mater ia l kept o n inventory 
at O a k R i d g e is i n this f orm. 

T h e first success w i t h 6 7 Z n was reported i n 1960, us ing a 9 2 . 4 % -
enr i ched Z n O absorber a n d a source p r o d u c e d b y deuteron b o m b a r d m e n t 
a n d annealment of a s intered Z n O source. A 0 . 3 % resonance was 
observed t h r o u g h Zeeman sp l i t t ing of the absorber ( 1 4 , 1 5 ) . T h e use of 
Zeeman sp l i t t ing was a necessary feature of the experiments i n the p e r i o d 
before adequate means of ve loc i ty m o du la t i on were avai lable . A reso
nance of 0 .026% d e p t h was observed b y s imi lar methods i n 1961 for 
po lycrysta l l ine meta l l i c z inc enr i ched to 3 3 % i n 6 7 Z n . I n this case the 
source a n d absorber were f o rmed of a single piece, w i t h one face 
i r rad ia ted b y 6 . 7 - M e V protons to produce the 6 7 G a parent ( 1 6 ) . N o 
structure was observed, a n d no resonance whatsoever was observed w i t h 
n a t u r a l z inc , /?'-brass, or copper - f 1.5% z inc ( enr i ched to 7 1 % ). 

A quartz transducer was first used i n 1962, aga in u s i n g a 3 3 % -
enr i ched Z n O absorber a n d a deuteron- i rradiated Z n O source ( 2 ) . T h e 
total scan was ± 5 i a n / s , a n d a 0 . 2 % resonance of t w i c e theoret ica l 
w i d t h was f ound . I n 1970, wel l - reso lved hyperf ine spectra were p r o d u c e d 
w i t h depths of 0 . 2 % a n d w i d t h s 3 to 5 t imes the theoret ical m i n i m u m 
( 3 ) . Sources were s intered disks of Z n O enr i ched to 9 0 % i n 6 6 Z n , 
i r rad ia ted w i t h deuterons or 3 H e part ic les , a n d annealed. Absorbers were 
Z n O disks enr i ched to 9 0 % i n 6 7 Z n , a n d the transducer was a stacked-
quartz p late design. T h e quadrupo le c o u p l i n g i n this case was determined 
to be e2qQ/h = 2.47 ± 0.03 M H z , a n d was reported to have an asym
metry factor 0.23 (a l though this factor is n o w k n o w n to be m u c h smal ler 
— p r o b a b l y z e r o ) . 

C o n c u r r e n t w o r k b y Russ ian researchers (17) used very s imi lar 
techniques to find e2qQ/h = +2 .32 ± 0.11 M H z a n d an asymmetry 
parameter of 0.19 ± 0.04. T h e l ine depths reached 0 . 1 3 % , w i t h w i d t h s 
d o w n to 0.6 /xm/s. T h e temperature dependence of the shift was meas
u r e d f rom 4.2 to 43 K , a n d the report also descr ibed the first resonance 
f o u n d w i t h non ident i ca l source a n d absorber. A n isomer shift of 21 ± 2 
fim/s was reported for a 3 3 % - e n r i c h e d Z n O absorber w i t h a source of 
6 7 G a i n a M g O source matr ix . 

T h e excited-state magnet i c moment ^ = (0.58 ± 0.03)/x,N was 
determined i n 1973 (18,19). I n this case the source was a n a l p h a -
i r rad ia ted single crystal of Z n O m o u n t e d on the e n d of a n A l n i c o bar 
that was progressively magnet ized . A measurement of the energy- level 
sp l i t t ing i n this report was f o l l o w e d i n the same year b y the use of 
f requency modu l a t i o n for a more accurate determinat ion (10). T h e 
result was e2qQ/h = 2.408 =h 0.006 M H z w i t h a n asymmetry parameter 
O f ^ = o.oo:gg 7. 
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A broader range of sources a n d absorbers was used i n a study b e g u n 
i n 1974, the p r i m a r y purpose of w h i c h was to observe the resonance for 
a l l of the z i n c chalcogenides ( 5 ) . I n most cases an enr i ched Z n O 
absorber was used, w i t h sources made b y di f fusing 6 7 G a act iv i ty into 
sintered z inc chalcogenide p i l l s . H o w e v e r , resonances were also observed 
w i t h a copper source matr ix , a n d w i t h absorbers of na tura l Z n S a n d z i n c 
meta l . A P Z T - 4 transducer was used, a n d the quadrupo le interact ion i n 
z i n c meta l was measured. T h e spectrum of z inc meta l showed a w e l l -
resolved quadrupo le - sp l i t spectrum w i t h an isomer shift of 16.6 ± 0.5 
fim/s w i t h respect to a C u ( 6 7 G a ) source, a n d the q u a d r u p o l e c o u p l i n g 
constant was reported as e2qQ/h — 13.8 ± 0.4 M H z ( 1 2 ) . T h i s study 
was para l le led b y a concurrent study of the nuclear magnet ic resonance 
for the same compounds (11). I n this work , the chemica l shifts for 6 7 Z n 
i n the z inc chalcogenides were measured relat ive to a nuc lear g-factor of 
y = 2?r( 266.2) r a d / s / G , a n d a method ca l l ed rotary saturation recovery 
was deve loped to study the sp in - la t t i ce re laxat ion T ip of 6 7 Z n i n the 
rotat ing frame at 305 K . T h e results are tabulated i n T a b l e I . T h e 
temperature dependence of Tip f r om 80 to 310 K for ZnS and ZnSe 
agreed w e l l w i t h the theory for re laxation b y quadrupo le interactions 
w i t h latt ice phonons. A high-temperature probe was used to observe a 
K n i g h t shift (aga in relat ive to the g-factor just g iven) of (0.418 ± 
0 .003%) at 430°C i n dispersed molten-z inc droplets. T h i s measurement 
was per formed independent ly w i t h h igher prec is ion i n 1978, a n d a 
suspected increase of the shift w i t h temperature was conf irmed (20 ) . 
A measurement of the quadrupo le interact ion constant i n a single crysta l 
of Z n O also was made , a n d is discussed elsewhere i n this chapter. 

E v e n more recently, resonances of natura l w i d t h have been seen w i t h 
monocrystal l ine sources a n d absorbers of Z n O ( 2 1 ) . T h e observed w i d t h 
was (0.36 ± 0.04) t i m / s before a correct ion of 0.03 i m i / s at tr ibutable to 
absorber thickness broadening was made. T h e absorber i n this case was 
natura l Z n O w i t h a thickness of 58 m g 6 7 Z n / c m 2 , a n d the l ine d e p t h was 
only 0 .17%. Source act iv i ty was generated i n s i tu i n a separate n a t u r a l 
crysta l b y 1 1 - M e V deuteron bombardment , a n d the transducer was of 
the stacked-quartz var iety . 

Table I. Chemical Shift and Spin-Lattice Relaxation Time Tip 
in the Rotating Frame for the Zinc Chalcogenides 

Chemical Shift 

Z n O 
Z n S 
ZnSe 
Z n T e 

(10.3 ± 1.6) X 1 0 - 4 

(11.3 ± 0.7) X 10" 4 

(10.3 ± 0.7) X 1 0 ' 4 

(08.2 ± 0.8) X 1 0 ' 4 

2.03 ± 0.15 s 
1.25 ± 0.10 s 
0.78 ± 0.06 s 
0.49 ± 0.03 s 
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T h e same research group recently has repeated the measurement of 
the quadrupo le sp l i t t ing i n z i n c meta l us ing techniques s imi lar to those 
i n Ref . 12, except that the 6 7 G a act iv i ty was p r o d u c e d b y a l p h a b o m b a r d 
ment of copper foils (22). T h e results were somewhat smaller , but later 
N Q R measurements favored the earl ier va lue (13 ) . 

A very comprehensive report (4 ) of the most recent w o r k i n G e r m a n y 
inc ludes isomer shifts for absorbers of 6 7 Z n O , 6 7 Z n S (bo th w u r t z i t e a n d 
spha ler i te ) , 6 7 Z n S e , 6 7 Z n T e , a n d 6 7 Z n F 2 , as measured w i t h s ingle- l ine 
sources of 6 7 G a i n copper. T h e sources were p r o d u c e d b y bombardment 
of copper foils b y 3 5 - M e V alpha-part ic les . U n l i k e the experiments 
descr ibed i n Ref . 13, the z i n c chalcogenides were used as absorbers, 
rather than as source matrices. H o w e v e r , the isomer shift measurements 
were consistent w i t h the earl ier results a n d ind i ca ted no after-effects of 
the electron capture decay. T h e resonance observed for Z n F 2 has the 
largest posit ive value ( cons idered as a source w i t h respect to a Z n O 
absorber) presently k n o w n . F u r t h e r contr ibutions of this w o r k were the 
inference of values of D e b y e temperatures 0 M for the z i n c chalcogenides 
(as determined f rom the recoil - free f ract ion a n d the k n o w n va lue of 0M 
for Z n O ) , the observation that the isomer shifts bear a l inear re lat ion to 
the P a u l i n g electronegativit ies, a n d the tentative identi f icat ion of the 
va lue < r * > ~ + 1 1 X 10~3 f m 2 as a ca l ibrat ion for isomer shifts, o n the 
basis of compar ison w i t h t i n ( I V ) chalcogenides. 

T h e development of a 6 7 Z n spectrometer w i t h a double - frequency 
interferometer for absolute ve loc i ty ca l ibrat ion (descr ibed ear l ier ) has 
offered the poss ib i l i ty of pe r f o rming direct ve loc i ty measurements, rather 
than re ferr ing results to velocit ies extrapolated f r om k n o w n quadrupo le 
spl itt ings i n Z n O a n d z inc ( 7 ) . Moreover , the device has a sufficiently 
short measur ing interva l to a l l o w the poss ib i l i ty of e m p l o y i n g the ve loc i ty 
feedback techniques w i t h more convent ional e lectromechanical drives. 
I t has not yet been used comprehensively , but p r e l i m i n a r y experiments 
were done w i t h enr i ched c u b i c ZnS crystal absorbers a n d po lycrysta l l ine 
( 6 7 G a ) sources ( obta ined b y proton bombardment of Z n O ) . A G e ( L i ) 
detector was used at count rates of 70,000/s, and the dr ive was a cy l inder 
of P Z T - 5 A . Results i n this i n i t i a l t r i a l were consistent w i t h the k n o w n 
Z n O quadrupo le sp l i t t ing a n d showed an isomer shift of —54.7 db 1.0 
fxm/s, i n agreement w i t h results i n Ref . 5. 

T h e most recent reports on 6 7 Z n spectroscopy have been d irected at 
the use of the resonance for h i g h l y sensitive energy-shift measurements. 
T h e w o r k began w i t h a look at the precise variat ions i n the ( 6 7 G a ) Z n O 
vs. Z n O isomer shift w i t h changes i n the f o r m a n d heat treatment of the 
samples (6). T h e sources were single crystals of Z n O that h a d been 
i r rad ia ted w i t h 1 0 - M e V deuterons a n d annealed i n oxygen. T h e absorbers 
were natura l or enr iched powders , or na tura l single crystals, annealed at 
various temperatures between 700° a n d 1200°C. I t was shown that the 
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14. VETTERLING Mossbauer Effect in Zinc-67 337 

variat ions i n isomer shift resul t ing f r om g r i n d i n g or s inter ing of the 
samples c o u l d be a significant f ract ion ( u p to 3 0 % ) of the natura l 
l i n e w i d t h , a n d that measurements based on the absolute measurements 
of this shift should re ly on the use of enr i ched s ingle-crystal absorbers. 
I n a subsequent paper , this group a p p l i e d s imi lar techniques to measure 
the angular dependence of the grav i tat ional red-shift ( 2 3 ) . T h e red-shift , 
i n this case, was measured over ver t i ca l distances of only 1 m , a n d the 
f rac t iona l energy shift of about 1 X 10" 1 6 was measured to a prec is ion 
of 1 0 % . 

Results 

Because of the novelty of the techniques i n v o l v e d i n these studies, 
the range of properties invest igated is l i m i t e d . I n c l u d e d are : (1 ) the 
effect of pressure on the Z n O spectrum; (2 ) the temperature dependence 
of the isomer shift a n d the second-order D o p p l e r shift resul t ing f r o m 
zero-point mot ion ; (3 ) the isomer shifts for the z i n c chalcogenides, 
copper , M g O , Z n F 2 , a n d z inc meta l ; (4 ) the latt ice anisotropy a n d the 
G o l d a n s k i i - K a r y a g i n effect a n d ; (5 ) the quadrupo le interact ion i n z i n c 
a n d z inc oxide. W e w i l l discuss these i n order. 

Pressure Dependence. d e W a a r d a n d P e r l o w observed the inf luence 
of pressure on a 6 6 Z n O source that was annealed after deuteron i r rad ia t i on 
a n d compressed i n a steel cy l inder to a pressure of approx imate ly 40 k b a r 
( 3 ) . W h i l e measur ing the three centra l l ines of the spectrum they no ted : 
(a) a shift of - 0 . 1 1 / m i / s for the centra l l ine ; ( b ) a (4 ± 2 ) % 
reduct i on of the sp l i t t ing of the outer two l ines; ( c ) a 2 5 % broaden ing 
of the central l ine ; a n d ( d ) a reduct ion of the rat io of center- l ine to 
outer - l ine intensity f r om 3.6 dz 0.5 to 2.4 ± 0.3. W h i l e the source of 
these effects c ou ld not be stated w i t h certainty, i t was remarked that a l l 
were consistent w i t h a reduct ion b y about 8 % of the quadrupo le sp l i t t ing 
i n the source. T h e 40-kbar pressure is k n o w n to produce a 3 % change i n 
the latt ice spac ing , so that the inverse-cubic dependence of the q u a d r u 
po le interact ion on distance w o u l d l ead one to expect a n interact ion of 
this size. H o w e v e r , a u n i f o r m compression w o u l d l ead to an expected 
change of opposite s ign, so w e must conc lude that the compression 
is nonuni f o rm. 

Temperature Dependence. T h e effect of temperature on the m e a 
sured isomer shift for Z n O was invest igated b y Beskrowny , L e b e d e v , a n d 
Os tanev i ch (17) a n d was f o u n d to be g iven b y Sv/v = — a ( T a

4 — T s
4 ) , 

w i t h a = (0.141 ± 0.012) X 10" 2 0 K " 4 . T h i s result is w i t h i n about 2 0 % 
of the value pred i c t ed f rom the k n o w n heat capac i ty of Z n O . 

U n i q u e to 6 7 Z n , perhaps, is the poss ib i l i ty of observing the c o n t r i b u 
t i o n of zero-point mot i on to the second-order D o p p l e r shift. Before i t 
was apprec iated that hyperf ine interactions c o u l d produce shifts of M o s s -
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bauer resonances, this factor was c i t ed as a possible explanat ion for the 
absence of observed resonances. A s impl i f i ed analysis ind i ca ted that such 
shifts m i g h t be g iven b y 

&E 1 <v2> 1 , 1 K / , 0 D 

^ - - 2 - ? ~ - - 7 ( 1 6 ' l i n / f l ) M 

w h e r e M is the host atomic mass a n d 0 D is its D e b y e temperature. T h i s 
f o rmula t i on predicts shifts m u c h larger than the natura l l i n e w i d t h . 
H o w e v e r , a more rigorous analysis showed that i n the case of monatomic 
hosts the shifts w i l l be cons iderably smaller (24). E x a c t computer c a l c u 
lations for one-d imensional lattices, bo th monatomic a n d d iatomic , agree 
that the z inc chalcogenides w i l l be m u c h less di f ferentiated b y the zero-
po in t mot ion shift than this equat ion w o u l d pred i c t ( 2 5 ) . T h e calculations 
took into account the u n e q u a l shar ing of energy between the two species 
i n a d ia tomic latt ice , a n d between host a n d i m p u r i t y i n a monatomic 
latt ice . Nevertheless , it has yet to be establ ished that these shifts m a y 
not, i n some par t i cu lar cases, contr ibute to the observed shift a n d there
fore be important to a proper assessment of chemica l effects. A l s o , despite 
the very smal l size of the effect, i t m a y be in format ive to find a manner 
of exp l i c i t ly v e r i f y i n g its presence a n d magni tude . F o r example, i n a Z n O 
vs. Z n O experiment there m a y be a shift because the enr i ched absorber 
is p r i m a r i l y 6 7 Z n w h i l e the source matr ix is 6 6 Z n . I n this case the shift w i l l 
be on ly about —0.08 ttm/s, a n d therefore not easily observed. A n y shift 
of this size, even w i t h proper statist ical prec is ion , c o u l d be confused b y 
a d istort ion of the dr ive veloc i ty . T h e temperature-dependence data 
quoted earlier, for example , extrapolate to a value of about —0.08 / m i / s 
w h e n bo th source a n d absorber are at 4 K . T h i s result is p r o b a b l y too 
large to be attr ibutable to the zero -po int mot i on shift because the 
absorber was on ly 3 3 % enr i ched i n 6 7 Z n . Moreover , the results of 
d e W a a r d a n d P e r l o w show a shift d i f fer ing i n bo th magni tude a n d sign 
f r o m the expected va lue ( 3 ) . 

Isomer Shifts. T h e first measurements per f o rmed on a series of 
c h e m i c a l compounds were done b y Gr ies inger , P o u n d , a n d V e t t e r l i n g 
(5 ,25 ,26) . T h e studies were in i t ia ted i n order to compare the l ines f r om 
different chalcogenides of z inc , a n d par t i cu lar ly , to invest igate the 
poss ib i l i ty of p r o d u c i n g n a r r o w single- l ine sources a n d absorbers f r om 
the cub i c members of the group ( Z n T e , ZnSe , a n d sphaler i te ) . A s a 
result , isomer shifts w e r e measured for a var iety of source-absorber 
combinations . Some of the absorpt ion spectra are shown i n F i g u r e 2, 
a n d the re lated isomer shifts are ind i ca ted i n F i g u r e 3a. It is interest ing 
to see to w h a t degree these agree w i t h the over-s impl i f ied ca l cu lat ion of 
zero-point mot ion shift shown i n F i g u r e 3b. A more real ist ic mode l , such 
as L i p k i n s ( 2 4 ) , produces the results shown i n F i g u r e 3c, w h i c h do l i t t le 
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Figure 2. The 67Zn Mossbauer absorption spectra for 67Ga diffused into 
the various hosts indicated (5). The absorber in all cases is enriched ZnO. 

to exp la in the large range of observed shifts. Indeed , these large shifts 
m a y be seen to result most p r o b a b l y f r o m the usua l contact interact ion , 
insofar as the p lot of isomer shift vs. latt ice spac ing i n F i g u r e 4 is seen 
to be l inear . T h e m e a n spac ing is taken to be ( M a v / p ) 1 / 3 , where p is the 
host density a n d M a v is the average atomic mass, a n d s m a l l corrections 
are made for the zero-point mot i on shift. A l inear dependence has been 
observed prev ious ly for a var ie ty of semiconductors ( 2 7 , 2 8 , 2 9 ) a n d has 
been g iven an interpretat ion i n terms of b o n d i n g b y A n t o n c i k (30). I t 
has been noted for bo th subst i tut ional a n d interst i t ia l 1 2 9 I i n d i a m o n d , 
s i l i con , a n d g e r m a n i u m , a n d for subst i tut ional a n d interst i t ia l 1 1 9 S n i n 
d i a m o n d , s i l i con , g e r m a n i u m , a n d a lpha - t in . F o r b o t h isotopes, the 
subst i tut ional a n d interst i t ia l n u c l e i showed l inear dependences o n spac
i n g w i t h slopes of opposite s ign. ( T h e ident i f i cat ion of peaks i n these 
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Cu ZnTe ZnSe ZnS ZnO MgO 

• ' • — L i — M J U — , — i — \ — to 
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ZnTe ZnSe Cu ZnS ZnO 
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Figure 3. Observed and theoretical isomer shifts for a ZnO absorber and 
a °7Ga source in various hosts: (a) observed shifts (b) shifts predicted on 
the basis of the mean energy per atom; (c) shifts predicted by a more 

realistic lattice model. 
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Mossbauer spectra as resul t ing f r o m subst i tut ional or interst i t ia l n u c l e i 
has been quest ioned b y recent channe l ing experiments (31 ) . ) 

A second set of measurements on the chalcogenides of z i n c was 
made recent ly b y Forster , Po tze l , a n d K a l v i u s (4). I n this case, the 
samples were enr i ched i n 6 7 Z n a n d used as absorbers rather than as 
source matrices , w h i l e a monochromat ic source of C u ( 6 7 G a ) was used 
for a l l . T h e purpose of these measurements was to evaluate any possible 
aftereffects of the parent decay process, a n d to i m p r o v e the spectral 
resolution. T h e results were essentially i n agreement w i t h those reported 
b y Gr ies inger et a l . ( 5 ) , showing center shifts that increased monotonic -
a l ly for absorbers f r o m Z n O to Z n T e . T h e shifts were shown to bear a 
l inear correlat ion w i t h the P a u l i n g electronegativity of the l igands b o n d e d 
to the d ivalent z inc atom. 

A c c e p t i n g the role p l a y e d b y the usua l contact interact ion , one m a y 
look further into the nature of these shifts (4,5). T h e b o n d i n g i n 
d iva lent z i n c involves 4s a n d 4p electrons w h i c h m a y be removed f r o m 
the z i n c site b y l igands of h i g h electronegativity . I n the case of the 4s 
electrons, this r emova l corresponds to a decrease i n the contact e lectron 
density. T h e 4p electrons, however , operate ind i re c t l y v i a sh ie ld ing of 
s-orbitals, so that their r emova l corresponds to a n increase i n contact 
electron density. Theore t i ca l calculations suggest that the effect of the 
4s electrons is m u c h larger (32) so that the isomer shift is a d i rect 
measure of 4s charge transfer i n the b o n d . T h e observed sign of the 
isomer shift variations w i t h latt ice spac ing a n d electronegativity i m p l y a 
posi t ive s ign for the nuclear factor A < r 2 > . T h e compounds w i t h smaller 
latt ice spacings a n d larger electronegativities show the largest shifts c o m 
p a r e d to a free z inc atom. Since the isomer shift for a copper host is at 
the opposite end f rom Z n F 2 i n the presently observed range, w e m a y take 
it to represent the s i tuation most resembl ing the free atom. T h e same is 
true for z inc meta l , w h i c h was f o u n d to have a re lat ive ly sma l l (16.6 ± 
0.5 fxm/s) isomer shift w i t h respect to a C u ( 6 7 Z n ) source. W h e n i t 
becomes established to w h a t degree the electron density at the nucleus is 
affected b y the par t i c ipat i on of the 4s electrons i n the conduct i on b a n d , 
then these measurements w i l l determine a scale for assessing 4s charge 
transfer i n other z i n c compounds . 

A p a r t f rom the z inc chalcogenides, isomer shifts have been reported 
for various isolated source a n d absorber combinat ions . A comprehensive 
l i s t ing of these values is contained i n T a b l e I I . 

Goldanskii-Karyagin Effect. T h e r e m a y be some in f o rmat i on 
avai lab le f r om a considerat ion of integrated l ine intensities, w h e n the 
spectra are sufficiently w e l l resolved to determine them accurately . T h i s 
has been po in ted out b y Potze l , Forster , a n d K a l v i u s for the case of z i n c 
meta l (22). T h e three hyperf ine l ines i n the spectrum of a complete ly 
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Table II. Isomer Shifts 0 

Isomer Shift 
Host for 67Ga Absorber (fim/s) Reference 

M g O Z n O 21 ± 2 17 
Z n O Z n O 0.0 ± 0.05 5 

Z n S (cubic) Z n O - 5 4 ± 4 5 
Z n S (hexag) Z n O - 5 0 ± 4 5 
ZnSe Z n O - 6 6 . 4 ± 1 5 
Z n T e Z n O - 8 2 ± 3 5 
C u Z n O - 1 1 1 ± 3 5 

C u Z n S (nat.) - 6 3 ± 3 5 
C u Z n - 1 6 . 6 ± 0.5 12 
C u Z n O - 1 0 6 . 4 ± 0.1 4 
C u Z n S (cubic) - 5 6 . 8 ± 0.1 4 
C u Z n S (hexag) - 5 7 . 5 ± 0.2 4 
C u ZnSe - 4 8 . 7 ± 0.1 4 
C u Z n T e - 3 0 . 1 ± 0.2 4 
C u Z n F 2 - 1 6 5 ± 15 4 
° These shifts are the measured values, uncorrected for contributions from second-

order Doppler shifts. 

r a n d o m l y or iented z i n c meta l p o w d e r n o r m a l l y w o u l d have e q u a l 
intensity . H o w e v e r , there is a strong anisotropy i n the mean-squared 
d isp lacement <x2> of the z i n c atoms i n the meta l , a n d this results i n a 
var ia t i on i n the intensities v i a the G o l d a n s k i i - K a r y a g i n effect (33,34). 
T h e data co l lected to date have not been def init ive, but the effect m a y 
w e l l y i e l d va luab le in format ion i n the future , as sample -produc ing 
techniques improve . 

Quadrupole Interactions. T h e z i n c compounds s tud ied d iv ide 
themselves between fee a n d hep structures. I n fact , i n proceed ing 
t h r o u g h the chalcogenides, w e pass f r o m the hexagonal crystal Z n O to 
the cub i c crysta l Z n T e . ZnS exists i n b o t h cub i c (sphaler i te ) a n d 
hexagonal ( w u r t z i t e ) forms, w h i l e ZnSe is cub i c . Z i n c meta l , itself, is 
hexagonal . F o r bo th z i n c a n d Z n O , wel l - reso lved structure f r o m the 
quadrupo le interact ion has been observed. T h i s structure results f r o m 
the fact that the 6 7 Z n g round state has sp in 5 / 2 a n d splits into three 
levels i n an electric field gradient . T h e excited state has s p i n 1 /2 a n d 
remains unspl i t . T h e sp l i t t ing is such that the l ines are spaced b y a rat io 
of 2 :1 . 

T a b l e I I I summarizes the measurements of this interact ion for z i n c 
a n d Z n O . T h e in format ion m a y be c o m b i n e d w i t h that f r o m other studies 
to in fer the magni tude of the l o ca l electric field gradient i n each. F o r 
example , a s tra ight forward compar ison of the observed spl itt ings shows 
that 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

01
4

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



14. V E T T E R L I N G Mossbauer Effect in Zinc-67 343 

(eq)zn = 5 . 6 5 6 ± 0 . o 0 4 
(eq) Z n O 

I f w e use the best va lue for the 6 7 Z n ground-state quadrupo le moment 
Q = 0.150 ± 0.015 barns (35), de r ived f r om atomic hyperf ine structure 
measurements a n d uncorrected for atomic sh ie ld ing , w e arr ive at values 
for the field gradients : 

( e q ) Z n = (3.75 ± 0.37) X 1 0 1 7 V / c m 2 

(eq)zno — (0.66 ± 0.06) X 1 0 1 7 V / c m 2 

T h e result for z i n c is consistent w i t h the theoret ical ly ca l cu lated values 
of ( e q ) Z n — 4.43 X 1 0 1 7 V / c m 2 (36) a n d ( e q ) Z n — (4.05 ± 0.60) X 
1 0 1 7 V / c m 2 ( 37 ) . I n these calculat ions a factor of — —13.96 was 
used for the Sternheimer ant i sh ie ld ing for latt ice ions a n d distant conduc 
t i on electrons, w h i l e a factor about 6 0 % as large was used for the 
sh ie ld ing of the p lane w a v e component of the conduct ion electrons. A 
s imple ca l cu lat ion for Z n O ( 3 ) , based o n a latt ice of po in t charges a n d 
c o m p u t e d f rom expressions g iven b y deWet te (38), was f o u n d to g ive 
(eq)zno — (0.5 ± 0.11) X 1 0 1 7 V / c m 2 . T h i s is also good agreement, 
despite the neglect of contr ibutions f r om h igher mult ipo les to the la t 
t i ce sum. 

Conclusion 

T h i s chapter has s u m m a r i z e d the techniques responsible for success 
w i t h the 6 7 Z n isotope i n recent years, a n d the Mossbauer effect p a r a m 
eters a n d properties to the extent that they have been determined . 
I n m a n y cases the in fo rmat ion is not specif ical ly c h e m i c a l i n nature , b u t 

T a b l e I I I . Q u a d r u p o l e In terac t i ons 0 

Tempera
Sample ture (K) e 2 q Q / h (MHz) Av (MHz) Reference 

Z n O 4.2 2.470 ± 0.030 0.7420 ± 0.0090 3 
Z n O 4.2 2.320 ± 0.110 0.7000 ± 0.0300 17 
Z n O 4.2 2.750 ± 0.030 0.8250 ± 0.0090 19 
Z n O 4.2 2.408 ± 0.006 0.7233 ± 0.0018 10 
Z n O 300 2.409 ± 0.010 0.7236 ± 0.0030 11 
Z n 4.2 13.800 ± 0.400 4.1400 ± 0.1200 12 
Z n 4.2 12.400 ± 0.200 3.7200 ± 0.0700 22 
Z n 4.2 13.620 ± 0.008 4.0860 ± 0.0020 13 

a The splitting A? is that between the center line and the more widely spaced 
outer line. 
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is f oundat iona l to progress i n such areas. Z i n c compounds are certa in ly of 
enormous p r a c t i c a l interest, a n d for this reason w i l l u n d o u b t e d l y capture 
the attention of the Mossbauer-effect c ommuni ty . Y e t the major attrac
t i on of this isotope m a y be its extremely n a r r o w l i n e w i d t h w h i c h makes 
i t s ingular ly sensitive, to the extent that the scale of isomer shifts covers 
a range several h u n d r e d times the m i n i m u m observable l i n e w i d t h . It 
has the smallest f ract ional l i n e w i d t h of any of the Mossbauer isotopes, 
a n d is a system to w h i c h w e can look for measurement of minute chemica l 
or p h y s i c a l effects, perhaps not observable w i t h any other Mossbauer 
isotope. 
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15 
Covalency of Neptunium(IV) Organometallics 

from Neptunium-237 Mössbauer Spectra 

D. G. KARRAKER 

E . I. du Pont de Nemours & Company, Savannah River Laboratory, 
Aiken, SC 29808 

The isomer shifts in 237Np Mössbauer spectra arise from the 
shielding of neptunium's 6s orbitals by the inner 5f orbitals. 
In covalent bonding, ligand contributions to the 5f electron 
density increase the shielding, and the 237Np isomer shift 
reflects differences in bond character among covalently 
bonded ligands. The large difference in isomer shift (3.8 
cm/s) between ionic neptunium(IV) and neptunium(III) 
compounds permits a good determination of ligand bonding 
differences in neptunium(IV) organometallic compounds. 
The Mössbauer spectra for about 20 neptunium(IV) organo
metallic compounds, principally cyclopentadienyl (Cp) com
pounds of the general composition CpxNpX4x (x = 1,2,3; 
X = Cl, BH4, nBu, Ph, OR, acac), show both the differences 
in σ bonding among the X ligands, as well as the covalent 
effect of the Cp ligands. 

r-y^he 2 3 7 N p Mossbauer effect has been especial ly va luab le for c h e m i c a l 
a n d p h y s i c a l studies of so l id n e p t u n i u m compounds . T h e isomer 

shift i n 2 3 7 N p has a very w i d e r a n g e — f r o m —6.9 to + 3 . 5 c m / s , a n d 
excellent resolution can be obta ined w i t h o u t excessively elaborate e q u i p 
ment. N e p t u n i u m forms compounds i n five valence states, p lus the meta l 
l i c state, so a w i d e range of compounds a n d intermetal l i c materials can 
be prepared for Mossbauer studies. E x a m p l e s of some past Mossbauer 
studies are magnet ic properties of some n e p t u n i u m compounds (1-4) 
a n d loca l i zat ion of 5f electrons i n n e p t u n i u m intermetal l ics ( 5 ) . T h i s 
chapter outlines the theory a n d exper imental procedure for 2 3 7 N p M o s s 
bauer studies a n d presents the app l i ca t i on of the 2 3 7 N p Mossbauer effect 
to determine covalent effects i n n e p t u n i u m organometal l i c compounds . 

0065-2393/81/0194-0347$05.00/0 
© 1981 American Chemical Society 
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237Np Mossbauer Effect 

Description. Stone a n d P i l l i n g e r (6) d iscovered the Mossbauer 
effect of 2 3 7 N p at the Savannah R i v e r L a b o r a t o r y , a n d the exper imental 
techniques were further deve loped b y the group at A r g o n n e N a t i o n a l 
L a b o r a t o r y , then d irected b y G . M . K a l v i u s . T h e physics of 2 3 7 N p has 
been summar i zed i n three excellent reviews (7,8,9) a n d w i l l be discussed 
here only briefly. 

T h e gamma ray used i n the 2 3 7 N p Mossbauer effect results f rom the 
59.5-keV, 5 / 2 " - » 5.2 + E l t ransi t ion i n 2 3 7 N p ( t * 63 n s ) . T h e 59.5-keV 
leve l is accessible f rom the a-decay of 2 4 1 A m , /?-decay f r om 2 3 7 U , or the 
electron-capture decay f r o m 2 3 7 P u . T h e hal f - l i f e of 2 4 1 A m (433 years) 
makes i t the obvious choice for a Mossbauer source. 

Hyperfine Interactions. H y p e r f i n e interactions refer to the inter 
act ion of the 2 3 7 N p nucleus w i t h the surround ing electromagnetic field 
( in te rna l or external ) . T h e interpretat ion of 2 3 7 N p Mossbauer spectra 
depends o n the analysis of hyperf ine effects. T h e H a m i l t o n i a n for the 
Mossbauer effect system has three terms: 

Hht = HiS — HQ ± i / M 

where H I S refers to interactions of the centra l field w i t h the nucleus ; HQ 

represents the interact ion between the quadrupo le moment w i t h the 
electric field gradient ; a n d ffM is the interact ion of magnet ic fields w i t h 
the nucleus. T h e sp l i t t ing of the excited a n d g r o u n d states b y hyperf ine 
fields is i l lustrated i n F i g u r e 1 for single unsp l i t levels, quadrupo le - sp l i t 
levels, magnet i ca l ly spl i t levels, a n d c o m b i n e d magnet i c - a n d q u a d r u 
pole -spl i t levels ( 10 ) . 

Isomer Shift. T h e central field interact ion is the result of the 
C o u l o m b interact ion of the e lectronic charge w i t h the nuc lear charge. 
T h i s interact ion determines the isomer shift. T h e centra l field inter 
actions, w h i c h l ead to the isomer shift i n the Mossbauer effect, are 
spher ica l ly symmetr ic a n d d e p e n d p r i n c i p a l l y on s orbitals . F o r the 2 3 7 N p 
Mossbauer effect, 6s orbitals are sh ie lded f r om the nucleus b y the inner 
5/ orbitals ( F i g u r e 2 ) . Increases i n the electron density i n the 5f orbitals 
increase the sh ie ld ing of the 6s orbitals a n d produce a more posit ive 
isomer shift. T h e 6d a n d 6p electrons can also sh ie ld the 65 orbitals , but 
the ir contr ibutions are smal l c ompared to the effect of 5/ sh ie ld ing . A n 
obvious example of the effect of 5 / e lectron density o n the isomer shift is 
the difference i n the isomer shift for n e p t u n i u m compounds of different 
valences, w h i c h amount to 2 -4 c m / s between consecutive valences a n d a 
range over 10 c m / s between N p 7 + a n d N p 3 + ( F i g u r e 3 ) . 

G i v e n these large differences i n isomer shifts between valences, 
covalent effects on b o n d i n g also can be identi f ied b y isomer shifts ( I I ) . 
C o v a l e n c y requires the over lap of l i g a n d orbitals w i t h the 5/ orbitals , 
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Excited State 
Energy Levels ± V 2 -

Ground State 
Energy Levels 

Splitting Mogneti Splitting Mognetic + Quadrupole 

NPAI277^< 
c r - 4 0 +4 -4 0 +4 -8 -4 0 +4 +8 

V(cm/s) ~* 
-8 - 4 0 +4 +8 

Figure I . Splitting of the ground state and 59.5-keV level of **7Np in 
magnetic and electric fields 

— i — i — ' — i — ' — i — i — i > i 1 i 1 r 

U 4 + ( 5 f 2 ) 

r (a0) 

Figure 2. Radial charge density for U4+ (( ) 5f; ( ) 6s; (— • —) 
6p) (courtesy of N. M. Edelstein, Lawrence Berkeley Laboratory, Berke

ley, CA) 
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ISOMER SHIFT 
4 — 

NpF3 - Np3+(in Am 20 3) 
Fluorides 4 Oxides 

N P P 4 " Np02 

" 2 «• Np0 2

+ 

NpF5 - 4 - — . Np0 2

+ + 

NpF6 

- 6 

-Np(VII) 
- 7 

Figure 3. Isomer shifts of neptunium fluorides and neptunium oxides 

w h i c h increases the 5 / e lectron density w i t h a consequent posit ive increase 
i n the isomer shift. T h e compar ison of isomer shifts be tween n e p t u n i u m 
fluorides a n d oxygen-bonded n e p t u n i u m compounds ( F i g u r e 3 ) shows 
the strong shift t o w a r d l ower valence of the N p 0 2

2 + a n d N p 0 2
+ c o m 

pounds compared to that of N p F 6 a n d N p F 5 . T h e electron density con 
t r i b u t e d to the 5f orbitals of the N p 6 + a n d N p 5 + ions b y the t i ght ly b o n d e d 
oxygen l igands results i n a n isomer shift t o w a r d l ower valence. F o r the 
N p 4 + , the contr ibut ion of oxygen l igands is sma l l because i t becomes more 
diff icult for the orbitals to over lap i n the larger N p 4 + i on . I n the s t i l l 
larger N p 3 + i o n , essentially no difference i n the isomer shifts occurs 
between a fluoride a n d an oxygen l i g a n d environment . 

Quadrupole Interaction. T h e interact ion of the nuc lear quadrupo le 
tensor a n d the electric field gradient tensor f r o m the i on i c environment 
surround ing the n e p t u n i u m i o n can result i n Stark (e lectr ic field) sp l i t 
t i n g of the nuc lear levels, or q u a d r u p o l e sp l i t t ing . I n general , quadrupo le 
sp l i t t ing requires the a l ignment of the z -component of the electric field 
gradient of the unf i l l ed 5 / e lectron she l l (8). T h i s a l ignment must be 
p r o d u c e d b y an external field; otherwise, r a p i d rotat ion of the electric 
field gradient al lows o n l y a n average to be observed. 

Q u a d r u p o l e interactions c a n be r e d u c e d to combinat ions of t w o 
components—the electric field gradient a n d the asymmetry parameter 
rf (12). F o r a n e p t u n i u m i o n i n a site w i t h a n n- fo ld rotat ion or r o t a t i o n -
reflection axis w i t h n > 2, the asymmetry parameter 17 — 0, a n d the 
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resonance is sp l i t into five equa l ly spaced l ines. A t the other extreme, 
where rj = 1, the resonance is sp l i t into three l ines. Intermediate values 
of rj are represented b y u n e q u a l , five-line spectra. I n a l l cases, the centra l 
resonance of the quadrupo le spectrum has the same isomer shift as the 
unsp l i t resonance w o u l d have ( F i g u r e 1 ) . 

Magnetic Interaction. T h e interact ion of the nuc lear energy levels 
w i t h a magnet ic field ( in terna l or external) results i n magnet ic sp l i t t ing 
of the 2 3 7 N p Mossbauer spectra ( F i g u r e 1 ) . N o r m a l l y , a paramagnet ic 
i o n w i l l have a magnet ic field at the nucleus because of its u n p a i r e d 
electrons. A t r oom temperature , the d i rec t ion of the field changes too 
r a p i d l y for the nucleus to respond. A t l o w temperatures, the re laxat ion 
t i m e is greatly decreased, often to the po in t where the 2 3 7 N p Mossbauer 
spectrum is magnet i ca l ly spl it . W h e n the absorb ing c o m p o u n d becomes 
ferromagnetic or anti ferromagnetic , the relaxation t ime becomes infinite 
o n the 2 3 7 N p Mossbauer t ime scale, a n d a large magnet ic sp l i t t ing n o r m a l l y 
results. P u r e magnet ic sp l i t t ing has a 16-l ine pattern ( F i g u r e 1 ) , but as 
the energies of some of the resonances are nearly the same, the spectrum 
usual ly shows on ly eight to ten l ines. T h e average of two symmetr i ca l ly 
spl i t l ines determines the isomer shift i n magnet i ca l ly spl i t spectra. 
Occas ional ly , quadrupo le sp l i t t ing also m a y be imposed on magnet ic 
sp l i t t ing , but since the magnet ic sp l i t t ing is normal ly m u c h greater than 
quadrupo le sp l i t t ing , no serious compl i ca t i on is in t roduced i n interpret ing 
the spectrum. W h e r e quadrupo le a n d magnet ic sp l i t t ing are near ly 
equa l , as for some N p 0 2

2 + or N p 0 2
+ compounds, assignment of the 

resonances becomes very diff icult. 
Intermediate Relaxation Effects. T h e discussion of hyperf ine inter 

actions involves the assumption that the hyperfine fields are t ime i n d e 
pendent . F o r some compounds , t ime-dependent effects ( intermediate 
re laxat ion) influence the Mossbauer spectrum. 

T h e electrons i n the unf i l l ed shel l of the n e p t u n i u m i o n c a n be 
considered to alternate between " s p i n - u p " a n d " s p i n - d o w n " positions 
u n d e r the influence of external fields on the i on . T h e electronic re laxat ion 
t ime is the p e r i o d r e q u i r e d for the sp in flip. I f the re laxat ion t ime is s low, 
compared to the L a r m o r precession f requency of the nucleus a n d the 
l i f e t ime of the excited state, the nucleus w i l l see a static field, a n d the 
spectrum w i l l be magnet i ca l ly split . F a s t re laxat ion t imes average the 
field o n the nucleus to zero, a n d s ingle- l ine or quadrupo le spectra w i l l 
result . Intermediate re laxat ion t imes are of the same order of magni tude 
as the L a r m o r precession f requency a n d the excited-state l i fe t ime, a n d 
result i n a loss of resolut ion of the Mossbauer spectrum, often so m u c h 
so that the spectrum becomes an uninterpretable smear ( F i g u r e s 4 a n d 
5 ) . Re laxat ion is considered to occur p r i n c i p a l l y t h r o u g h sp in - la t t i ce 
a n d s p i n - s p i n interactions, a l though other mechanisms have been c o n -
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RELAXATION TIME 

Fast Intermediate Slow 
(Magnetic) 

Figure 4. Relaxation effects on ^Np Mossbauer spectra 

s idered ( 13 ) . P h y s i c a l methods of a v o i d i n g intermediate re laxat ion 
effects depend o n chang ing the exper imental condit ions to favor faster 
(h igher temperatures) or s lower (external magnet ic fields, l ower t e m 
peratures) re laxat ion times. I n pract ice , such methods are not easy to 
a p p l y a n d not necessarily successful. H o w e v e r , i n some cases, inter 
mediate re laxat ion effects can be avo ided b y c h a n g i n g the c h e m i c a l 
c o m p o u n d to a s imi lar c o m p o u n d that retains the features u n d e r study. 
Subst i tut ion of a b u l k i e r l i g a n d or cat ion [ M e C p for C p , N ( C 2 H 5 ) 4

+ for 
C s + ] often reduces re laxat ion effects w i t h o u t affecting the object of the 
study. B u l k i e r l igands increase the distance between n e p t u n i u m ions, 
thus r e d u c i n g the s p i n - s p i n interactions that affect re laxation. 

144.95 

o144.75 

144.70 L 

- 8 -4 0 4 
Velocity, cm/sec 

Figure 5. Mossbauer spectrum of Np(MeCp)sCl 

Experimental 

Techniques. T h e exper imental apparatus a n d techniques for 2 3 7 N p 
Mossbauer spectroscopy have been i n c l u d e d i n earlier reviews ( 7 , 8 , 1 4 , 
15,16). T h e instrumentat ion used i n Mossbauer studies has always been 
s imi lar a m o n g different workers , bu t there were some differences i n 
sources, detectors, s tandardizat ion of spectra, etc., p a r t i c u l a r l y before 
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1972. I n recent years some techniques have become standard ; they w i l l 
be emphas ized i n the next section. 

Instrumentation. 2 3 7 N p Mossbauer experiments usual ly have used 
a convent ional constant-acceleration spectrometer i n transmission geom
etry (17). T h e spectrometer must achieve re lat ive ly h i g h velocit ies ( ± 2 0 
c m / s ) w h i l e operat ing at l i q u i d - h e l i u m temperatures. T h e recoilless 
f ract ion for 2 3 7 N p Mossbauer effect is decreased severely above h e l i u m 
temperatures for most absorbers, so the source-absorber equipment re 
quires a l i q u i d - h e l i u m dewar , pre ferably one capable of m a i n t a i n i n g 
h e l i u m temperatures for 3-4 days. A convenient ve loc i ty ca l ibrat ion c a n 
be obta ined f rom an N p A l 2 absorber, w h i c h has a wel l - character ized , 
magnet i ca l ly spl i t spectrum at 4.2 K . 

Sources. T h e most convenient source is ^ A m meta l as a 5% a l l oy 
i n cub i c t h o r i u m meta l matr ix . A 433-year 2 4 1 A m source lasts indef inite ly ; 
one such source has been used satisfactori ly at the Savannah R i v e r 
L a b o r a t o r y for about ten years. A b o u t 3 m g 2 4 1 A m i n a source y ie lds 
count ing rates above 10 4 c o u n t s / c h a n n e l - m i n . Sources i n earlier w o r k 
used 2 3 7 U (6.75 d ) , a n d the use of 2 3 7 P u (44.6 d ) has been considered, 
but the half - l ives of bo th isotopes are qu i te inconvenient . T h e 2 4 1 A m - T h 
source has the narrowest exper imental l i n e w i d t h yet achieved, about 
0.1-0.2 c m / s (14). 

Standards. T h e s ingle- l ine spectrum of N p A l 2 at 77 K is the r e com
m e n d e d zero of isomer shift (18). T h i s zero can be determined w i t h 
more prec is ion than a zero based on the single resonance l ine of N p 0 2 . 
T h e N p 0 2 resonance is broadened b y a weak magnet ic sp l i t t ing b e l o w 
25 K , a n d is thus m u c h less satisfactory, t h o u g h often used i n early work . 
I n pract ice , the centro id of the N p A l 2 spectrum at 4.2 K is normal ly used 
as zero isomer shift. A s noted before, the magnet i ca l ly spl i t spectra of 
N p A l 2 can prov ide s imultaneously a convenient ve loc i ty ca l ibrat ion . 

Detectors. T w o detectors are i n u s e — N a l ( T l ) s c int i l la t ion crystals 
a n d G e ( L i ) semiconductors, a n d bo th are satisfactory. T h e detector i n 
current use at Savannah R i v e r L a b o r a t o r y is an N a l ( T l ) sc int i l lat ion 
counter. T h i s counter has been qui te satisfactory over several years of 
service a n d avoids the l i qu id -n i t r ogen coo l ing necessary for G e ( L i ) 
detectors. T h e w i n d o w of the s ingle-channel analyzer is adjusted to 
accept the 59.54 k e V photopeak for a l l three detectors. 

Absorbers. 2 3 7 N p can be obta ined i n g r a m quantit ies to prepare 
absorbers for study. T h e specific ac t iv i ty of 2 3 7 N p is 1.57 X 10 6 a d / m i n -
m g , a n d quantit ies greater than a f ew m g should be h a n d l e d i n a glove 
box or other f o rm of containment to prevent contaminat ion of the l abora 
tory w i t h a lpha act iv i ty . M o s t n e p t u n i u m organometal l ic compounds are 
decomposed b y water a n d oxygen (often v i o l e n t l y ) , so preparat ion of the 
compounds , absorbers, etc., is per formed i n an inert-atmosphere glove 
box. T h e absorbers are usual ly prepared b y (1 ) p a c k i n g the p o w d e r e d 
sample i n a plast ic holder , ( 2 ) cover ing the p o w d e r w i t h a plast ic p l u g , 
a n d (3 ) w r a p p i n g the assembly w i t h adhesive polyester tape. T h e 
absorber is removed f r om the glove box a n d w r a p p e d w i t h a n a d d i t i o n a l 
layer of p last ic tape to prevent the spread of a l p h a act iv i ty . N o r m a l l y , 
about 50 m g N p / c m 2 is adequate for most materials . Crys ta l l ine solids, 
such as N p C l 4 , N p B r 4 , N p C l 3 , etc., have larger recoilless fractions t h a n 
the essentially amorphous n e p t u n i u m organometal l ic compounds, w h i c h 
c a n require 3-4 days to develop an acceptable spectrum. 
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Compounds. T h e n e p t u n i u m organometal l i c compounds used i n 
this study were prepared (most for the first t i m e ) b y us ing the general 
procedures deve loped i n the synthesis of the analogous u r a n i u m com
pounds. Some modi f icat ion of the procedures was necessary since N p 4 + 

is more easily r educed t h a n U 4 + . T h e basic react ion used i n near ly a l l 
preparations is 

N p hal ide + M l i gand - » N p l igand + M hal ide 

where M is an a l k a l i or T l . I n general , metal lated l igands are strong 
r e d u c i n g agents, so often an N p 3 + organometal l i c is the major product 
rather than the desired N p 4 + organometal l ic . Ad justment of exper imental 
condit ions occasional ly was successful i n ob ta in ing the des ired N p 4 + 

product . 

237Np Isomer Shift and Covalency 

N p C p 3 X Compounds. T h e first ac t in ide organometal l i c c o m p o u n d 
prepared was t r i s ( cyc l opentad ieny l ) u r a n i u m ( I V ) ch lor ide , U ( C 5 H 5 ) 3 C 1 
(hereafter C 5 H 5 " is abbrev iated C p ) ( 1 9 ) , a n d its preparat ion was suc
ceeded b y the preparat ion of C p compounds of the 3 + - a n d 4 + - v a l e n t 
act in ide ions u p to C f 3 + ( 2 0 ) . W i t h f ew exceptions, the organometal l i c 
compounds of the actinides inc lude the C p l i g a n d i n the ir structure; b y 
react ing U C p 3 C l (or N p C p 3 C l ) w i t h an a l k a l i meta l l i g a n d c o m p o u n d , 
such as L i w B u , L i P h , N a O B u , etc., the l i g a n d replaces the ch lor ide i on , 
f o r m i n g N p C p 3

n B u , N p C p 3 P h , N p C p 3 O B u , etc. Q u i t e a var iety of c om
pounds have been prepared i n this manner f rom U C p 3 C l , most of w h i c h 
can also be p r e p a r e d f r om N p C p 3 C l . Subst i tuted C p l igands , such as 
C H 3 — C 5 H 4 " ( M e C p ) , f o r m analogous compounds . 

T h e isomer shifts i n 2 3 7 N p Mossbauer spectra of these compounds 
normal ly are d isp laced f r om an ionic N p 4 + isomer shift t o w a r d the N p 3 + 

isomer shift. U s i n g the var iety of compounds that can be prepared as 
derivatives of the N p C p 3

+ moiety a n d select ing appropr iate standards, a 
comparison of the b o n d i n g properties o f the l igands can be obta ined 
f rom their 2 3 7 N p Mossbauer spectra. C o m p o u n d s conta in ing one or two 
C p l igands per N p 4 + i o n also have been prepared . These compounds 
afford a measure of the effect on the 2 3 7 N p isomer shift of a d d i n g one, 
two , or three C p l igands. 

Unfor tunate ly , the 2 3 7 N p Mossbauer spectra of N p C p 3 X compounds 
are strongly affected b y intermediate re laxat ion effects. At tempts to 
counter re laxat ion effects b y synthes iz ing compounds that substitute 
M e C p for C p or C 6 H 4 C 2 H 5 for — C 6 H 5 , etc., often succeeded i n ob ta in ing 
interpretable , a l though not necessarily i d e a l , spectra. F i g u r e 6 shows the 
spectra of N p C p 3 B H 4 a n d N p ( M e C p ) 3 B H 4 , i l lus t ra t ing a successful 
example where an isomer shift c ou ld be obta ined f r o m the spectrum of 
the subst ituted c o m p o u n d b u t not f rom the parent c o m p o u n d . Ana lys i s 
of the results i n terms of the l igand's properties involves the assumption 
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Figure 6. Mossbauer spectra of NpCpsBH4 and Np(MeCp)3BH^ 

that the effect of substituted l igands a n d unsubst i tuted l igands on the 
isomer shifts is the same; data g iven later i n this chapter support this 
assumption. T h e 2 3 7 N p Mossbauer spectrum of N p C p 3 O C H ( C H 3 ) 2 is 
shown i n F i g u r e 7, a n d spectra for N p ( a c a c ) 2 C l 2 • T H F (acac = 
C H 3 C O C H C O C H 3 ) a n d N p ( a c a c ) 2 ( M e C p ) 2 are shown i n F igures 8 a n d 
9, respectively . T h e latter two spectra a l l ow a comparat ive isomer shift 
for C p 2 N p X 2 compounds to be der ived . Mossbauer parameters for 
N p C p n X 4 . n compounds are shown i n T a b l e I . 

T o compare the contr ibutions of the l igands , the assumption is m a d e 
that C I " a n d B H 4 " ions make no covalent contr ibut ions , a n d that N p C p 3 C l 
or N p ( M e C p ) 3 B H 4 a n d N p C ^ can be used as reference compounds . T o 
determine the effect of two C p l igands , N p ( a c a c ) 2 C l 2 • T H F was used 
as a reference, since the acac l igands made a strong negative change i n 
the n o r m a l N p 4 + isomer shift. T h e isomer shifts assigned to each l i g a n d 
are shown i n T a b l e I I . 

-4 0 4 
Velocity, cm/sec 

Figure 7. Mossbauer spectrum of NpCp3OCH(CH3)2 
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134.4 

- 8 -4 0 4 
Velocity, cm/sec 

12 

Figure 8. Mossbauer spectrum of Np(acac)2Clg • THF 

Table I. Mossbauer Parameters 

Compound 

N p C p a C l 
N p ( M e C p ) 3 B H 4 

N p C p 3 " B u 
N p C p 3 C e H 4 C 2 H 5 

N p ( M e C p ) , 0 * P r 
N p C p 3 0 * P r 
N p C p 3 O C H ( C F 3 ) 2 

N p C p 3 ' B u 
N p ( M e C p ) C l 3 • 2 T H F 
N p ( a c a c ) 2 C l 2 • T H F * 
N p ( M e C p ) 2 ( a c a c ) 2 

N p C V 
N p C V 

' Referred to NpAI2 = 0. 

Isomer Shift" S(cm/s) 

1.4 
1.45 
0.27 
0.42 
0.93 
0.86 
0.79 
0.86: 

-0.31 : 
-1.47 : 
-0.53 : 
-0.35 : 
3.54 : 

: 1.0 
:0 .4 

0.07 
0.28 

: 0.07 
0.2 
0.3 
0.3 
0.07 
0.07 
0.07 
0.05 
0.05 

Bond 

C p - N p Z 3 

C p 2 - N p Z 2 

C p r - N p X 

R - N p C p 3 

A r - N p C p 3 

R O - N p C p 3 

( a c a c ) 2 - N p C l 2 

Table II. 2 3 7 N p Isomer 

Compound 

N p ( M e C p ) C l 3 • 2 T H F 
N p ( a c a c ) 2 ( M e C p ) 2 

N p C p , C l 
N p ( M e C p ) 3 B H 4 

N p C p 3 " B u 
N p C p 3 C 6 H 4 C 2 H 5 

N p ( M e C p ) 3 0 * P r 
N p C p 3 0 4 P r 
N p C p 3 O C H ( C F 3 ) 2 

N p C p 3 0 ' B u 
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Figure 9. Mossbauer spectrum of Np(acac)2(MeCp)< 

for N p - C p n - X 4 _ n Compounds 

Quadrupole Coupling Magnetic Hyperfine 
Constant eqQ/4 Constant gow He / / 

(cm/s) (cm/s) Reference 

21 
22 

5.8 ± 0 . 2 22 
5.5 ± 0 . 4 22 

5.0 ± 1.0 5.7 ± 0.2 22 
5.4 ± 0 . 5 22 
5.7 ± 0 . 5 22 
5.2 ± 0 . 0 6 22 
5.15 ± 0.06 22 

0.97 ± 0.15 7.92 ± 0 . 1 5 ) this 
) w o r k 

- 0 . 4 2 ± 0.05 4.74 ± 0.05 12 
0.49 ± 0.05 7 

6 Included for comparison. 

Shifts for Ligands 

§(cm/s) Reference AS 

- 0 . 3 1 N p C l 4 +0 .04 
- 0 . 5 3 N p ( a c a c ) 2 C l 2 • T H F +0 .94 

1.4 N p C l 4 +1 .75 
1.45 N p C l 4 +1 .80 
0.27 N p C p 3 C l - 1 . 1 3 
0.42 ± 0.3 N p C p s C l - 0 . 9 8 
0.93 N p C p 3 C l - 0 . 4 7 
0.86 N p C p 3 C l - 0 . 5 6 
0.79 N p C p 3 C l - 0 . 6 1 
0.86 N p C p s C l - 0 . 5 6 

- 1 . 4 7 N p C l 4 - 1 . 1 3 
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Table III. Isomer Shifts of N p C p 4 

Compound Isomer Shift (cm/s) 

N p C p 4 0.72 ± 0.02 
0.71 ± 0.07 
1.94 ± 0.05 
1.90 ± 0.10 
1.94 ± 0.05 

N p ( M e C p ) 4 

N p ( C O T ) 2 

N p ( E t C O T ) 2 

N p ( B u C O T ) 2 

° Referred to N p A l 2 = 0. 

T h e isomer shift differences i n T a b l e II show that only C p l igands 
make a posit ive covalent contr ibut ion . Moreover , the C p 3 N p + moiety is 
unusual ly stable; C p 2 N p 2 + shows about ha l f the isomer shift difference 
of the C p 3 N p + uni t , a n d the effect of a single C p l i g a n d is so s l ight that 
C p i n N p C p C l 3 is p r o b a b l y o -bonded. T h e isomer shift differences show 
c lear ly that a l k y l , a r y l , a n d alkoxide l igands are o -bonding . T h e a l k y l 
a n d a r y l l igands are very strongly o - bond ing , equivalent to about 2 5 % 
of the difference i n the N p 3 + - N p 4 + isomer shifts. T h e isomer shift differ
ences of the a lkoxide l igands average 0.55 c m / s , about hal f the a l k y l - a r y l 
shift difference, a n d are consistent w i t h the greater stabi l i ty of the N p - O R 
bond . T h e prec is ion of the data does not a l l ow a d is t inct ion between 
the isomer shifts of the a l k y l a n d a r y l l igands , or among the a lkox ide 
l igands. T h e chemica l stabi l i ty of N p C p 3 P h a n d N p C p 3 A r compounds 
depends on the covalent contr ibut ion of the three C p l igands offsetting 
the strong e l e c t ron -wi thdrawing nature of the N p - R a n d N p - A r bonds. 

Bond Length and Isomer Shift. T h e 2 3 7 N p Mossbauer isomer shifts 
( T a b l e III) of N p C p 4 - a n d N p ( C O T ) 2 - t y p e compounds ( C O T = C 8 H 8

2 - , 
the cyclooctatetraenyl d ian ion ) show anomalously s m a l l isomer shifts for 
the N p C p 4 compounds , w h e n c o m p a r e d to N p ( C O T ) 2 or N p C p 3 C l (8 = 
1.4). T h e subst i tut ion of a f our th C p l i g a n d into N p C p 3 C l w o u l d not be 
expected to decrease the isomer shift to 0.72 c m / s ( N p C p 4 ) . T h e C O T 
a n d C p l igands are 10- a n d 5-electron donors, respectively, so N p C p 4 

a n d N p ( C O T ) 2 bo th have the same electron density avai lab le for 
bond ing . 

A n explanat ion for this apparent anomaly is f o u n d b y cons ider ing 
the m e t a l - c a r b o n b o n d lengths of the u r a n i u m analogues of these c o m 
pounds . T h e average u r a n i u m - r i n g distances have been de termined 
crysta l lographica l ly to be 2.65 A for U ( C O T ) 2 , 2.74 A for ( U C p 3 C l ) , 
a n d 2.81 A for U C p 4 ( 26 ) . T h e b o n d distances for the isostructural N p -
C O T a n d N p - C p compounds should be s l ight ly , but not s ignif icantly 
smaller . T h e add i t i on of a f our th C p l i g a n d to the U C p 3 + moiety creates 
sufficient l i g a n d repuls ion that the u r a n i u m - r i n g c a r b o n distance of U C p 4 

is 0.07 A greater than that of U C p 3 C l , a n d 0.16 A longer t h a n that of 
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1 5 . KARRAKER Neptunium-237 Mossbauer Spectroscopy 359 

and N p ( C O T ) 2 Compounds 

Magnetic Coupling 
Constant g0N^ H e / / 

(cm/s) 

Quadrupole Coupling 
Constant g0fiN H e / / 

( cm/s) Reference 

6.12 ± 0.05 
6.15 ± 0.10 
6.10 ± 0.05 

1.66 ± 0.02 
1.29 ± 0.08 

- 0 . 4 6 ± 0.05 
- 0 . 5 ± 0 . 0 2 

0.46 ± 0.05 

21 
22 
23 
24 
24 

U ( C O T ) 2 . A s a p p l i e d to the covalency of the n e p t u n i u m compounds , 
the longer b o n d distance decreases the overlap of the n e p t u n i u m 5f a n d 
l i g a n d orbitals a n d is reflected i n a smal ler covalent isomer shift. 

A second example of the effect of b o n d distance is f o u n d b y compar 
i n g the isomer shift range of N p 3 + organometal l ics ( T a b l e I V ) w i t h the 
isomer shift range of N p 4 + organometal l ics . T h e extreme range of isomer 
shifts for N p 3 + organometal l ics is about 0.4 c m / s , w h i l e N p 4 + organo
metal l ics have isomer shifts cover ing a range of about 2.5 c m / s . T h e 
probab le explanation lies i n the sizes of the n e p t u n i u m i o n s — N p 4 + has an 
ionic radius of 0.98 A ; N p 3 + an ionic radius of 1.04 A (27 ) . T h e 5f orbitals 
of the N p 3 + i on are spatial ly less accessible t h a n those of N p 4 + , a n d the 
smaller interact ion between the 5/ a n d l i g a n d orbitals is reflected i n smal l 
isomer shift effects. 

T h e results of 2 3 7 N p Mossbauer spectra prov ide a p i c ture of the 
b o n d i n g of 2 3 7 N p organometal l ics a n d their u r a n i u m analogues that c o u l d 
be obta ined b y no other method . I n essence, Mossbauer results give a 
v i e w of the c o m p o u n d f rom the pos i t ion of the n e p t u n i u m nucleus; the 
w o r k summar i zed i n this chapter shows that the 2 3 7 N p isomer shift results 
are consistent w i t h avai lable data a n d prov ide a useful p i c ture of the 
b o n d i n g i n act in ide organometal l ics . 

Table IV. Isomer Shifts of Np(III) Organometallics 

Compound 
Isomer Shift 

(cm/s)a 

Quadrupole 
Coupling 

Constant eqQ/4 
( cm/s) Reference 

N p C p 3 • 3 T H F 
N p l n * • T H F * 
K N p ( C O T ) 2 • 2 T H F 
N p C l 3 

3.65 ± 0.10 
3.55 ± 0.10 
3.92 ± 0.10 
3.54 

0.75 ± 0.10 

21 
22 
25 

7 

a Referred to NpAl 2 = 0. 
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16 
Characterization of Novel Antimony 

Compounds by Antimony-121 Mössbauer 

Spectroscopy 

R. V. PARISH and O W E N PARRY 

Department of Chemistry, University of Manchester Institute of Science and 
Technology, Manchester, M60 1QD, England 

The products of reaction of SbCl5 with R2C:NH and 
R2C:N+Li- (R = phenyl or substituted phenyl) were investi
gated. Infrared and 121Sb Mössbauer spectroscopy suggest 
that three different types of compounds are formed. One 
type appears to be the ketiminium salt [R2C:NH2][SbCl6] 
(δInSb ca. 5.7 mm s-1, e2qQg zero), presumably formed by 
adventitious hydrolysis. The second group of products, 
most surprisingly, are antimony (III) derivatives, probably 
[R2C:NH2][SbCl4]. This oxidation state is indicated un
ambiguously by the Mössbauer spectra (δInSb ca. —8 mm s-1, 
e2qQg ca. 10 mm s-1), but might otherwise have escaped 
detection. The final group of compounds has δInSb ca. 5.3 
mm s-1, e2qQg ca. 10 mm s-1, consistent with the presence of 
an Sb-C bond, and these materials appear to be the first 
examples of o-metallated derivatives involving antimony, 
for example, Ph(C6H4)C:NHSbCl4. 

H p h i s invest igat ion arose f r o m a v is i t to the U n i v e r s i t y of Manches ter 
Inst itute of Science a n d Techno logy b y D r . K e n W a d e of D u r h a m 

U n i v e r s i t y , to describe some w o r k he h a d been d o i n g on complexes of 
ket imines , R 2 C : N H , w i t h main -group acceptors ( J ) . T h e D u r h a m group 
also was concerned w i t h the interact ion of the ket imines or the ir l i t h i u m 
derivatives , R 2 C : N L i + , w i t h S b C l 5 ( 2 ) , a n d w e suggested that 1 2 1 S b 
Mossbauer spectroscopy m i g h t a i d the character izat ion of the products . 
A c c o r d i n g l y , D r . W a d e sent us ten samples for invest igat ion, the Mossbauer 
data for w h i c h were indeed inva luab le , as w e describe i n the f o l l o w i n g 

0065-2393/81/0194-0361$05.00/0 
© 1981 American Chemical Society 
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sections. A br ie f r ev i ew of the Mossbauer technique w i t h 1 2 1 S b is g iven 
also; more de ta i l ed treaments have been presented b y B o w e n ( 3 ) , B a n 
croft a n d P i a t t (4), a n d G r e e n w o o d a n d G i b b ( 5 ) . 

121 Sb Mossbauer Spectroscopy 

Mossbauer spectroscopy w i t h 1 2 1 S b is a f rustrat ing experience. 
Sources usua l ly have on ly l o w act iv i ty , a n d the spectra are complex a n d 
inherent ly poor ly resolved. I t is tedious to obta in good spectra. 

T h e source mater ia l is the 50-year 1 2 1 m S n , usua l ly i n the f o r m of 
C a S n 0 3 . T h i s isotope is p r o d u c e d b y neutron i r r a d i a t i o n of 1 2 0 S n 
[ 1 2 0 S n ( n , y ) 1 2 1 m S n ] , but the cross section is smal l a n d l o w activit ies are 
ob ta ined even after years of i r rad ia t i on . F r o m the higher-energy state, 
1 2 1 m S n decays d i rec t ly to the 37.2-keV l eve l of 1 2 1 S b , w h i c h is the M o s s -
bauer-act ive state. T h e source also emits considerable x -radiat ion , cen
tered at 26 k e V , a n d the n o r m a l m e t h o d of detect ion is to mon i tor the 
escape peak ( 8 k e V ) of a n X e / C 0 2 or X e / C H 4 p ropor t i ona l counter or 
a N a l ( T l ) sc int i l lator . I n the present w o r k , a h igh-reso lut ion , h y p e r -
pure g e r m a n i u m L E P S detector ( O r t e c ) was used to moni tor the 37.2-
k e V g a m m a ray d irect ly . 

T h e moderate ly h i g h energy of the g a m m a rad ia t i on results i n r e l a 
t i ve ly s m a l l recoi l - free fractions, especial ly for mo lecu lar compounds . 
Measurements n o r m a l l y must be made at l i q u i d - n i t r o g e n temperatures 
or be low. M o s t of the data reported here refer to 4.2 K . W e have w o r k e d 
w i t h a ver t i ca l -dr ive cryostat w i t h b o t h source a n d absorber immersed 
i n l i q u i d h e l i u m . T o i m p r o v e basel ine l inear i ty , the source was kept 
stationary a n d the D o p p l e r mot i on was a p p l i e d to the absorber. Isomer 
shifts were measured re lat ive to I n S b . 

T h e Mossbauer transit ion is f rom a g r o u n d state w i t h I = 5 / 2 to an 
exc i ted state w i t h I = 7 /2 . Q u a d r u p o l e interact ion therefore gives an 
e ight - l ine spec t rum ( T a b l e I ; 12 l ines are present i f the e lectr ic field 
gradient is not ax ia l ly symmetr i c , rj =7̂  0 ) . Unfor tunate ly , the natura l 

Table I. Mossbauer Transitions in 1 2 1 Sb for e2qQg = 1 . 0 0 mm s"1, TJ = 0 

Position 
(mm s'1) Intensity \™i\(s) 

- 0 . 3 9 3 6 0.0119 5 /2 3 / 2 
- 0 . 2 0 2 1 0.0714 5 /2 5 / 2 
- 0 . 1 8 9 3 0.0357 3 / 2 1/2 
- 0 . 0 9 3 6 0.1191 3 / 2 3 / 2 
- 0 . 0 3 9 3 0.2143 1/2 1/2 
+0 .0564 0.1191 1/2 3 / 2 
+0 .0850 0.2500 5 /2 7 / 2 
+0 .0979 0.1786 3 / 2 5 / 2 
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16. PARISH AND PARRY Antimony-121 Mossbauer Spectroscopy 363 

l i n e w i d t h is large (2.1 m m s" 1 ) , a n d f u l l y resolved spectra are never 
obta ined (see F i g u r e 1 ) . H o w e v e r , the shape of the b r o a d absorpt ion 
envelope read i l y reveals the s ign of the quadrupo le c o u p l i n g constant 
(e2qQg; Qg is the quadrupo le moment of the ground-state n u c l e u s ) , a n d 
a r o u g h estimate of its magn i tude usua l ly can be made . C o m p u t e r 
f i t t ing must be made w i t h eight l ines whose positions are constrained b y 
the isomer shift, e2qQg, a n d the ratio of g round - a n d excited-state q u a d r u 
pole moments Qex/Qg = 1.34, w h i l e the intensities are constrained to 
those for a r a n d o m p o w d e r ( T a b l e I ) . I t is therefore necessary to g r i n d 
the samples care fu l ly to a v o i d or ientat ion effects. I f the electric field 
gradient is not ax ia l ly symmetr ic , an appropr iate ca lcu lat ion of l ine pos i 
tions a n d intensities must be made , pre ferab ly b y so lut ion of the q u a d r u 
pole H a m i l t o n i a n ( 6 ) . I n the present w o r k e2qQg is s m a l l (^ 10 m m s ' 1 ) , 
a n d the shape of the spectrum is re lat ive ly insensit ive to moderate values 
of the asymmetry parameter ( < ca. 0 .6) ; therefore, w e have used only 
the e ight - l ine fitting procedure . T h e isomer shift can be de termined 
precisely ( ca . ± 0 . 0 5 m m s " 1 ) , but , o w i n g to the poor reso lut ion, e2qQg is 
m u c h less w e l l def ined (ca . ± 0 . 8 m m s' 1 or w o r s e ) . 

T h e shape of the spectrum also can be affected b y the thickness of 
the sample . T h e o p t i m u m thickness is 5 -10 m g c m " 2 of n a t u r a l ant imony . 
F o r h igher values, saturation effects can occur, g i v i n g re lat ive enhance
ment of the weaker l ines. T o obta in accurate values of e2qQg under these 
condit ions, the transmission integra l descr ibed by Shenoy et a l . (7 ) 
shou ld be used. T h i s procedure enormously increases the computat i on 
t ime , even w i t h Cranshaw 's ingenious t ime-sav ing modi f i cat ion ( 8 ) , a n d 
shou ld be at tempted only after p r e l i m i n a r y fitting b y the n o r m a l method . 
U s i n g the transmission integra l for re lat ive ly s m a l l values of e2qQg ( ca . 
10 mms" 1 ) a n d samples of moderate thickness results i n an approximate 
5% decrease i n the fitted va lue ( 9 , 1 0 ) . T h e transmission integra l was 
not used i n the present work . 

F o r 1 2 1 S b , SR/R is re lat ive ly large a n d negative. T h e isomer shift is 
very sensitive to s m a l l e lectronic changes, a n d the t w o ox idat ion states 
are w e l l di f ferentiated. Since &R/R is negative, ant imony ( I I I ) gives the 
more negative isomer shift, a n d I n S b provides a useful r o u g h d i v i d i n g 
po int—shi f t s for ant imony ( I I I ) b e i n g more negative t h a n for I n S b a n d 
those for a n t i m o n y ( V ) more posit ive . F o r each ox idat ion state the isomer 
shift is sensitive to the nature of the groups b o n d e d to the ant imony , 
n o r m a l l y b e c o m i n g more posit ive w i t h increas ing electronegativity . T y p i 
ca l ranges of values are shown i n T a b l e I I . 

Q u a d r u p o l e c o u p l i n g is n o r m a l l y s m a l l i n a n t i m o n y ( V ) unless the 
l igands differ apprec iab ly i n electronegativity , a n d substant ia l spl itt ings 
are seen p r i m a r i l y i n organoant imony compounds. T h e presence of one 
S b — C b o n d (or two i n cis posit ions) gives e2qQg equa l to 10-14 m m 
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V / m m s"1 

i i i i i i i ) i i i i i i i i i i i t i i i i i i i i i i 

Figure 1. Calculated 121Sb Mossbauer spectra for 8 = 0, T = 2.4 mm s'1, 
and e2qQg = +30 mm s'1 (a) and + 20 mm s' 1 (b). In (b) the peak posi
tions are indicated with half intensity. Note the dramatic reduction in 

resolution as e2qQg decreases. 
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16. PARISH AND PARRY Antimony-121 Mossbauer Spectroscopy 365 

Table II. Typical Ranges for 1 2 1 Sb Mossbauer Parameters 

hnsb e 2 qQ^ 
(mm s'1) (mm s'1) 

" I n o r g a n i c " a n t i m o n y ( III ) —8 to —2 0 to + 1 8 
" I n o r g a n i c " a n t i m o n y (V) + 2 to + 1 2 0 to ± 5 
O r g a n o a n t i m o n y ( I I I ) —2 to 0 + 1 5 to + 1 8 
Organoant imony (V) 0 to + 6 0 to + 3 0 

s"1 (posit ive i n the first case, negative i n the second, becouse Qg is 
negat ive ) , a n d a trans C — S b — C arrangement gives values of 22 -27 m m 
s"1. V a l u e s for p a r t i c u l a r structures can be est imated b y u s i n g the p o i n t -
charge treatment ( 4 ) . F o r ant imony ( I I I ) there is usua l ly a large nega
t ive contr ibut i on to the electric field gradient f r o m the lone pa i r , w h i c h 
usua l l y outweighs that f r o m the l igands , a n d e2qQg values of 5 -19 m m s ' 1 

are f ound . T h e range reflects differences i n the h y b r i d i z a t i o n of the 
ant imony atom a n d the w i d e var iety of structures. I n a f e w compounds 
conta in ing the S b C l 6

3 " i o n the ant imony a tom occupies a site of octa
h e d r a l symemtry ; the lone p a i r is n o w forced to have 1 0 0 % 55 character, 
e2qQg becomes zero, a n d the isomer shift is r educed correspondingly to 
about —11 m m s"1 ( I I ) . 

Preliminary Investigation 

T h e ten samples s u p p l i e d b y D r . W a d e were examined i n i t i a l l y b y 
i n f r a r e d spectroscopy. M a r k e d differences were f o u n d i n the N — H a n d 
C = N stretching regions of the spectra, 3000-34,000 c m " 1 a n d 1550-1700 
c m " 1 , respectively. O n this basis the samples were d i v i d e d into three 
groups. T h e first ( G r o u p I , t w o samples) shows three absorpt ion peaks 
i n the N — H stretching reg ion , at about 1600 a n d 1660 c m " 1 . These s a m 
ples were p r e p a r e d b y direct treatment of S b C l 5 w i t h R 2 C : N H . T h e 
second group ( I I , three samples) has on ly one strong N — H stretching 
b a n d , b u t four peaks i n the 1550-1700 c m ' 1 reg ion , of w h i c h the one at 
about 1660 c m " 1 is of m e d i u m - w e a k intensity . T h i s group , a n d the t h i r d , 
were obta ined b y interact ing S b C l 5 w i t h R 2 C : N L i . T h e t h i r d group ( I I I , 
five samples) shows very b r o a d N — H absorpt ion a n d three b r o a d bands 
i n the C = N region. T h e shape of the N — H b a n d suggests the h y d r o g e n -
b o n d i n g effects seen i n amine salts. T h e spectra are thus a l l more complex 
t h a n expected for s imple adducts of the type R 2 C : N H • S b C l 5 . R e p r e 
sentative spectra for samples d e r i v e d f r o m P h 2 C : N H or P h 2 C : N L i are 
s h o w n i n F i g u r e 2. 

C h e m i c a l analysis showed that the compounds of G r o u p I h a d a n 
S b : C l rat io of 1:6, w h i l e a l l the other compounds gave a rat io of 1:4 
( T a b l e I I I ) . A l t h o u g h analyses for h y d r o g e n are p r o b a b l y the least 
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-1 cm 
3500 3000 1800 1400 

Figure 2. Infrared spectra in the N—H and C=N stretching regions for 
samples derived from (a) Ph2CNH/SbCl5, Group I; (b) Ph2CNLi/SbCl5, 

Group II; and (c) Ph2CNLi/SbCl5, Group III 

re l iab le , the a tom ratios are consistently h igher for G r o u p s I a n d I I I , a n d 
l o w e r for G r o u p I I t h a n expected for the s imple adducts R 2 C : N H • S b C l 5 . 
T h u s , none of the compounds are of this f o rm, conf i rming deduct ions 
m a d e prev ious ly f r o m the in f rared spectra. 

Mossbauer Spectra 

T h e 1 2 1 S b Mossbauer spectra also showed differences a m o n g the 
samples, a n d conf i rmed the g r o u p i n g d e d u c e d f r o m the in f rared spectra. 
Representat ive spectra are s h o w n i n F i g u r e 3. T h e compounds of G r o u p 
I show sharp, symmetr i ca l s inglet spectra, centered around + 6 m m s"1. 
G r o u p I I gives a s l ight ly l o w e r isomer shift , b u t the shape of the absorp
t i o n envelope c lear ly demonstrates a s m a l l b u t definite q u a d r u p o l e 
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16. PARISH AND PARRY Antimony-121 Mossbauer Spectroscopy 367 

sp l i t t ing , w i t h e2qQg posit ive . T h u s , these t w o groups b o t h conta in 
a n t i m o n y ( V ) , b u t differ i n the symmetry of the ant imony environment . 
T h e r e m a i n i n g samples, very surpr is ing ly , showed major resonances at 
about —8 m m s"1, a n d thus are unambiguous ly derivatives of tr ivalent 
ant imony. I n two cases add i t i ona l signals were seen also. 

Antimony (III) Species (Group III) 

A l l five samples of G r o u p I I I showed resonances i n the ant imony ( I I I ) 
reg ion ( T a b l e I V , F i g u r e 4 ) . A l l have a n e2qQg of about + 1 0 m m s"1 (as 
expla ined earlier, these values are accurate to only about ± 1 m m s" 1 ) . 
T h e pos i t ive s ign is consistent w i t h the presence of a stereochemical ly 
act ive lone pa i r . F r o m the ana ly t i ca l data i t seems l i k e l y that these 
compounds c o u l d conta in S b C l 4 ~ anions, a n d the in f rared spectra are also 
consistent w i t h the presence of R 2 C : N H 2

+ cations. C o m p a r i s o n w i t h the 
( rather l i m i t e d ) da ta for other salts of these anions ( T a b l e I V ) confirms 
this suggestion a n d rules out other types of coord inat ion . T h e ident i f i -

T a b l e I I I . A n a l y t i c a l D a t a f o r R 2 C : N H / S b C l 5 a n d 
R 2 C : N L i / S b C l 5 P r o d u c t s 0 

R Group % C %H %N %Cl %Sb 

C e H s I 31.6 2.5 2.9 38.9 21.9 
(14.5 13.8 1.1 6.1 1.0) 

p - C H 3 C 6 H 4 I 39.4 3.7 2.5 35.1 18.9 
(21.0 23.7 1.1 6.3 1.0) 

C 6 H 5 I I 35.2 2.1 2.8 32.5 (27 .4 ) 1 

(12.9 9.3 0.9 4.0 1.0) 

p - C H 3 C 6 H 4 I I 38.1 3.0 2.9 29.9 25.6 
(15.0 14.2 1.0 4.0 1.0) 

I I 33.7 2.4 2.9 33.4 26.1 
(13.0 11.1 1.0 4.4 1.0) 

C e H 5 I I I 34.9 2.7 3.2 31.7 27.8 
(12.7 11.8 1.0 3.9 1.0) 

p - C H 3 C 6 H 4 I I I 37.7 3.4 2.7 30.1 24.7 p - C H 3 C 6 H 4 

(15.4 16.7 0.9 4.2 1.0) 

P - F C 6 H 4 I I I 34.8 2.3 2.8 27.9 24.3 
(14.4 11.5 1.0 3.9 1.0) 

C 6 H 5 , m - C H 3 C 6 H 4 I I I 35.9 3.2 2.8 28.8 25.6 C 6 H 5 , m - C H 3 C 6 H 4 

(14.1 15.1 0.9 3.8 1.0) 

° Figures in parentheses are the atom ratios. 
6 By difference. 
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Figure 3. 1 2 1 S 6 Mossbauer spectra for representative compounds of 
groups I (top), II (middle,), and III (bottom) 

cat ion of this ox idat ion state of the ant imony w o u l d have b e e n v e r y 
dif f icult w i t h o u t the M o s s b a u e r data , a n d p r o b a b l y w o u l d have been 
over looked. 

F u r t h e r conf irmation was obta ined f r o m a n e lec tr i ca l c onduc t iv i ty 
measurement on [ P h 2 C : N H 2 ] [ S b C l 4 ] , w h i c h behaved as a l : l - e l e c t r o l y t e 
i n n i tromethane (A,* = 81.4 S c m 2 m o l " 1 ) . 

O n e c o m p o u n d showed s l ight contaminat ion w i t h a n a n t i m o n y ( V ) 
c o m p o u n d , p r o b a b l y a n oxide species p r o d u c e d b y hydro lys is . T h e p-
t o l y l c o m p o u n d gave a b r o a d asymmetr i c spectrum, appear ing to require 
a negative va lue for e2qQg. T h i s is u n u s u a l for ant imony ( I I I ) , a l though 
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not u n k n o w n (13,16). H o w e v e r , satisfactory fittings c o u l d not be 
achieved w i t h a negative e2qQg, even b y re lax ing the -q = 0 constraint . 
Accep tab le fits were obta ined b y assuming that the spec t rum was a 
composite of t w o over lapped spectra, each w i t h e2qQg pos i t ive . O n e 
sub-spectrum showed parameters s imi lar to those of the other compounds 
of this group. T h e second component h a d a more pos i t ive isomer shift 
a n d p r o b a b l y a larger va lue of e2qQg ( large errors are associated w i t h 
these values w h i c h are close to those reported for S b C l 3 ) . T h e adduct 
R * C : N H • S b C l 3 p r o b a b l y w o u l d have s imi lar parameters. 

Antimony (V) Species (Group I) 

T h e t w o compounds of G r o u p I gave sharp singlet Mossbauer spec
tra ( T a b l e V ) w i t h s m a l l l inewidths . Q u a d r u p o l e c o u p l i n g must be zero 
or very smal l . F o r the adduct R 2 C : N H • S b C l 5 , e2qQe w o u l d be very 
s m a l l since the ke t imine w o u l d p r o b a b l y be a re lat ive ly poor donor , 
comparab le to CI " . D a t a for re lated complexes are s h o w n i n T a b l e V . 

Table IV. 1 2 , S b Mossbauer Data for Antimony (III) 
Complexes (Group III) 

Srnsb" e2qQ„ T 
(mm s'1) (mm s'1) (mm s'1) Ref. 

[ P h 2 C N H 2 ] [ S b C l 4 ] 
(77 K ) - 8 . 0 3 ( 4 ) +8 .0 (5 ) 2.5 

[ P h 2 C N H 2 ] [ S b C l 4 ] - 8 . 0 8 ( 6 ) +10 .2 (8 ) 2.5 
[ ( p - F C 6 H 4 ) 2 C N H 2 ] -

[ S b C l 4 ] * - 7 . 1 6 ( 3 ) +10 .1 (3 ) 2.6 
[ ( m - t o D P h C N H a ] -

[ S b C l 4 ] - 7 . 9 2 ( 2 ) +10 .2 (2 ) 2.7 
(+8.50(10) — 2.7 15%) 

[ ( p - t o l ) 2 C N H 2 ] - - 7 . 7 3 ( 7 ) +8 .2 (7 ) 2.7 6 0 % 
[ S b C l 4 ] - 5 . 2 9 ( 1 1 ) +12.8(10) 2.3 4 0 % 

[ E t 4 N ] [ S b C l 4 ] - 8 . 1 7 ( 1 0 ) +8 .9 (20 ) It 
- 7 . 4 7 ( 1 0 ) +10.6(10) 13 

[ C 5 H 5 N H ] [ S b C l 4 ] - 8 . 1 0 ( 1 0 ) +11.3(20) 12 
- 7 . 9 8 ( 1 0 ) +9 .1 (10 ) 13 

( N H 4 ) 2 [ S b C l 5 ] - 6 . 5 2 ( 1 0 ) +11.2(20) H 
( N H 4 ) 3 [ S b C l 6 ] - 8 . 7 ( 2 ) 0 11 
C s 3 [ S b C l 6 ] - 9 . 6 ( 2 ) 0 U 
P h N H 2 - S b C l 3 - 6 . 3 ( 1 ) +12 ,0(10) 15 
SbCl« - 5 . 2 4 +12 .2 11 

- 5 . 9 ( 1 ) +13 .9(10) 13 

° Figures in parentheses are the standard errors of the fitting procedure. 
* v about 0.9. 
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Figure 4. 121Sb Mossbauer spectra of (a) [Ph2CNH2][SbClJ and (b) 
[Ph(m-tol)CNHg][SbCli]. The bar spectra show the line positions with 

intensities halved. 

Table V . 1 2 1 Sb Mossbauer Data for Antimony (V) 
Halide Complexes (Group I ) 

e 2 q Q , r 

(mm s'1) (mm s'1) (mm s'1) Ref. 

[ P h 2 C N H 2 ] [ S b C l 6 ] +5 .74 (5 ) 0 2.5 
[ ( p - t o l ) » C N H 8 ] [ S b C l » ] +5 .75 (1 ) 0 2.5 
R b [ S b C l 6 ] +5 .8 (2 ) 0 11 
S b C l 5 • D M F +6 .6 (2 ) 0 17 

+6.16(4 ) ± 4 . 5 18 
S b C l 5 • N C M e +5 .9 (2 ) 0 17 

+5 .86 (4 ) - 6 . 9 ( 3 0 ) 18 
S b C l 5 • N C C M e 3 +5 .85 (6 ) - 7 . 2 3 ( 4 4 ) 18 
S b C l 5 • N 0 2 M e +5 .64 (4 ) - 8 . 9 4 ( 2 0 ) 18 
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H o w e v e r , the a n a l y t i c a l data show a n S b : C l rat io of 1:6, suggest ing the 
presence of S b C l 6 " anions. T h e Mossbauer spectra are consistent w i t h 
such a f o rmulat i on , for w h i c h zero quarupo le c o u p l i n g is expected. 

Antimony (V) Species (Group II) 

T h e r e m a i n i n g a n t i m o n y ( V ) compounds show dis t inct quadrupo le 
c o u p l i n g w i t h a negative electric field gradient ( T a b l e V I , F i g u r e 5 ) . 
T h i s observation requires the presence of at least one l i g a n d that is a n 
apprec iab ly better donor t h a n CI " . A s s h o w n prev ious ly , i t is u n l i k e l y 
that R 2 C : N H w o u l d be a sufficiently good donor. T h e ana ly t i ca l data 
show that one ch lor ide of S b C l 5 has been rep laced , a n d the m e t h o d of 
preparat ion ( f r om R 2 C : N ~ L i + ) suggests the f o rmulat i on R 2 C : N S b C l 5 . 
T h i s sto ichiometry, i n v o l v i n g either five-coordinate or, b y d imer i za t i on , 
s ix-coordinate ant imony , w o u l d be compat ib le w i t h the Mossbauer data , 
w i t h the reasonable assumpt ion that the an ion R 2 C : N ~ is a good donor to 
ant imony . Unfor tunate ly , there are no data for comparab le compounds 
w i t h covalent S b — N bonds. 

T h i s f o rmula t i on is, however , not compat ib le w i t h the in f rared 
spectrum, w h i c h shows a single N — H stretching b a n d . A n alternat ive 
structure is one i n w h i c h a n S b — C b o n d has been f o rmed i n a n o -metal -
la t i on react ion, for example , Structure A . S i m i l a r products have been 

f o u n d i n analogous reactions of t i n compounds ( I ) . B r o m i n a t i o n , f o l 
l o w e d b y hydro lys is , gave the o-bromoketones R C e H U C O C e H s B r R ( R = 
H , M e ) , a n d the * H N M R spectra are consistent w i t h the o -metal lated 
structure ( 2 ) . T h e on ly other compounds conta in ing one S b — C b o n d 
for w h i c h Mossbauer data are ava i lab le appear to be the anions P h S b X 5 " 
( J O ) . T h e chloro an ion has s l ight ly more negative isomer shifts a n d 
larger quadrupo le c o u p l i n g constants t h a n the present compounds , b u t 
the effects of che lat ion on the electric field gradient at tr ibutable to the 
ke t imine group cannot be assessed. 

T h e d i p h e n y l c o m p o u n d was f o u n d to be a nonconductor i n n i t r o -
methane. 

R 

(A) 

CI 
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Table VI . 1 2 1 Sb Mossbauer Data for Organoantimony(V) 

P h 2 C N S b C l 4 

P h 2 C N S b C l 4 

( p - t o l ) 2 C N S b C l 4 

P h 4 A s [ P h S b C l 5 ] 
M e 4 N [ P h S b C l 5 ] 
N H 4 [ P h S b C l 5 ] 
P h 4 A s [ P h S b B r 5 ] 
M e 4 N [ P h S b B r 5 ] 

Compounds (Group II) 

e 2 q Q , r 
(mm s'1) (mm s'1) (mm s'1) Ref. 

+5.29(4) +10.9(4) 2.5 
+5.34(5) +9.4(6) 2.4 
+5.29(5) +9.7(5) 2.6 
+4.47(3) +11.8(3) 10 
+4.22(2) +11.3(2) 10 
+4.04(2) +11.5(3) 10 
+3.21(3) +9.9(3) 10 
+3.46(4) +10.8(4) 10 

0 s 1 Q V / m m s*1 

Figure 5. *21Sb Mossbauer spectra of (a) (p-tol)(CHsC6HsX^NHSbCl^ 
and (b) Ph(C Jtl^ClSJH^bCl^. The bar spectra show the line positions with 

intensities halved. 
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Conclusion 

T h e interact ion of R 2 C : N H w i t h S b C l 5 m i g h t be expected to y i e l d 
the s imple adduc t R 2 C : N H • S b C l 5 . T h e properties of the products ex
a m i n e d here are consistent w i t h this f o rmulat i on as k e t i m i n i u m hexachloro-
a n t i m o n a t e ( V ) salts, [ R 2 C : N H 2 ] [ S b C l 6 ] . T h u s , the a n a l y t i c a l data revea l 
six ch lor ine atoms per ant imony a n d a h igher h y d r o g e n content t h a n 
expected for the s imple adduct . T h e Mossbauer spectra ind icate a n 
a n t i m o n y ( V ) species w i t h h i g h effective symmetry . I t w o u l d appear 
that adventit ious hydro lys is has occurred d u r i n g the preparat ion . 

W h e n S b C l 5 reacts w i t h R 2 C : N L i , products of t w o types are f o rmed . 
I n the major i ty of cases, r educ t i on to ant imony ( I I I ) occurs, a n d the 
isolated produc t appears to be a te t rach loroant imonate ( I I I ) salt, 
[ R 2 C : N H 2 ] [ S b C l 4 ] . T h i s f o rmula t i on is consistent w i t h the a n a l y t i c a l 
data ( S b : C l = 1:4, hydrogen content rather h i g h ) , w i t h the Mossbauer 
a n d in f rared spectra, a n d w i t h the e lectr ica l c onduc t iv i ty of the d i -
p h e n y l c o m p o u n d . T h e subst i tuted m e t h y l e n e a m i n o l i t h i u m compounds , 
R 2 C : N L i , m i g h t w e l l func t i on as r e d u c i n g agents, poss ib ly l e a d i n g to 
the ketazine R 2 C : N N : C R 2 , i n w h i c h case sufficient ch lor ine is ava i lab le 
to f o rm the anion . 

I n three experiments a subst i tuted a n t i m o n y ( V ) species was ob 
ta ined . Ana lys i s c lear ly i n d i c a t e d one ke to imino group a n d four ch lor ine 
atoms per ant imony , a n d the Mossbauer spec t rum showed a n asymmetr i c 
environment for the ant imony a tom w i t h one good donor l i g a n d . T h e 
best f o rmulat i on for these products seems to be as the o -metal lated de
r ivatives A , w h i c h is also consistent w i t h the c h e m i c a l a n d N M R evidence 
( 2 ) . I t is l i k e l y that the compounds are f o r m e d b y fac i le rearrangement 
of the k e t i m i n o - a n t i m o n y intermediate R 2 C : N S b C l 4 , as i n the re lated 
reactions of t i n derivat ives ( J ) . 
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17 
Application of Iodine-127 Mössbauer 

Spectroscopy to Some Anions and 

Cations of Iodine 

THOMAS B I R C H A L L and R O N A L D D. MYERS 

Department of Chemistry and Institute for Materials Research, 
McMaster University, 1280 Main Street West, 
Hamilton, Ontario L8S 4M1 

Iodine-127 Mössbauer spectra were recorded for a number 
of cations and anions of iodine. A reasonable correlation 
was found between the quadrupole coupling constants and 
ligand electronegativity; however, the fluoro anions deviate 
from this correlation. Isomer shifts were referenced against 
H5IO6 and a revised empirical relationship between isomer 
shift and the orbital occupation numbers h s and hp was 
found. It is recommended that CuI be used as a universal 
standard for both 127I and 129I measurements. 

T o d i n e Mossbauer spectroscopy has been used to obta in in fo rmat ion 
about the structure a n d b o n d i n g of i od ine -conta in ing systems, a n d the 

results have been rev i ewed i n a n u m b e r of books (1-4)- T w o isotopes of 
iod ine are avai lable for s tudy : namely , 1 2 7 I , the natura l ly o c curr ing stable 
isotope i n 1 0 0 % abundance , a n d 1 2 9 I , a radioisotope w i t h a hal f - l i f e of 
1.7 X 10 7 y. B y far the greatest use, for c h e m i c a l studies, has been made 
of the latter isotope because of the superior resolut ion that i t offers. T h e 
excited-state l i f e t ime is t^ = 16.8(2) ns, w h i c h results i n a natura l l i n e -
w i d t h of 2 r 0 — 0.59 m m s"1 for 1 2 9 I ( 5 ) , whereas 1 2 7 I has — 1.86(11) 
ns for a natura l l i n e w i d t h of 2 r 0 = 2.54 m m s"1 ( 6 ) . H o w e v e r , the 129-
isotope suffers a disadvantage i n c h e m i c a l investigations since one must 
carry out c h e m i c a l reactions w i t h a radioisotope on a s m a l l scale, a n d i t 
is rare that the products of such reactions are chemica l ly analyzed . T h i s 
disadvantage does not arise for the natura l ly o c c u r r i n g 127-isotope, a n d 
the p a u c i t y of chemica l studies w i t h this isotope is u n d o u b t e d l y a t t r ib 
utable to the large natura l l i n e w i d t h c o u p l e d w i t h the h i g h trans i t ion 

0065-2393/81/0194-0375$05.00/0 
© 1981 American Chemical Society 
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energy, 57.60(2) k e V . T h i s results i n l ower recoil-free fractions a n d 
necessitates c a r r y i n g out measurements at l i q u i d - h e l i u m temperatures. 
H o w e v e r , the ground-state quadrupo le moment is qui te large (—0.79 
b a r n ) a n d 127Qe/127Qg = 0.892 ( 7 ) , w h i c h means that even moderate 
distortions f r om cub i c symmetry result i n some sp l i t t ing of the spectrum 
into the eight component lines ( 1 2 7 I e = 7 / 2 ; 1 2 7 I g = 5 / 2 ) . S u c h spectra, 
even w i t h the large natura l l inewidths , n o w can be successfully computer -
fitted to give re l iab le hyperf ine parameters. I t is important , however , 
that these programs have a prov i s i on for f u l l transmission integra l 
procedures to be a p p l i e d i n the fitting. S u c h programs have been 
descr ibed prev ious ly ( 8 , 9 ) . 

Empirical Relationships 

T h e interpretations of the Mossbauer parameters obta ined f r o m the 
1 2 7 I spectra, a n d other n u c l e i (e.g., 1 2 9 I , 1 2 5 T e , 1 2 9 X e ) , have re l i ed heav i ly 
on e m p i r i c a l relat ionships. These have a l l o w e d the conversion of isomer 
shifts a n d quadrupo le c o u p l i n g constants into s a n d p o rb i ta l populat ions . 
F o r example , Up, the p e lectron imbalance , has been re lated to the 
measured quadrupo le c o u p l i n g constant b y : 

TT -e2qmol
 127Qg/h m 

U p ~ <?q*t127Qg/h K L ) 

w h e r e ePq^QJh = 2293 M H z is the va lue for an iod ine atom, w h i c h is 
k n o w n f rom nuclear quadrupo le resonance measurements ( J O ) . T h e 
isomer shift has been related to h8 a n d hp, the magnitudes of the e lectron 
holes i n the iod ine 5s a n d 5p orbitals re lat ive to the c losed shel l of the 
i od ide i on , b y : 

Isomer s h i f t s — K[-h8 + y(hs + hp) (2 - h8)] (2) 

It has been assumed that 5d electrons do not influence the isomer shift 
parameter . T o use E q u a t i o n 2 one must first evaluate the constants K 
a n d y; the best va lue for y appears to be 0.07 (2,3,4). U s i n g the isomer 
shifts a n d quadrupo le c o u p l i n g constants obta ined f rom the 1 2 7 I spectra 
of H I ( a n h y d r o u s ) , I 2 , K [ I C 1 2 ] • H 2 0 , IC1, a n d K [ I C 1 4 ] • H 2 0 , P e r l o w 
a n d P e r l o w ( J J ) ca lculated a va lue for 2 K y of —0.56 m m s"1. T h i s leads 
to the isomer shift expression: 

1 2 7 $ z n T e = - 4 . 0 [ - A . + 0.07(h p + h8) (2 - h 8 ) ] + 0.16 = 

+ 3.44 h8 - 0.56 hp + 0.16 (3) 

E q u a t i o n 3 is then used exclusively to describe the b o n d i n g i n a w i d e 
var iety of i od ine compounds. S i m i l a r expressions are der ived for 1 2 9 I , 
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17. BIRCHALL AND MYERS Iodine-127 Mossbauer Spectroscopy 377 

a n d only occasionally are these s imple expressions quest ioned (12). I n 
establ ishing E q u a t i o n 3 i t was assumed that no s electrons are i n v o l v e d i n 
the bonds to iod ine (11). T h i s m a y not be a good assumption, p a r t i c u 
lar ly for anhydrous H I . A l s o , i n establ ishing the va lue for 2Ky there 
appears to be some quest ion as to w h i c h va lue was used for the isomer 
shift of iodine. T h e isomer shift of I 2 re lat ive to I " was —0.58 m m s"1 

rather than the —0.74 m m s"1 shown i n F i g u r e 1 of Ref . 11. H o w e v e r , 
this error may have been par t ia l l y compensated for b y the fact that the 
isomer shift for 1 2 7 I 2 relative to Z n 1 2 7 m T e measured b y P e r l o w a n d P e r l o w 
( I I ) appears to be m u c h too negative. T h i s error shows u p c lear ly i n 
the plot of 8 1 2 7 I vs. 8 1 2 9 I where it is seen that only I 2 deviates seriously 
f rom the best fit to the data (2). Several measurements have been 
reported for 1 2 9 I 2 , a n d a l l are i n reasonable agreement i n regard to its 
isomer shift re lat ive to Z n 1 2 9 m T e ; a value of 0.9 m m s' 1 is f o u n d (2,3,12). 
Convers i on of this va lue to the 1 2 7 I equivalent us ing the data of Jones 
a n d W a r r e n (13) gives —0.31 m m s"1 for 1 2 7 I 2 . Re lat ive to the I" s tandard 
of P e r l o w and P e r l o w ( I I ) , an isomer shift of —0.47 m m s"1 is f o u n d 
for 8 1 2 7 I 2 w h i c h is m u c h closer to the va lue used to establ ish E q u a t i o n 3, 
but is m u c h more posit ive than the measured value. These discrepancies 
are further compl i ca ted by the lack of in terna l consistency i n the o r ig ina l 
work . F o r example, the data u s i n g the Z n T e source are pre ferred over 
those obta ined us ing the H 6 T e 0 6 source ( I I ) , yet it is interest ing to note 
that w i t h the latter source, 8 I 2 - 8 K I is —0.48 m m s"1, w h i c h is i n rather 
good agreement w i t h the value ca lcu lated f rom the 1 2 9 I data. 

I n v i e w of the uncertainties i n some of the reported data that have 
been used to establish the e m p i r i c a l relationships of E q u a t i o n s 1 a n d 3, 
w e felt that a re invest igat ion of the spectra of a n u m b e r of s imple c o m 
pounds was warranted . F r o m these measurements w e make re commen
dations as to a suitable reference mater ia l against w h i c h a l l 1 2 7 I c h e m i c a l 
shifts w o u l d be reported . T o test the e m p i r i c a l relat ionships just m e n 
t ioned, w e have chosen to investigate the [ X — I — Y ] ~ series of anions 
where X a n d Y c a n be F , C I , B r , or I . These l inear anions prov ide us 
w i t h a series of compounds, a l l w i t h the same geometry about i od ine , i n 
w h i c h systematic changes i n the l igands attached to iodine can be 
correlated w i t h the Mossbauer parameters. A n e w isomer shift expression 
is der ived f rom data that are internal ly consistent a n d that correlate 
exceptional ly w e l l w i t h exist ing 1 2 9 I measurements. 

Experimental 

Spectra were recorded using an Elscint A M E - 4 0 drive system operating 
in the constant-acceleration mode with automatic folding of the triangular 
waveform. The transmitted radiation was detected, amplified, analyzed, and 
stored in a Tracor-Northern multichannel analyzer operating in the up -down 
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multiscaling mode. The folded spectra generally were accumulated in 256 
channels. The gamma rays were detected using a Harshaw N a l ( T l ) 2-mm-thick 
crystal and matched photomultiplier tube. A somewhat thicker crystal would 
have been more efficient for the 57.6-keV 1 2 7 I gamma rays. 

Source materials that have been used for 1 2 7 I measurements are ZnTe, 
H 6 T e O e , and Te ( I I ) . The telluric acid matrix probably has the highest 
recoilless fraction of these three materials, but ZnTe is easy to prepare. Mix ing 
the appropriate quantities of zinc and 127mTe (a slight excess of zinc is gen
erally used) in a quartz tube, sealing under vacuum, heating to red heat 
(~ 800°C) , and subsequent slow cooling produces good crystals of Z n 1 2 7 m T e . 
These can then be finely powdered and pressed into a suitable source holder. 
If one has access to a high flux reactor then sources are easily produced. H o w 
ever, good quality sources are commercially available, and we have used 
sources purchased from N e w England Nuclear that have proved to be very 
satisfactory. A nominally 10-mCi Z n 1 2 7 m T e source was used for most of the 
measurements reported here. 

Samples were finely ground powders, intimately mixed with boron nitride, 
or alumina, and sandwiched in a copper ring (i .d. 18 mm) between thin alumi
num foils. The samples contained approximately 30 mg of iodine cm" 2 . Both 
source and sample were immersed in l iquid helium (4.2 K ) in a research cryo-
stat manufactured by the Janis Research Company. This was equipped with a 
Cryogenic Research Company temperature controller, which in these measure
ments was used solely to ensure that the source and sample were immersed in 
l iqu id hel ium: a calibrated Al len-Bradley 47-ohm, V4-watt carbon resistor 
was used to monitor the temperature. The source-detector distance was 10 cm, 
which resulted in 57.6-keV gamma-ray count rates that varied from 5 to 10 
counts s"1 channel ' 1 , depending upon the chemical composition of the absorber. 
The velocity scale was calibrated using an iron foil absorber against a 5 7 C o / R h 
source. 

A l l spectra were computer-fitted using a program previously described (9) 
that incorporates ful l transmission integral procedures. In the fitting procedure, 
the source linewidth was fixed at the natural value, r n a t = 1.27 m m s"1, while 
the absorber l inewidth was allowed to vary: in the quadrupole split spectra the 
individual lines were constrained to have equal but variable width. The isomer 
shift, quadrupole coupling constants, r), and thickness ( T a ) were allowed to 
vary, though i n the initial fitting stages rj was fixed at zero and allowed to go 
free only in the later stages. W h e n two iodine sites were present, the intensities 
of the two sites were initially assumed to be equal to the atomic ratios in the 
molecule, but this constraint was later removed since it is unlikely that the 
different iodine sites would have the same recoil-free fractions. This generally 
resulted in an improvement in the value of x 2 /degree of freedom. 

Isomer Shift Calibration 

T h e chemica l isomer shift is g iven b y : 

i27S = A { | ^ ( 0 ) U 2 - |^(0) |s2> (4) 

w h e r e A is a constant, {|^«(0)| A
2 _ |<A«(0)|s2} * s t n e difference i n s 

electron density between absorber a n d source, a n d 8R/R is a nuc lear 
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17. BIRCHALL AND MYERS Iodine-127 Mossbauer Spectroscopy 379 

term that depends on the difference i n nuc lear r a d i i of exc i ted a n d g r o u n d 
states. Var i ous estimates of SR/R exist r a n g i n g f r o m —5.6 X 10" 5 to 
—4.8 X 10" 4 (14,15). There appears to be no general agreement as to 
the absolute value for 8R/R, but at least a l l agree u p o n the s ign b e i n g 
negative. T h i s means that increases i n chemica l isomer shift correspond 
to decreases i n s e lectron density at the 1 2 7 I nucleus. 

T o interpret isomer shift data a n d to compare n e w data w i t h o l d , 
i t is necessary that some suitable reference substance be chosen to serve 
as a universa l s tandard. Agreement on the report ing of isomer shift data 
appears to be universa l for 5 7 F e , 1 1 9 S n , a n d 1 2 1 S b , but this is not so for 
1 2 7 j o r 1 2 9 j p r e v i o u s workers have reported shifts re lat ive to the source 
used, a n d a l though the sources m a y be n o m i n a l l y the same the q u a l i t y 
might v a i y considerably . T h i s makes it very diff icult to compare data 
f rom one laboratory to another, par t i cu lar ly for 1 2 7 I , where the shifts are 
m u c h smaller than the natura l l i n e w i d t h . Stevens (16) has co l lected 
shift data for the various isotopes i n an attempt to prov ide re l iab le values. 

T h e f o l l o w i n g cr i ter ia determine the usefulness of a mater ia l as a 
reference substance: 

1. It must be a single l ine absorber, that is, the nucleus of 
interest must be i n a cub i c environment . 

2. T h e l i n e w i d t h should be as close to natura l as possible. 
3. T h e c o m p o u n d must be stable a n d easily obtainable . 
4. T h e recoil - free fract ion should be h i g h , a n d any other 

elements present i n the c o m p o u n d should not be strong 
gamma-ray absorbers. 

W e attempted to prepare a sample of N a 3 H 2 I O c w h i c h has been 
suggested as a possible reference substance. T w o preparat ive procedures 
were t r i e d : ox idat ion of [ I 0 3 ] ~ w i t h chlor ine i n strongly basic ( N a O H ) 
solut ion resulted i n the d i s o d i u m salt; t i t rat ion of H 5 I 0 6 w i t h N a O H , 
f o l l owed b y crysta l l i zat ion also fa i l ed to y i e l d the t r i sod ium salt. I n d e e d 
a p H t i trat ion of H 5 I 0 6 shows that two protons are removed easily, a n d 
only at h i g h p H are two more protons t i trated. Therefore , the d i s o d i u m 
salt appears to be the most l i k e l y product i n a s imple ac id -base react ion . 
It is interest ing to note that the x-ray measurements on the [ I 0 6 ] 5 " i o n 
were i n fact carr ied out o n the d i a m m o n i u m salt (17). N o n e of the 
previous workers w h o used N a 3 H 2 I 0 6 indicate the o r ig in of the c o m 
p o u n d . I n v i e w of the uncerta inty of its compos i t ion , N a 3 H 2 I 0 6 does not 
appear to be a suitable reference mater ia l . 

I t has always been assumed that the iod ine environment is oc tahedral 
i n the [ I 0 6 ] 5 " i o n a n d tetrahedral i n the per iodate i o n [ I0 4 ]~ . H o w e v e r , 
H e l m h o l z (17) reports different i od ine - oxygen b o n d lengths i n [ N H 4 ] 2 -
[ H 3 I 0 6 ] , but because of the large errors i n those lengths, the i od ine 
environment was descr ibed as octahedral w i t h i n exper imental error. I n 
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the case of the periodate i on , the arrangement about i od ine is descr ibed 
as d i spheno id tetrahedral w i t h i n the error of the measurement (18). I t 
w o u l d appear that more accurate x-ray measurements should be m a d e 
o n these materials to accurately establish the geometry at iodine . T h e 
a l k a l i meta l iodides w o u l d be suitable references were i t not for the 
dif f iculty of ob ta in ing them i n a n anhydrous f o rm a n d for the fact that 
they are easily ox id i zed to iod ine . A n y iodine reference should be usable 
for bo th 1 2 7 I a n d 1 2 9 I measurements. A g a i n a l k a l i iodides w o u l d appear 
to be convenient for 129 measurements since the radioisotope is commer
c i a l l y avai lab le i n this f o rm, b u t unfortunate ly only i n solution. H o w e v e r , 
this is easily converted to C u 1 2 9 I i n a pure f o r m w h i c h can be easily 
d r i e d a n d is very stable; the iod ine environment is reportedly te t ra 
hedra l , suggesting that this w o u l d be a possible reference mater ia l for 
bo th 127 a n d 129 measurements. 

C u r r e n t l y w e are examin ing several of these substances but so far 
w e are on ly able to report data for H 5 I 0 6 . These have been fitted to a 
single l ine a l though the l i n e w i d t h r n a t is rather on the h i g h side at 2.46 
m m s"1, suggesting that the iod ine environment m a y be distorted s l ight ly . 
W e have chosen to use this as our reference zero b u t i t is c lear that 
careful measurements must be made on the other substances discussed. 

Results and Discussion 

O u r results have been separated into Tables I a n d I I . T a b l e I 
contains data for iod ine , i od ine cations, a n d H 5 I 0 6 , w h i l e T a b l e I I 
contains results for the [ X — I — Y ] ~ series of compounds . I n these tables 
w e also i n c l u d e l i terature data for K [ 1 2 7 IC1 2 ] • H 2 0 , 1 2 7 I 2 ( I I ) , as w e l l 
as some 1 2 9 I data (3,12) for compar ison purposes. V a r i o u s comparisons 

T a b l e I . 1 2 7 I Mossbauer D a t a f o r 

Isomer Shift e 2 q I 2 7 Q„/h 
Compound (mms'1) (MHz) -q 

I 2 -1 .30 ± 0.04 -2193 ± 1 8 0.17 + 0.04 
-1 .28 ± 0.13° -2238 ± 20 0.12 ± 0.02 
- 1 . 6 0 ± 0 . 0 4 6 

-1 .38 ± 0.03' -2154 ± 1 8 0.16 ± 0.03 
[ I 2 ] [ S b 3 F n ] -1 .12 ± 0.05 -1858 ± 36 0.08 ± 0.11 

[ ( C 5 H 5 N ) 2 I ] N 0 3 -1 .62 ± 0.03 -3159 ± 18 0.08 ± 0.04 
-1 .64 ± 0.030 -3239 ± 20 0.03 ± 0.03 

I 0 2 F 3 - S b F 5 -0 .23 ± 0.03 +308 ± 9 0 — 
H 5 I 0 6 0 0 — 

(+1.03 ± 0.09)d 

N a 3 H J 0 6 (+1.02 ± 0 . 0 1 ) " 

° Ref. 11 (H 6 Te0 6 source). 
6 Ref. 11 (ZnTe source). 
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17. BIRCHALL AND MYERS Iodine-127 Mossbauer Spectroscopy 381 

of 1 2 7 I a n d 1 2 9 I isomer shifts have been m a d e ( 2 , 1 3 ) , a n d w e find that 
our data correlate qu i te w e l l w i t h those of Jones a n d W a r r e n ( 1 3 ) . 
T h e y find the rat io 5 1 2 7 I / 6 1 2 9 I to be —0.345, a n d w e have used this va lue 
to convert 1 2 9 I c h e m i c a l shifts to their 1 2 7 I equivalents w h e n w e need to 
make a comparison. 

Iodine and the [I2]+ Cation 

C o m p a r i n g our data for i od ine ( I 2 ) w i t h the l i terature data measured 
at 4.2 K one notes ( T a b l e I ) that there is excellent agreement for 
e?q127Qe/h a n d -q parameters, b u t poor agreement w i t h the va lue for the 
isomer shift. T h i s va lue has been accepted to be —0.58 m m s"1 re lat ive 
to Z n T e , or - 1 . 6 0 m m s"1 re lat ive to N a 3 H 2 I 0 6 (11). W e find a va lue of 
—1.30 m m s"1 re lat ive to H 5 I 0 6 , w h i c h is the same as that measured b y 
P e r l o w a n d P e r l o w (11) (—1.28 m m s"1 re lat ive to N a 3 H 2 I 0 6 ) us ing a 
te l lur i c a c i d source. O u r va lue agrees w e l l w i t h the 1 2 9 I data after con 
vers ion to this 1 2 7 I equivalent . 

O x i d a t i o n of i od ine w i t h ant imony pentaf luoride produces [ I 2 ] + -
[ S b 2 F n ] " , whose v i b r a t i o n a l spectra a n d x-ray crysta l structure have been 
reported (19 ) . T h e Mossbauer spectrum shows the same shape as for 
iod ine , i n d i c a t i n g a negative va lue for the quadrupo le c o u p l i n g constant. 
B o t h the isomer shift a n d the quadrupo le c o u p l i n g constant are less 
negative t h a n for I 2 . Since SR/R is negative for 1 2 7 I , the more pos i t ive 
isomer shift for [ I 2 ] + means that the s e lectron density at iodine has 
decreased. T h e most reasonable interpretat ion of the changes on ox idat ion 
is to be f ound i n a s imple molecu lar o r b i t a l descr ipt ion of the b o n d i n g . 
I n I 2 there is one net <r(pz) b o n d a n d the highest energy orbitals that are 
filled are a degenerate set of irg* a n t i b o n d i n g orbitals of px a n d pv char -
Iodine and Some Iodine Ions 

T 0 

r 

(mm s'1) Up 

0.96 

hp 

1.85 ± 0.15 1.04 ± 0.07 0.80 0.03 

1.67 ± 0.18 
1.42 ± 0.10 

1.01 ± 0.96 
1.69 ± 0.10 

0.81 
1.38 

0.44 
1.44 

0.06 
- 0 . 0 1 

2.87 ± 0.26 
2.46 ± 0.33 

0.82 ± 0.05 
0.11 ± 0.01 

• Ref. 12 (converted from 1 2 9 I data). 
* Isomer shift of HsIOe relative to ZnTe source. 
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Table II. 1 2 7 I Mossbauer Data and Orbital 

Isomer Shift" e 2 q 1 2 7 Q , / h 
Compound (mm s'1') (MHz) V 

C s [ I 3 ] - 1 . 6 4 ± 0 .04 ' - 2 5 1 5 ± 20 
- 1 . 2 9 ± 0.04* - 1 4 6 0 ± 14 
- 1 . 1 6 ± 0 .04 s - 8 2 0 ± 25 

[ ( C H 3 ) 4 N ] [ B r I 2 ] - 1 . 8 1 ± 0 . 1 1 - 2 5 8 3 ± 55 
- 0 . 6 4 ± 0.13 - 1 5 8 0 ± 75 

[ ( C 2 H 5 ) 4 N ] [ C 1 I 2 ] - 1 . 4 0 ± 0.07 - 2 7 6 9 ± 37 
- 1 . 2 2 ± 0.12 - 1 2 6 4 ± 75 

[ ( C H 3 ) 4 N ] [ B r I C l ] - 1 . 4 2 ± 0.05 - 3 0 4 8 ± 18 
K [ I C 1 2 ] • H 2 0 - 1 . 2 8 ± 0.04° - 3 1 8 9 ± 20 

- 1 . 6 0 ± 0.04" 
C s [ C l I F ] - 1 . 6 4 ± 0.05 - 3 0 2 9 ± 36 0.16 ± 0.03 
C s [ B r I F ] - 1 . 5 3 ± 0.05 - 2 7 6 9 ± 18 0.24 ± 0.02 

[ ( C 2 H 5 ) 4 N ] [ I B r 2 ] - 1 . 3 6 ± 0.05 - 2 6 9 5 ± 36 0.19 ± 0.03 
r - 0 . 8 6 c 

° Isomer shifts are measured relative to H5IO6. 
5 Ref. 19 (converted from 1 2 9 I data). 

acter. O x i d a t i o n results i n the r emova l of a 7 r g * e lectron w i t h a net increase 
i n the p b o n d order , a n d the i o d i n e - i o d i n e distance shortens f r o m 2.66 
to 2.55 A ( 1 9 ) . T h i s increase i n p - b o n d i n g electron density shields the 
s electrons, reduces the s e lectron density , a n d makes the isomer shift 
more posit ive . R e m o v a l of this a n t i b o n d i n g TT electron means that the 
i o d i n e - i o d i n e b o n d i n [ I 2 ] + has a c q u i r e d TT character. T h e p e lectron 
imbalance Up is re lated to the electron occupat ion numbers Ux, Uy, Uz 

of the px, py> a n d pz orbitals b y E q u a t i o n 5 (2,3,10). F o r each i od ine 
i n I 2 , 

U , - - U . + U ' + U * (5) 

becomes equa l to — Uz + 2, w h i l e for [ I 2 ] + , Up = —Uz-\- 1.75. I n our 
fitting procedure the smal l va lue f o u n d for rj has a large error associated 
w i t h i t a n d hence w e assume that Ux = Uy = 1.75. Therefore , Up is 
reduced , a n d w e observe a decrease i n the quadrupo le c o u p l i n g constant 
f r o m - 2 1 9 3 M H z for I 2 to - 1 8 5 8 M H z for [ I 2 ] + . U s i n g E q u a t i o n 1 
this leads to a va lue of 0.81 for Up a n d Uz is therefore 1.75 - 0.81 = 0.94. 
These values for Ux, Uy, a n d Uz g ive us a va lue for hp, the n u m b e r of p 
holes, f r om E q u a t i o n 6 ( 2 ) , 

hp _ 6 - (Ux + Uy + U.) (6) 

of 1.56. C a l c u l a t i o n of hp f r om E q u a t i o n 3 gives a va lue of 0.43, not i n 
very good agreement w i t h the hp va lue est imated here. 
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17. BIRCHALL AND MYERS Iodine-127 Mossbauer Spectroscopy 383 

Occupation Numbers for [ X — I — Y ] ~ Anions 

(mm s'1) Ta U p 

r hp 
f h p = Up>> 

1.10 
0.64 
0.36 

1.48 
0.78 
0.52 
1.82 

- 0 . 5 2 
1.00 
0.64 
1.04 
0.76 
1.40 
1.48 
1.26 
0.92 

- 0 . 0 6 
- 0 . 0 2 
- 0 . 0 3 
- 0 . 1 1 

0.20 
0.03 

- 0 . 0 1 
0.05 
0.10 
0.00 

- 0 . 0 3 
- 0 . 0 1 

0.04 

1.43 ± 0.20 0.84 ± 0.09 1.13 
1.43 ± 0.20 0.69 
1.47 ± 0.17 1.49 ± 0.14 1.21 
1.47 ± 0.17 0.55 
1.58 ± 0.14 1.49 ± 0.10 1.33 

1.39 

2.47 ± 0.17 
2.25 ± 0.16 
1.95 ± 0.17 

1.45 ± 0.07 
1.75 db 0.09 
1.21 ± 0.08 

1.32 
1.21 
1.18 

c Ref. 10 (H 6 Te0 6 source). 
dRef. 10 (ZnTe source). 

Dipyridine Iodine (I) Nitrate 

T h e isomer shift of [ I ( p y ) 2 ] N 0 3 is more negative than I 2 or I " 
i n d i c a t i n g a h igher s e lectron density at the iod ine nucleus. It is c lear 
f r om this that the electron removed to produce the cat ion cannot be a 5s 
electron a n d that the bonds to p y r i d i n e are largely of p, w i t h perhaps 
some d, character. A large negative quadrupo le c o u p l i n g constant ( F i g u r e 
1) is observed that is s l ight ly smal ler than that f o u n d b y Jones (12) 
f r om measurements made w i t h the 129 isotope. T h e p e lectron imbalance , 
est imated f r om the c o u p l i n g constant, is qui te large at 1.38 a n d is to be 
expected f r om an iod ine cat ion l inear ly coordinated b y two electro
negative p y r i d i n e nitrogens. E l e c t r o n density of s a n d p character i n the 
x-y p lane, under the influence of the pos i t ive charge, is contracted, 
l e a d i n g to a h igher s e lectron density a n d thus account ing for the nega
t ive isomer shift. 

I02F3 • SbF5 

It has been suggested that I 0 2 F 3 is an oxygen-br idged t r imer (20) 
w i t h three t e rmina l fluorines, one doub ly bonded oxygen, a n d two 
b r i d g i n g oxygens around each iodine . T h e iodine sits i n a distorted 
octahedral geometry. T h i s molecule behaves as a L e w i s a c id i n f o r m i n g 
an adduct w i t h S b F 5 w h i c h is p r o b a b l y po lymer i c . W e have examined 
the Mossbauer spectrum of this adduct i n an attempt to obta in some 
in format ion about the geometry at iodine . T h e spectrum shown i n F i g u r e 
2 is a somewhat quadrupo le -sp l i t l ine at re lat ive ly h i g h isomer shift 
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- 1 6 - 7 - 8 . 4 0 . 0 8 . 4 1 6 . 7 

V E L O C I T Y ( MM/S ) 

Figure 1. The 127I Mossbauer spectrum of [(C5H5N)2I]NOs at 4.2 K 

characterist ic of a n iod ine ( V I I ) species. I t w o u l d appear f r o m the 
spectrum that the quadrupo le c oup l ing constant is posit ive. T h i s suggests 
that the oxygen b r i d g e d arrangement for the [ I 0 2 F 4 ] un i t m a y w e l l be 
i n a trans configuration. F u r t h e r measurements are be ing carr ied out on 
these a n d re lated iod ine oxyf luoride systems. 

Polyhalide Anions [X.—7—Y]~ 

Relat ive ly f ew anions of this type have been s tudied b y Mossbauer 
spectroscopy. E a r l y w o r k on [ 1 2 7 IC1 2 ]~ revealed wel l - reso lved spectra 
(11) w h i l e studies of [I 3 ]~ gave wel l - reso lved spectra only w h e n the 129 
isotope was employed ( 3 , 2 1 ) . W e have examined a l l of the possible 
[ X - I - Y ] " species, where X a n d / o r Y m a y be F , C I , B r , or I , except [ I 3 ] " 
a n d [IC1 2]~. T h e data are s u m m a r i z e d i n T a b l e I I w h e r e w e have 
i n c l u d e d 1 2 9 I data for [ I 3 ] " ( 3 ) , a n d [ 1 2 7 I C 1 2 ] " data (11). A l l of these 
anions are essentially l inear . T h e structures of C s [ I 3 ] ( 2 2 ) , C s [ I 2 B r ] 
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17. BIRCHALL AND MYERS Iodine-127 Mossbauer Spectroscopy 385 

( 2 3 ) , a n d C s [ I B r 2 ] (24) have been reported , a n d v i b r a t i o n a l spectroscopy 
has been used to infer l inear i ty i n a n u m b e r of other instances (25 ) . 
T h e Mossbauer data for C s [ F — I — C I ] a n d C s [ F — I — B r ] are the first 
spectroscopic evidence for the existence of these ions, the preparations 
of w h i c h have been descr ibed (26 ) . W e were unab le to synthesize 
C s [ F — I — I ] . 

F i g u r e 3 shows the spectrum of [ ( C H 3 ) 4 N ] [ B r I C l ] w h i c h is t y p i c a l 
of a l l of these anions apart f r o m those conta in ing two i od ine sites. A l l 
of the spectra are s imi lar , w i t h the l ine attr ibutable to transi t ion n u m b e r 2 
( 1 , 2 ) b e i n g wel l - reso lved at h i g h pos i t ive veloc i ty . T h i s means that the 
quadrupo le c o u p l i n g constant is negative for a l l of these compounds as 
w o u l d be expected for a centra l i od ine w i t h the X a n d Y halogens a long 
the z axis a n d the n o n b o n d i n g electron pairs i n the x-y p lane . 

I t is apparent f r om T a b l e I I that the quadrupo le c o u p l i n g constant 
for the central i od ine increases w i t h the electronegativit ies of the t e r m i n a l 
halogens. F o r example, e2q127Qg/h for [ I 3 ] " < [ I B r 2 ] " < [IC1 2 ]~ a n d 

- 1 4 . 3 - 7 . 1 0 . 0 7 . 1 1 4 . 3 

V E L O C I T Y (MM/S ) 

Figure 2. The 127I Mossbauer spectrum of I02F3 • SbF5 at 4.2 K 
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- 1 6 . 7 - 8 . 4 0 . 0 8 . 4 1 6 . 7 

V E L O C I T Y f MM/S ) 

Figure 3. The 127I Mossbauer spectrum of [(CH8)AN][BrICl] at 4.2 K 

[I 3 ]~ < [ l2Br]~ < [I 2C1]~. O n l y the fluoro anions do not f o l l ow this 
pattern . These trends are further i l lustrated i n F i g u r e 4 where w e 
p lo t ted Up against the sum of the electronegativities of the t e r m i n a l 
halogens. W e used P a u l i n g electronegativit ies, t h o u g h a s imi lar corre la
t i on is obta ined us ing the A l l r e d - R o c h o w values. T h e fluoro anions 
[ F I C 1 ] ' a n d [ F I B r ] " b o t h deviate m a r k e d l y f rom the least-squares fit, 
h a v i n g m u c h lower quadrupo le c o u p l i n g constants a n d hence Up values 
than w o u l d have been expected. I n fact, the ir quadrupo le c o u p l i n g 
constants are about 100 M H z smal ler than the parent IC1 a n d I B r mole 
cules (26). I n / M C I there is, i n add i t i on to the short I — C I b o n d (2.351 
A ) , another longer I — C I b o n d (2.939 A ) , w h i c h is almost co l inear w i t h 
the first. O t h e r I — C I molecules i n the crysta l have an i od ine atom, 
rather than a ch lor ine atom, co l inear w i t h the IC1 b o n d , a n d therefore, 
there are two iod ine environments i n this crystal (27). A s imi lar s i tuat ion 
applies i n « - IC l (28). T h e first of these i od ine sites should have a 
quadrupo le c o u p l i n g constant s imi lar to that i n [IC1 2 ]~ w h i l e the other 
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17. BIRCHALL AND MYERS Iodine-127 Mossbauer Spectroscopy 387 

shou ld resemble that of the centra l i od ine i n [I2CI]". I n the 1 2 9 I M o s s 
bauer spectrum of IC1 , Pasternak a n d Sonnino (26) attr ibute a d d i t i o n a l 
lines to impur i t i es , b u t perhaps these were i n fact f r o m the other site. 
A s imi lar interact ion , t h o u g h p r o b a b l y weaker , is also l i k e l y i n I B r . T h e 
d iatomic molecule I F is not isolable, p r o b a b l y because of the weakness 
of the I — F b o n d a n d the stabi l i ty of the d isproport ionat ion products . 
T h u s , w h e n the react ion between IC1 a n d C s F takes p lace to produce 

lry 
C s f F I C l ] , the secondary b o n d i n IC1 ( C I 1 Cl~) is r ep laced b y a 
m u c h weaker I F~ interact ion. I t is also l i k e l y that the F~ w o u l d 
interact w i t h more t h a n one IC1 molecule so that its potent ia l electro
negat iv i ty is not reached a n d the w i t h d r a w a l of electron density a long 
the b o n d i n g axis is less then expected. A s imi lar s i tuat ion p r o b a b l y 
pertains to C s [ F I B r ] . T h e fluoro anions also show signif icantly h igher 
asymmetry parameters than the other compounds . T h i s c o u l d m e a n that 
these fluoro anions are not l inear or that a d d i t i o n a l interactions w i t h the 
i od ine atom exist that are off the z axis. These latter interactions c o u l d 
arise f rom the fluorine b r i d g i n g just suggested. H o w e v e r , because the 
quadrupo le c o u p l i n g constant is s t i l l large a n d negative w e can take this 
as good evidence that the F " I X ( X = C I , B r ) interact ion is pre -

5.5 6.0 6.5 7.0 

ELECnOCGATIVITY 

Figure 4. Plot of U p vs. the sum of the Pauling electronegativities of the 
terminal halogens [X—I—Y]~. The line drawn is the best least-squares 

fit to the data excluding the fluoro anions. 
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dominate ly a l inear one as i n the we l l - character i zed anions [ I 3 ] " (22), 
[ I 2 B r ] " (23), a n d [ I B r 2 ] " (24). 

I n the i o d i n e - c h l o r i n e series of compounds i t was c l a i m e d that the 
quadrupo le c o u p l i n g was attr ibutable ent ire ly to the I — C I b o n d (26). 
Jones (12) has a lready commented u p o n this a n d our results c lear ly show 
that the quadrupo le c o u p l i n g depends u p o n the nature of a l l coordinated 
l igands . F o r example, quadrupo le coupl ings for anions conta in ing an 
I — I b o n d range f rom - 2 5 1 5 M H z to - 2 7 6 9 M H z , for an I — B r b o n d 
f r om - 2 5 8 5 M H z to - 3 0 4 8 M H z , a n d for an I — C I b o n d f r o m - 2 7 6 5 
M H z to - 3 1 8 9 M H z . 

Isomer shift data are m u c h harder to interpret t h a n are the q u a d r u 
po le c o u p l i n g constants. U n l i k e the latter, the isomer shifts depend u p o n 
the source, the reference c o m p o u n d used, a n d u p o n whether the source 
a n d absorber are at the same temperature. Since our data are in terna l ly 
consistent a n d are i n substant ial agreement w i t h 1 2 9 I shifts, where they 
are avai lable , i t should be possible to evaluate the isomer shifts i n terms 
of the e m p i r i c a l relat ionships referred to earl ier. W e have i n c l u d e d the 
1 2 9 I shifts for C s [ I 3 ] reported by de W a a r d a n d Spanhoff (29) after 
convert ing them to their 127 equivalents b y m u l t i p l y i n g b y —0.345 as 
i n d i c a t e d earl ier. 

T o evaluate the constants i n E q u a t i o n 2 isomer shift is usua l ly 
p lo t ted against Up for a series of compounds . If the b o n d i n g is of p 
character only , then Up = hp a n d E q u a t i o n 2 reduces to E q u a t i o n 7, 

a n d a p lot of 8 vs. hp (i.e., Up) gives a l ine of slope = 2Ky. Since y = 
0.07 ( 2,4,30), the value for K m a y be ca lculated . W e have p lo t ted the 
isomer shift data against Up i n F i g u r e 5, the straight l i n e representing a 
least-squares fit to a l l the data . T h e slope of this l ine is —0.50 ± 0.09 
m m s"1 w i t h an intercept of —0.90 ± 0.1 m m s"1. I n v i e w of the scatter 
of the data , the intercept is grat i fy ing ly close to the measured shift for I", 
namely , - 0 . 8 6 m m s' 1 re lat ive to [ I O e

5 ] " ( I I ) . T h e slope of the l ine is 
more posit ive t h a n that usua l ly accepted, —0.56 m m s"1 (11), but i dent i ca l 
to E h r l i c h a n d K a p l a n s va lue of - 0 . 5 0 m m s"1 (30). A s l ight ly smal ler 
va lue , —0.48 m m s"1, also has been used b y Pasternak a n d Sonnino ( 2 6 ) . 
H e n c e the va lue of K is —3.57 m m s"1 a n d E q u a t i o n 2 becomes 

8 = 2Kyhp (7) 

1 2 7 8 i - = - 3 . 5 7 [ - h 8 + 0.07(h p + h8) (2 - h8)] 

= + 3.07 h8 - 0.50 hp (8) 

or 
i 2 7 8 [ I 0 6 5 ] _ = _|_ 3 07 h8 - 0.50 hp - 0.90 (9) 
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Figure 5. Plot of isomer shift vs. U p . 
The line drawn is the best least-squares fit to the data. (1) T; (2) [I—I—J]~; 
(3) [CI-I-U-; (4) H-l-I]-; (5) [Br-I-U-; (6) [IJ+; (7) h; (8) [I-l-I]'; 
(9) [Br—J^-I]-; (10) [IBr,]-; (11) [CI—I—JJ-; (12) [Br—I—F]-; (13) 

[Cl—I—F]-; (14) [Br—I—CI]-; (15) [(py)J]+; (16) [ICU]: 

I t is apparent f r o m F i g u r e 5 that there is a considerable scatter of 
these data. F o r [ I 3 ] " a n d [ IC1 2 ] " , uncerta inty either i n the re ferencing 
of the l i terature shifts a n d / o r the ir conversion f rom 1 2 9 I data c o u l d be 
the cause of their dev ia t i on f r o m the straight l ine , b u t i t w o u l d appear 
that —1.60 m m s"1 is the more correct va lue for K [ I C 1 2 ] • H 2 0 . T h e 
largest deviations are observed for the two sites i n [ B r — I — I ] " where 
the two isomer shifts are strongly correlated i n the fitting procedure . I f 
these two isomer shifts are constrained to be equa l , an isomer shift va lue 
of —1.36 m m s"1 is f o u n d w h i c h correlates better w i t h the l ine d r a w n . 
H o w e v e r , there is no reason to expect these t w o shifts to be the same, 
a n d i n d e e d a l ower x 2 is obta ined w h e n the two isomer shifts are a l l o w e d 
to go free i n the fitting procedure . Perhaps a 1 2 9 I spectrum should be 
recorded for this an ion i n order to ob ta in better resolut ion a n d thereby 
check this point . T h e fluoro anions also deviate s l ight ly , but this p r o b a b l y 
can be at t r ibuted to add i t i ona l interactions between anions v i a fluorine 
br idges , as discussed prev ious ly for the quadrupo le c o u p l i n g constants. 
E q u a t i o n 9 then c a n be used to calculate hp, assuming that h8 = 0, or to 
estimate h8 b y equat ing hp a n d Up> a n d these ca l cu lated values are l i s ted 
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i n the tables. O n e can see that there is l i t t le agreement between the 
values for Up a n d hp ca l cu lated this w a y . T h e difference between these 
t w o parameters cannot be accounted for b y a t t r i b u t i n g either s i nvo lve 
ment or TT character to the bonds. N e g a t i v e values for h8 can have no 
meaning , w h i l e ir character to the b o n d i n g is usua l ly i n v o k e d w h e n hp 

> Up; yet the on ly c o m p o u n d s tudied where TT character is c lear ly 
i n v o l v e d , for example, [ l 2 ] + [ S b 2 F n ] ~ , has hp < Up. 

Conclusions 

W e have demonstrated that one can ob ta in use fu l chemica l i n f o r m a 
t i o n f r om Mossbauer measurements w i t h the 1 2 7 I isotope. T h i s isotope 
c lear ly offers advantages over the radioisotope 1 2 9 I f r o m a preparat ive 
po in t of v i ew . I n the [ X — I — Y ] " series w e f o u n d a reasonable corre lat ion 
between the quadrupo le c o u p l i n g constants a n d the electronegativit ies of 
the attached l igands . T h e exceptions to this appear to occur w i t h the 
fluoro systems w h e r e intermolecu lar interactions seem l i k e l y v i a fluorine 
bridges. 

F r o m these data w e abstract a revised va lue for the constant K w h i c h 
leads to a n e w corre lat ion between the isomer shift a n d the n u m b e r of 
s a n d p holes i n the i od ine valence shel l . T h e assumption that on ly p 
b o n d i n g occurs i n these i o d i n e systems m a y not be a good one since 
the occupat ion numbers ca l cu lated f r o m the quadrupo le c o u p l i n g con
stants a n d the isomer shifts do not, i n general , agree very w e l l . I t appears 
that other systems i n w h i c h the geometry remains the same but w h e r e 
systematic changes can be m a d e to the l igands attached to the centra l 
i od ine need to be examined to further test these e m p i r i c a l relat ionships. 
O n e such system w o u l d be based o n the square p l a n a r [IX4]" i o n , a n d 
w e are current ly examin ing such a series of compounds . 

F i n a l l y , one standard isomer shift reference c o m p o u n d must be 
chosen for b o t h 1 2 7 I a n d 1 2 9 I isomer shifts. C a r e f u l measurements must 
be made on some s imple compounds to determine the i r l inewidths a n d 
recoil - free fractions very accurately . F r o m a c h e m i c a l po int of v i e w i t 
w o u l d appear that cuprous i od ide , C u l , is the best choice. W e are i n 
the process of c a r r y i n g out such measurements. 
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Note Added in Proof 

T h e x-ray crysta l structure of I 0 2 F 3 • S b F 5 recently has been reported 
( E d w a r d s , J . E . ; H a n a , A . A . K . , / . Chem. Soc. Dalton Trans. 1980, 
1734.) . T h e structure analysis has shown that the adduc t exists i n the 
so l id state as dimers , ( I 0 2 F 3 • S b F 5 ) 2 , such that the two ant imony atoms 
a n d two iod ine atoms are at opposite corners of a rhombus , a n d the 
oxygen atoms are i n the cis configuration. 
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18 
Tellurium-125 and Iodine-129 Mössbauer Study 

of the High-Pressure Phase Transition of 

Tellurium 

U. L A D E W I G , B. PERSCHEID, K. FRANK, and G. K A I N D L 

Institut für Atom- und Festkörperphysik, Freie Universität Berlin, 
D-1000 Berlin 33, West Germany 

The effects of pressure up to 80 kbar on the isomer shift and 
electric-quadrupole interaction of 125Te and dilute 129I probe 
atoms in tellurium were investigated by Mössbauer spec
troscopy with the 35.5-keV and 27.8-keV gamma transitions 
of 125Te and 129I, respectively. With increasing pressure 
both nuclear gamma resonances are shifted to higher tran
sition energies (increasing isomer shift), which corresponds 
to increasing electron densities at the nuclei. The strength 
of the electric-quadrupole interactions decreases in both 
cases. The results are interpreted on the basis of pressure
-induced changes of the chemical bonding in tellurium and 
clearly show that tellurium becomes more isotropic with 
increasing pressure. Mössbauer spectra of the high-pressure 
phase of tellurium support a noncubic lattice structure, in 
agreement with recent crystallographic data. 

T 7 or m a n y years scientists have been strongly interested i n the chalco -
gens sul fur , se lenium, t e l l u r i u m , a n d p o l o n i u m because of the ir w i d e l y 

different p h y s i c a l a n d c h e m i c a l properties . I n par t i cu lar , the semicon
ductor t e l l u r i u m , w h i c h stands between semiconduct ing se len ium a n d 
meta l l i c p o l o n i u m , rece ived m u c h attent ion after a pressure - induced 
s e m i c o n d u c t o r - m e t a l t rans i t ion was observed ( 1 , 2 ) . 

Recent ly , calculat ions of the effects of pressure on the electronic 
structure of t e l l u r i u m became avai lab le (3,4), m o t i v a t i n g an exper i 
m e n t a l s tudy of the hyperf ine interact ion parameters of t e l l u r i u m as a 
func t i on of pressure. I n p r i n c i p l e , b o t h the isomer shift a n d the electr ic 

0065-2393/81 /0194-0393$05.00/0 
© 1981 American Chemical Society 
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field gradient tensor s tud ied as a func t i on of pressure are expected to 
p rov ide sensitive tests for these calculat ions . T h i s was demonstrated 
prev ious ly for t e l l u r i u m at atmospher ic pressure ( 5 ) . 

Controvers ia l proposals concern ing the latt ice structure of the m e t a l 
l i c high-pressure phase of t e l l u r i u m have been p u b l i s h e d (6-9). B o t h 
the s imple c u b i c structure of a -po lon ium a n d the r h o m b o h e d r a l structure 
of ^ - p o l o n i u m were suggested. B o t h suggestions w o u l d make sense since 
the t r igona l structure of t e l l u r i u m at ambient pressure c o u l d be obta ined 
f r o m b o t h b y on ly s m a l l distortions. T h e results of a previous 1 2 5 T e 
high-pressure Mossbauer experiment b y B e r m a n et a l . (JO) supported 
the c u b i c latt ice structure. H o w e v e r , A o k i et a l . (11) recent ly redeter
m i n e d the latt ice structure of meta l l i c t e l l u r i u m as monoc l in i c , w h i c h 
contradicts the conc lus ion reached i n the Mossbauer w o r k of B e r 
m a n et a l . 

T o c lar i fy the controversy a n d to get further ins ight into s tructura l 
a n d electronic changes of t e l l u r i u m under pressure, Mossbauer exper i 
ments at pressures u p to about 80 k b a r were per formed . T h i s chapter 
summarizes results that have been obta ined b o t h w i t h the 35.5-keV 
g a m m a resonance of 1 2 5 T e a n d the 27.8-keV g a m m a resonance of 1 2 9 I , 
s t u d y i n g the effects of pressure on t e l l u r i u m absorbers a n d 1 2 9 T e M o s s 
bauer sources, respectively . A short report of p r e l i m i n a r y results w i t h 
the 1 2 9 I probe is presented elsewhere (12). 

Experimental 
Sources and Absorbers. The measurements wi th the 1 2 5 T e probe were 

performed as Mossbauer absorber experiments using a single-line source of 
S n 1 2 5 m T e . The absorber was prepared by imbedding tellurium powder (en
riched to 97.7% i n 1 2 5 T e ) in epoxy resin to produce a small p i l l suitable for the 
employed high-pressure technique. It contained about 2 m g / c m 2 of 1 2 5 T e . The 
single-line SnTe source was produced by neutron activation of 10 m g of 
i i 9 S n i 2 4 X e (enriched to 99 .2% i n 1 2 4 T e and 91 .0% i n 1 1 9 S n ) in a thermal 
neutron flux of 9 X 1 0 1 3 n / cm 2 s for a period of 4 weeks. Enr iched 1 1 9 S n was 
used to minimize the production of disturbing activity from an activation of 
tin. The 35.5-keV Mossbauer level of 1 2 5 T e is populated in the decay of 1 2 5™Te 
(T1/B = 58 days). 

The studies with dilute 1 2 9 I probes in tellurium were performed as Moss
bauer source experiments using a single-line C u 1 2 9 I absorber and a tellurium 
source containing the 1 2 9™Te (enriched to 99 .2% i n 1 2 8 T e ) for a period of 
about 2 weeks in a thermal neutron flux of 9 X 10 1 3 n /cm 2 s . This resulted in 
a conversion of less than 1 ppm of the 1 2 8 T e atoms to 1 2 9 w T e . The first excited 
state of 1 2 9 I is populated by /?-decay of 1 2 9™Te ( T 1 / 2 = 34 days). The radio
active tellurium powder was imbedded in epoxy resin to form a small p i l l for 
the high-pressure measurements. C u 1 2 9 I used as the single-line absorber was 
prepared by precipitation from a N a 1 2 9 I solution wi th C u S 0 4 . The absorber 
contained 12 m g / c m 2 of the long-lived 1 2 9 I isotope ( T 1 / 2 = 1.7 X 10 7 years). 
To reduce the background radiation from the C u 1 2 9 I absorber (mainly 29.8-keV 
Ka x-rays from 1 2 9 X e ) , an indium foil was used as a critical absorber during the 
experiments wi th 1 2 9 I . 
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High-Pressure Mossbauer Spectrometer. The high-pressure technique 
used in the present experiments is based on an opposed-anvil device wi th 
sintered B 4 C anvils. The gamma rays, detected by an intrinsic germanium 
detector, pass through the anvils in the axial direction. W i t h this pressure 
device quasi-hydrostatic pressures up to about 100 kbar can be produced i n a 
sample volume of 4-mm diameter and 0.5-mm thickness. The high-pressure 
clamp is loaded at room temperature with a hydraulic press and subsequently 
cooled to l iquid-helium temperature in a helium bath dewar. The pressure is 
determined in situ by measuring the pressure-dependent superconducting 
transition of lead placed inside the high-pressure cell. The high-pressure clamp 
is suited for applying pressure to either the absorber or the source of a Moss
bauer transmission setup. In the case of an absorber experiment, the source is 
moved and the gamma rays must pass through both B 4 C anvils in the axial 
direction. When the source is pressed the gamma rays must pass only through 
one anvil , and the absorber (cooled to 50 K ) is moved inside the vacuum 
chamber of the dewar. Details of the high-pressure system used are described 
elsewhere (13). 

Experimental Results. Mossbauer spectra of 1 2 5 T e in tellurium were 
recorded at seven different pressures in the range 0 to 72 kbar wi th both the 
S n 1 2 5 m T e source and the tellurium absorber at 4.2 K . T w o representative 
spectra at 0 kbar and at 72 kbar, respectively, are shown in Figure 1. Both 
spectra exhibit a well-resolved electric-quadrupole splitting attributable to the 
interaction of the electric-quadrupole moment of the 3 /2 + excited state of 1 2 5 T e 
with the electric field gradient tensor in Te (@(3 /2 + ) = —0.31 b). It is obvious 
from Figure 1 that the electric-quadrupole interaction does not vanish in the 
high-pressure phase of tellurium (see spectrum at 72 kbar) as claimed in Ref. 10. 

The solid lines in Figure 1 represent the results of least-squares fits of two 
Lorentzian lines to the data. The results of the least-squares fit analysis for 
isomer shift and electric-quadrupole splitting AEQ are plotted in Figure 2 as 

L i 1 i i ' i I i i i i i u 

-15 -10 -5 0 5 10 15 
Relative velocity (mm/s) 

Figure 1. Mossbauer spectra of tellurium at pressures of 0 (bottom) and 
72 (top) kbar both taken at 4.2 K with the 35.5-keV gamma resonance of 

125Te. The Sn125Te source also was kept at 4.2 K. 
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0.35 

A E Q 
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Tellurium 
probe: 125Te 

0 20 40 60 
Pressure (kbar) 

Figure 2. Pressure dependence of the electric-quadrupole splitting A E 0 

and the isomer shift S of the 35.5-keV gamma resonance of 125Te. 

a function of pressure. Over the entire pressure range studied, the electric-
quadrupole splitting decreases wi th increasing pressure, while the isomer shift 
increases i n the low-pressure phase of tellurium and seems to decrease in the 
high-pressure phase. Note that the 3 / 2 - 1 / 2 Mossbauer resonance of 1 2 5 T e 
allows neither a determination of the sign of the electric-quadrupole interaction 
nor an analysis of the individual components of the electric field gradient tensor 
[v, - - - • - -zz> V 

In 
(Vxx ~" Vyy/Vzz)] from polycrystalline spectra as presented here. 

addition, dilute 1 2 9 I atoms were used as probes to study pressure-
induced changes of electronic and structural properties of tellurium. T w o 
typical spectra are presented in Figure 3, taken at 0 kbar and at 65 kbar (high-

Relative velocity (mm/s) 

Figure 3. Mossbauer spectra of tellurium at pressures of 0 (bottom,) and 
65 kbar (top) taken at 4.2 K with the 27.8-keV gamma resonance of 129I 

(12). The Cu129I absorber was kept at 50 K . 
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pressure phase), respectively. The spectra exhibit a large isomer shift and a 
well-resolved electric-quadrupole splitting resulting from the interaction of the 
electric field gradient at the 1 2 9 I nucleus with the electric-quadrupole moments 
of the two nuclear states involved (Q (7 /2) = - 0 . 5 3 3 b; Q (5 /2) = - 0 . 6 8 5 
b). In accordance wi th the 1 2 5 T e case, a nonvanishing electric-quadrupole 
interaction is observed at 1 2 9 I in the high-pressure tellurium phase. Because 
of the 5 / 2 - 7 / 2 spin sequence of the 27.8-keV resonance of 1 2 9 I , values for both 
the main component Vzz and the asymmetry parameter rj of the electric field 
gradient tensor can be obtained from an analysis of the polycrystalline spectra. 

In the least-squares fitting procedure used, the positions and relative inten
sities of the 12 hyperfine components were obtained from a diagonalization of 
the interaction Hamiltonian. Assuming a polycrystalline sample, this results 
in a misfit of the line intensities as has been found previously by other authors 
(24, 25) . B y analyzing a spectrum with high statistical accuracy of tellurium 
at ambient pressure we were able to show that this misfit cannot be removed 
by introducing a texture of the sample, an anisotropic recoil-free fraction, or 
even a combination of both. A satisfactory fit of data could be obtained only 
by allowing for a second iodine site with different hyperfine interaction parame
ters. Similar results were obtained recently by Boolchand et al . (14) , who 
attributed the second interaction to a T e 0 2 contamination of the sample. The 
solid lines in Figure 3 represent the results of such least-squares fits using two 
sets of Vzz, rj, and S as the essential parameters. In the fits of the high-pressure 
spectra, the fraction of the contamination was kept constant at the value deter
mined from the ambient pressure spectrum. 

The results of this analysis are presented in Figure 4 as a function of 
pressure. The transition from trigonal tellurium at low pressures to the high-
pressure phase is evident in the observed discontinuity of Vzz and S at a pres
sure of about 50 kbar. The magnitude of Vzz decreases over the entire pressure 
range studied, similar to the 1 2 5 T e case. The asymmetry parameter decreases 
only slightly without a significant change of slope at the phase transition. In 
both phases the isomer shift increases with pressure. 

Discussion 

T h e results for isomer shift a n d e lec tr i c -quadrupole interact ion as a 
func t i on of pressure give in format ion on pressure - induced changes of the 
c h e m i c a l b o n d i n g of t e l l u r i u m a n d of d i lu te i od ine impur i t i es i n t e l l u r i u m . 
T h e crysta l structure of t r igona l t e l l u r i u m consists of hexagonal arrays of 
h e l i c a l chains of atoms, w i t h the axis of the h e l i c a l chains p o i n t i n g into 
the t r igona l c-axis. T h e m a i n effect of pressure on the structure of this 
h i g h l y anisotropic substance is a decrease i n the in ter cha in distances. 
I n the pressure range 0 to 40 kbar , the in ter cha in distances decrease b y 
about 5 % w h i l e the i n t r a c h a i n distances decrease only b y about 1% ( 1 5 ) . 

T h e b o n d i n g i n t r i g o n a l t e l l u r i u m is p r e d o m i n a n t l y 7 r - l i k e i n char 
acter, where the b o n d i n g orbitals to the nearest-neighbor atoms i n the 
same c h a i n invo lve px a n d py orbitals . I n the weak in te r cha in b o n d i n g , 
the lone-pair pz o r b i t a l is i n v o l v e d (16,17). 

T h e electric field gradient at the t e l l u r i u m nucleus i n t r i gona l t e l 
l u r i u m is p r e d o m i n a n t l y of mo lecu lar o r i g i n ( 5 ) . Therefore , i n a L C A O -
M O p i c ture , the electric field gradient a n d the isomer shift w i l l be 
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40 60 
Pressure (kbar) 

Figure 4. Pressure dependence of the magnitude of the electric field 
gradient V z z , of the asymmetry parameter rj, and of the isomer shift S of 

the 27.8-keV resonance of 129I (12). 

descr ibed i n the f ramework of the theory of Townes a n d D a i l e y (18), 
w h i c h has been s l ight ly extended to i n c l u d e the isomer shift i n the case 
of s-p elements ( 1 9 ) . U s i n g the p o p u l a t i o n numbers n8, nx, ny, a n d nz 

of the s, px> py> a n d pz valence orbitals , respect ively , the isomer shift c a n 
be descr ibed b y the re la t i on 

S — S ' + 6 (2 - n8) + a [6 - (nx + ny + nz)] (1) 

T h e isomer shift S r corresponds to f u l l y o c cup ied 5s a n d 5p shells. I n 
this m o d e l , the electric field gradient tensor components are g iven b y 

V 77 . y at 
v zz — v « v z z 

a n d 

i = 3 / 2 nx — ny 

(2) 

(3) 

I n this re lat ion , Up is def ined as the p-e lectron imba lance 

Up = —nz Jr-(nx-\- ny), (4) 
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18. LADEWIG E T A L . T ellurium-125 and Iodine-129 Study 399 

a n d Vzz
at refers to the atomic electric field gradient at tr ibutable to one 

pz hole . 
I n the case of 1 2 5 T e probes i n t e l l u r i u m , the s ign of Vzz as w e l l as rj 

have been de termined f r o m Mossbauer experiments w i t h s ingle -crystal 
t e l l u r i u m absorbers at ambient pressure: Vzz = —(5.43 ± 0.02) 1 0 1 8 

V / c m 2 a n d v = 0.64 ± 0.04 ( 2 0 ) . F o r t e l l u r i u m , the atomic electric field 
gradient is Vzz

&t = 11.69 X 1 0 1 8 V / c m 2 (21), a n d the isomer shift parame
ters i n E q u a t i o n 1 have been determined as a = 0.45 ± 0.01 m m / s a n d 
S ' = - 0 . 3 1 ± 0.05 m m / s ( re lat ive to S n T e ) ( 2 2 ) . T h e b o n d i n g i n t e l 
l u r i u m has m a i n l y p character , so ns = 2 ( f u l l y o c cup ied 5s shel l ) m a y 
be assumed. T h i s results i n values of nx = 1.24, ny = 1.44, nz = 1.81, a n d 
Up = —0.46 f r o m a n analysis of the electric field gradient tensor a n d the 
isomer shift i n t e l l u r i u m . 

T h e observed pressure - induced increase of the isomer shift of the 
35.5-keV g a m m a resonance of 1 2 5 T e i n the t r igona l t e l l u r i u m phase corre
sponds to an increase of the e lectron density p(o) at the nucleus, since 
the change of the mean-square nuc lear charge radius A ( r 2 ) is k n o w n to be 
posit ive for this g a m m a trans i t ion . T h i s is opposite to the theoret ica l 
p r e d i c t i o n i n Ref . 23 based on a s imple W i g n e r - S e i t z mode l , w h i c h does 
not take into account changes i n the p o p u l a t i o n numbers of the p orbitals . 
T h e observed increase i n the isomer shift can be exp la ined b y a decrease 
i n the p -o rb i ta l occupat ion , np = nx - f ny + nz, w h i c h corresponds to 
increas ing covalency w i t h decreasing vo lume . T h i s does not ru le out 
that there is also a n a d d i t i o n a l b u t smal ler negative contr ibut i on a t t r ib 
utable to a pure W i g n e r - S e i t z - c e l l effect as p r e d i c t e d i n Ref . 23. A n 
i n d i c a t i o n for this is g iven b y the observed decrease of the isomer shift 
of d i lu te 1 2 5 T e probe atoms i n i r o n meta l (24). 

T h e present high-pressure data on 1 2 5 T e i n po lycrys ta l l ine t e l l u r i u m 
do not a l l o w a separate eva luat ion of the components Vzz a n d -q of the 
electr ic field gradient tensor. T h e exper imental observat ion is a strong 
decrease i n the e lec tr i c -quadrupole sp l i t t ing of the 3 / 2 + exc i ted state of 
1 2 5 T e , A E 0 — 1/2 eQVzz(l + 1/3 v

2 ) 1 / 2 w i t h increas ing pressure ( F i g u r e 
2 ) . T h i s corresponds to a s i m i l a r l y strong decrease i n the magn i tude of 
Vzz, since the factor ( 1 + 1/3 v

2 ) 1 / 2 ( w i t h v — 0.64 at P — 0 k b a r ) c a n 
not account for more t h a n about 2 0 % of the observed decrease of AEQ 

i n the worst case. T h e decrease i n the magn i tude of Vzz ( w i t h negative 
s ign) correspond to a decrease i n Up. T h i s is exactly w h a t is expected 
f r o m the increas ing strength of the in ter cha in b o n d i n g i n t e l l u r i u m w i t h 
decreasing vo lume , w h i c h s i m p l y means that the anisotropy decreases 
w i t h increas ing pressure i n t e l l u r i u m (3,15). Since the pz o r b i t a l is i n 
v o l v e d i n the in ter cha in b o n d i n g , the occupat ion n u m b e r nz w i l l decrease 
m u c h faster w i t h increas ing pressure t h a n 1 /2 (nx + % ) , caus ing the 
observed change i n Up (see E q u a t i o n 4 ) . T h i s supports the conc lus ion 
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d r a w n f r o m the observed isomer shift changes a n d shows that the de
crease of the s u m np = nx + ny -f- nz is caused m a i n l y b y a decrease i n nz. 

I n the case of 1 2 9 I probe atoms i n po lycrysta l l ine t e l l u r i u m , b o t h 
components of the electric field gradient tensor, Vzz a n d rj, can be ob
ta ined f r o m an analysis of the electric-quadrupole—split spectra of the 
5 / 2 + - 7 / 2 + t rans i t ion of 1 2 9 I . A s i n the 1 2 5 T e case, the isomer shift parame
ters i n E q u a t i o n 1 have been determined as 1.5 ± 0 . 1 m m / s a n d S' = 
—0.17 ± 0.02 m m / s ( re lat ive to C u l ) ( 2 5 ) , a n d the atomic electric field 
gradient is k n o w n to be Vzz

at — 12.09 X 1 0 1 8 V / c m 2 ( 2 5 ) . W i t h these 
parameters a n analysis of our zero-pressure Mossbauer spectrum of 1 2 9 I 
i n t e l l u r i u m results i n the f o l l o w i n g p - o rb i ta l p o p u l a t i o n numbers : nx = 
1.83, ny = 1.72, nz = 1.53. T h e y correspond to Up = 0.24, w h i c h is i n 
good agreement w i t h previous results ( 2 1 , 2 5 , 2 6 ) . 

O b v i o u s l y , the pz o r b i t a l is i n v o l v e d m a i n l y i n the c h e m i c a l bonds 
between the iod ine i m p u r i t y a n d t e l l u r i u m , w h i c h means that the b o n d 
i n g is p r e d o m i n a n t l y a o- type (25 ) . A s i n the 1 2 5 T e case, the observed 
increase i n the isomer shift of the 27.8-keV g a m m a resonance of 1 2 9 I 
corresponds to a n increase of p(o), since A(r 2 ) is also pos i t ive for this 
g a m m a transi t ion . A g a i n , the increase of p (o ) is interpreted as b e i n g 
caused b y a decrease of the tota l p - o rb i ta l p o p u l a t i o n np = nx + nv + nz. 
I t shou ld be ment ioned that, as i n the 1 2 5 T e case, the isomer shift of the 
1 2 9 I g a m m a resonance decreases w i t h increas ing pressure for d i lu te 1 2 9 I 
probes i n i r o n ( 2 7 ) . 

Figure 5. Plot of the difference of the isomer shift S of 129I in various 
chalcogen hosts and the isomer shift S' of an T configuration as a function 

of the imbalance U p of 5p electrons. 

The solid line corresponds to pure <r bonding of iodine. The arrow indicates the 
effect of pressure on the tellurium host. The values of the sulfur and selenium 
hosts are from Ref. 25. (a) amorphous; (m) monoclinic; (p) plastic; (r) ortho-

rhombic; (t) trigonal; (Q) this work; (%) Kim and Boolchand. 
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18. LADEWIG E T A L . Tellurium-125 and Iodine-129 Study 401 

T h e decrease of the posi t ive z component of the electric field g r a d i 
ent tensor Vzz shows that p redominant ly nx + ny are caus ing this decrease 
of np. A g a i n , the effect of pressure makes the b o n d i n g more isotropic a n d 
therefore d iminishes Up. T h i s s i tuat ion is represented graph i ca l l y i n 
F i g u r e 5, where the difference of the isomer shift S of 1 2 9 I i n various 
chalcogen hosts a n d the isomer shift S ' is p l o t ted as a func t i on of Up (25). 
I n a d d i t i o n , the results of the present high-pressure experiments o n 1 2 9 I 
i n t e l l u r i u m are i n c l u d e d . It is obvious that w i t h increas ing pressure 
the 7 r - bond ing contr ibut ions increase as stated prev ious ly , m a k i n g the 
b o n d i n g more isotropic . 

A more dea i l ed interpretat ion of the exper imental results i n c l u d i n g 
the observed pressure dependence of the asymmetry parameter rj (Figure 
4 ) shou ld be based on the results of b a n d - s t r u c t u r e calculat ions for 
t r igona l t e l l u r i u m as a funct ion of pressure ( 3 ) , a n d for the monoc l in i c 
high-pressure phase of t e l l u r i u m (4). 

A final note concern ing the controversy on the structure of the 
meta l l i c high-pressure phase of t e l l u r i u m ment ioned i n the i n t r o d u c t i o n : 
b o t h the present 1 2 5 T e a n d 1 2 9 I data c lear ly ru le out a c u b i c structure for 
this phase as proposed i n Ref . 10. 
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Recent Investigations of Spin Crossover 

P. G Ü T L I C H 

Institut für Anorganische und Analytische Chemie, Johannes Gutenberg-
Universität, D-6500 Mainz, West Germany 

A brief introduction of the phenomenon of spin crossover 
in transition metal complexes is followed by a discussion of 
the results from Mössbauer effect measurements on the 
metal dilution effect in the solid solutions [FexM1-x(2-pic)3] 
Cl2• EtOH (M — Zn, Co) and [FexM1-x(phen)2(NCS)2] (M 
— Mn, Co, Ni). It is shown that the spin transition behavior 
changes markedly with the iron concentration. It is also 
demonstrated that the nature of the crystal solvent mole
cules as well as the method of sample preparation influence 
the spin crossover behavior. A presentation of some exam
ples for structural changes accompanying spin crossover 
concludes this review. 

r T* v he phenomenon of sp in crossover, otherwise ca l l ed magnet ic crossover 
J - o r h igh -sp in ( H S ) ^± l o w - s p i n ( L S ) transi t ion , observed i n certa in 

first-row transi t ion meta l complexes has been descr ibed extensively a n d 
r e v i e w e d i n a n u m b e r of articles (1-6). 

I n terms of l i g a n d field theory, sp in crossover occurs i n trans i t ion 
meta l complexes w i t h d4-d8 e lectron configuration, i f the difference 
between the net l i g a n d field strength a n d the m e a n sp in p a i r i n g energy, 
after t a k i n g into account a l l k inds of re levant perturbat ions such as 
l ow-symmetry field components, sp in-orbi t interact ion , conf iguration inter 
act ion, a n d covalency effects, becomes comparable to t h e r m a l energy 
kBT. O n thermodynamic grounds, sp in crossover is ant i c ipated i f the 
difference i n the G i b b s free energy ( G ) of the two sp in states i n v o l v e d 
is on the order of kBT:AG = G ( H S ) - G ( L S ) = A H - T A S ~ kBT. 
T h e enthalpy change A H — H ( H S ) — H ( L S ) is posit ive go ing f r o m the 
l o w - s p i n to the h igh -sp in state, a n d reflects essentially the difference i n 
the electronic energies of the two sp in states. T h e entropy change A S = 
S ( H S ) — S ( L S ) is also posit ive for the conversion f r o m l o w - s p i n to 
h igh -sp in . I t has been f o u n d i n various instances (7,8) that on ly a 

0065-2393/81 /0194-0405$ 12.00/0 
© 1981 American Chemical Society 
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406 MOSSBAUER SPECTROSCOPY AND ITS CHEMICAL APPLICATIONS 

smaller f ract ion of the to ta l entropy change arises f r om the sp in m u l t i 
p l i c i t y change, namely , A S e i = R [ l n ( 2 S + l ) H s - l n ( 2 S + l ) L S ] . T h e 
major part of A S is due to contr ibut ions f r om the changes i n b o t h i n t r a 
molecu lar a n d intermolecular v ibrat ions . T h e r e is a c r i t i c a l temperature, 
ca l l ed transit ion temperature Tc, where A H = T A S a n d A G — 0, a n d 
the t w o sp in states coexist i n e q u a l amounts (see F i g u r e 1 ) . 

S p i n crossover has been observed most ly i n the so l id state, b u t also 
has been f o u n d i n l i qu ids . I n par t i cu lar , numerous examples of sp in 
crossover have become k n o w n for i r on ( I I ) complexes w i t h n i trogen 
donor l igands ( 5 ) . M a n y sp in crossover systems also have been f o u n d 
i n the complex chemistry of i r o n ( I I I ) , such as the dithiocarbamates ( 9 ) , 
monothio-/?-diketonates w i t h [ F e S 3 0 3 ] chromophore (10-13), a n d mono -
thiocarbamato complexes w i t h [ F e S 3 0 3 ] chromophore (14), to name a 
few. T h e phenomenon also has been establ ished for a good n u m b e r of 
c o b a l t ( I I ) complexes (3,15), to a lesser extent for n i c k e l ( I I ) complexes 
(3,15), a n d i n a f e w cases for manganese ( I I ) compounds (16). Q u i t e 
recently , the first report o n sp in crossover i n a cobalt ( I I I ) (3d6) complex , 
i n the so l id state as w e l l as i n so lut ion, has appeared i n the l i terature 
(17,18). 

(a) 

0 
T 

(b) 
Figure 1. Schematic of various 
types of spin crossover behavior. 

X H S 

1 . 0 -
The XHB(T) term is the fraction of high-
spin molecules as a function of tem
perature, (a) Gradual and abrupt spin 
transition, respectively; (b) incomplete 
spin transition (RP is the residual frac
tion of high-spin molecules); (c) spin 
transition with hysteresis (Te< and T c> 
are the transition temperatures in the 
cooling and heating modes, respec-

0 . 5 

0 -

T 

tively). 
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19. G U T L i C H Spin Crossover 407 

T h e method most c ommonly used to detect sp in crossover is the 
measurement of the magnet i c suscept ibi l i ty , w h i c h reflects the anomalous 
magnet ic behavior as a funct ion of temperature. F o r crossover systems 
of i r o n , 5 7 F e Mossbauer spectroscopy has proven to be a p o w e r f u l tech
n ique ; i t enables one to fo l l ow d i rec t ly the changes of the concentrations 
of the coexisting sp in states w i t h temperature (19 ) . O t h e r techniques 
have been employed successfully; for example, v i b r a t i o n a l spectroscopy 
to f o l l ow the changes i n the re lat ive intensities of characterist ic v i b r a 
t iona l modes ( such as the m e t a l - l i g a n d stretching, for w h i c h v ( H S ) < 
v(LS) u p o n sp in conversion (7,8,20,21,22,50); u v / v i s spectroscopy 
to detect changes i n the l i g a n d field parameters (9,13,24,25,26); x -ray 
structure analysis to reveal changes i n the latt ice parameters (the m e t a l -
l i g a n d b o n d l ength is k n o w n to increase b y about 0.1-0.2 A go ing f rom 
l o w sp in to h i g h sp in ) a n d eventual ly s tructural phase changes accom
p a n y i n g sp in crossover (27-^32); heat capacity measurements to deter
mine the thermodynamic parameters A H a n d A S for the sp in conversion 
a n d the nature of the transit ion (first or h igher order ) (7,8); a n d 
relaxation measurements to determine sp in state l i fet imes a n d thermo
d y n a m i c quantit ies (33,34). 

V a r i o u s types of the sp in crossover characteristics, expressed i n terms 
of the fract ion x H of molecules i n the h igh - sp in state as a funct ion of 
temperature, have been observed (see F i g u r e 1 ) : (1 ) " a b r u p t " transi t ion 
w i t h i n a f e w K e l v i n as, for instance, i n [ F e ( p h e n ) 2 ( N C S ) 2 ] ( p h e n = 
1,10-phenanthroline) (35,36), or " g r a d u a l " transi t ion extended over a 
large temperature range as, for instance, i n [ F e ( 2 - C H 3 - p h e n ) 3 ] X 2 ( p h e n 
= 1,10-phenanthroline) (37,38) (see F i g u r e l a ) ; (2 ) transitions that 
are incomplete on either the low-temperature end, m e r g i n g into a p la teau 
of w h a t is ca l l ed " res idua l paramagnet i sm" ( R P ) , or i n the h igh- tempera 
ture reg ion (see F i g u r e l b ) (examples of bo th types w i l l be g iven l a t e r ) ; 
( 3 ) sp in transitions s h o w i n g hysteresis of the w i d t h A T = Tc< — T c > 
(see F i g u r e l c ) , examples of w h i c h are reported i n Refs . (39 a n d 40). 

T h e sp in crossover behavior m a y be h i g h l y susceptible to various 
influences, such as in t ra l i gand subst i tut ion, l i g a n d replacement, nature 
of the uncoord inated anion a n d the crysta l solvent molecule , deuterat ion, 
m e t a l d i l u t i o n , a n d method of sample preparat ion . T o learn more about 
the d r i v i n g force a n d the mechanism of the sp in trans i t ion i n solids, 
par t i cu lar ly to test the idea of Sorai a n d Sek i of the s p i n transit ion t a k i n g 
p lace i n a cooperative manner t h r o u g h a c o u p l i n g between the sp in 
state a n d the latt ice v ib ra t i ona l modes (7,8), w e have focused our 
attention o n the effect of meta l d i l u t i o n (41-47), the effect of chang ing 
the crysta l solvent molecule (40), a n d the influence of deuterat ion (48) 
a n d crystal imperfect ions (36) i n i r o n ( I I ) sp in crossover systems. T h e 
essential results w i l l be r e v i e w e d here. 
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Effect of Metal Dilution 

Sol id Solut ions of [Fe^Zni 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H . M O S S B A U E R 
M E A S U R E M E N T S . Systematic investigations of the effect of m e t a l d i l u t i o n 
on the sp in trans i t ion behavior b y means of Mossbauer spectroscopy were 
in i t ia ted i n our laboratory some years ago, h o p i n g to find exper imental 
support for the cooperative d o m a i n m o d e l of Sorai a n d S e k i ( 7 , 8 ) . W e 
started w i t h the spin crossover system [ F e ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H (2-pic 
= 2 - p i c o l y l a m i n e ) , for w h i c h the temperature-dependent 5T2(Oh) ^± 
1A1(Oh) t ransit ion has been established b y R e n o v i t c h a n d B a k e r ( 4 9 ) . 
T h i s system appeared to be par t i cu lar ly suited for the meta l d i l u t i o n 
w o r k for two reasons: (1 ) T h e Mossbauer spectra as a funct ion of 
temperature exhib i t two wel l - reso lved quadrupo le doublets for the h i g h -
a n d l ow-sp in states of i r o n ( I I ) , respect ively (see F i g u r e 2 ) , d e m o n 
strat ing that the two sp in states coexist i n chemica l e q u i l i b r i u m a n d have 
l i fet imes of ^10" 8 s, the quadrupo le precession t ime of the excited nuclear 
state. (2 ) T h e c o m p o u n d forms so l id solutions w i t h z inc a n d cobalt , 
respect ively , over the entire concentrat ion range. T h e most important 
result of the measurements on the series [ F e a r Z n 1 . a . ( 2 - p i c ) 3 ] C 1 2 - C y r l s O H 
(1.0 ^ x ^ 0.0009) (41,42) becomes apparent f rom the four representa
t ive Mossbauer spectra shown i n F i g u r e 3: A t a g iven temperature (101 
K i n the present case of F i g u r e 3 ) , the relat ive intensity of the q u a d r u p o l e 
doublet of the i r on ( I I ) h igh - sp in state, 5 T 2 ( O h ) , increases w i t h decreas
i n g i ron concentration. F i g u r e 4 shows the temperature dependence of 
the area fract ion of the h igh - sp in quadrupo le doublet x H , evaluated f r om 
the spectra of [Fe^Zni .* (2-p i c ) 3 ]C1 2 • C 2 H 5 O H w i t h different i r on con
centrations x. F i g u r e 4 also indicates that the slope of the sp in conversion 
curve at the sp in transit ion temperature Tc d iminishes w i t h d i l u t i o n , a n d 
that the sp in transit ion is complete at the l o w - a n d high-temperature ends 
for a l l concentrations. F i g u r e 6 demonstrates the near ly l inear decrease 
of the sp in transit ion temperature Tc(x) w i t h decreasing i r o n con 
centrat ion. 

N o substantial differences have been observed i n the isomer shift, 
apart f rom the shift due to the second-order D o p p l e r effect, or i n the 
quadrupo le sp l i t t ing of the h igh - sp in state i n the so l id solutions w i t h 
var iab le * at a g iven temperature. T h u s the electronic structure of the 
i ron ( I I ) i on is not altered signif icantly b y p a r t i a l subst i tut ion of i r on ( I I ) 
b y z inc ( I I ) . 

D R I V I N G F O R C E A N D POSSIBLE M E C H A N I S M O F T H E SPIN TRANSITION. 

A s has been po inted out earl ier (7,8,41), a discussion of the re lat ive 
stabi l i ty of the sp in states i n v o l v e d i n sp in crossover should be based on 
the free energy G = H — TS a n d its change A G = A H — T A S accom
p a n y i n g the change i n sp in state. T h e A H a n d AS terms inc lude c o n t r i b u -

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

01
9

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



19. G U T L i C H Spin Crossover 409 

4 . 0 

Velocity (mms ) 

Figure 2. The 57Fe Mossbauer spectra of [Fe(2-pic)3]Cl2 • C2H5OH 
(2-pic = 2-picolylamine) at various temperatures (41). The inner two 
lines refer to the quadrupole doublet of the low-spin state 1A1 (Oh), the 

outer two lines to that of the high-spin state 5T2 (Oh) of iron(II). 
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Velocity (mms" 1) 

Figure 3. Concentration dependence of 57Fe Mossbauer spectra of 
[FeJfai.JZpicMCk • CsH5OHat 101 K(41) 
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Figure 4. Temperature dependence of the area fraction xH of the high-
spin quadrupole doublet in 57Fe Mossbauer spectra of [FexZnx _ x(2-pic)s]-
Cl2 ' C2H5OH with variable iron concentration x (41, 42): (&) x = 0.0009; 

( Q ; x = 0.029; C) x = 0.2; ((3) x = 0.6; (€) x = 0.8; (O) x = 1.0. 

tions f r o m a l l degrees of f reedom; the most important ones to account for 
the temperature dependence of A G stem f rom changes i n electronic 
structure a n d v i b r a t i o n a l modes. 

F o r a 1Alg(Oh) ^± 5T2g(Oh) sp in crossover system at absolute zero 
temperature , the electronic g round state of i r o n ( I I ) is separated b y c = 
E(5T2g) - E(lAlg) f r om the h igh - sp in state (cf. F i g u r e 8 ) ; c « A H , i f 
p • A V is sufficiently smal l . F r o m in frared ( 7 , 8 ) a n d Mossbauer spec
troscopy (40) , the energy difference c ^ A H of the i r o n atom has been 
conf irmed to be nearly constant over a w i d e temperature range. A t finite 
temperatures, the entropy term T A S p lays a n important role. T h e 
predominant contr ibut ions to the total entropy change arise f rom changes 
i n e lectronic structure, A S e i — R [ l n ( 2 S + l ) n s — l n ( 2 S + l ) L S ] , a n d i n 
v ibra t i ona l frequencies, A S v i b , m a i n l y of intramolecu lar modes. A s b o t h 
contr ibut ions A S e i a n d A S v i b are posit ive go ing f rom the l o w - s p i n to the 
h i g h - s p i n state, i t is conceivable that the sp in transit ion occurs even i f 
the enthalpy change is essentially constant. T h u s , the ga in i n entropy 
must be considered the m a i n d r i v i n g force responsible for the sp in 
transit ion f r o m the l o w - s p i n state to the h i g h - s p i n state. 

T h e mechanism of the sp in transit ion i n the crystal l ine state is s t i l l 
m u c h i n the dark , a n d the f o l l o w i n g qual i tat ive descr ipt ion is not more 
t h a n a hypothet i ca l p i c ture , supported, however , b y the results of our 
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412 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

meta l d i l u t i o n w o r k as w e l l as b y in f rared (7, 8) a n d x-ray crysta l structure 
investigations. Sorai a n d Sek i (7,8) o r ig ina l ly suggested that the sp in 
transi t ion i n a crystal l ine sp in crossover system takes p lace i n a coopera
t ive manner i n v o l v i n g a significant c o u p l i n g between the electronic state 
that changes sp in , a n d the phonon system encompassing the intramolec 
u lar a n d intermolecular region. T h e group of molecules that changes 
sp in i n d u c e d b y a " p r i m a r y " sp in change is c a l l e d a cooperat ive d o m a i n . 
A t sufficiently l o w temperatures, a l l the molecules reside i n the l o w - s p i n 
state w i t h characteristic n o r m a l modes of v ibrat ions . I f the temperature 
rises, a certain n u m b e r of molecules change f rom l o w - s p i n to h i g h - s p i n 
due to thermal excitation. A s a consequence, some n o r m a l modes of 
v ibrat ions w i l l be modu la ted to some extent. I t is k n o w n f rom tempera 
ture-dependent in frared spectroscopy (7,8,21,22,23) that the frequencies 
of the m e t a l - l i g a n d stretching v ibrat ions are m a r k e d l y reduced i n the 
h i g h - s p i n state as c o m p a r e d to the l ow-sp in state; the reason is a 
significant reduct i on i n the extent of 7r -backbonding w h i c h decreases the 
m e t a l - l i g a n d b o n d strength. T h i s decrease is para l le led b y an increase 
i n the b o n d l ength b y some 0.2 A , as has been observed recently i n a 
var iable - temperature x-ray crystal structure analysis of the [ F e ( 2 - p i c ) 3 ] -
C l 2 • C 2 H 5 O H (30). T h r o u g h the m o d u l a t e d n o r m a l modes the i n f o r m a 
t i on of a " p r i m a r y " sp in change is c o m m u n i c a t e d to ne ighbor ing complex 
modules . T h e i r v ib ra t i ona l modes w i l l be changed b y the i n c o m i n g 
per turbat ion wave ; at a certa in threshold they m a y change over to the 
h igh - sp in state. T h i s "secondary" s p i n change i n t u r n subsequently 
modulates the v i b r a t i o n a l modes further a n d carries the sp in change 
in format ion further into the latt ice of a cooperative d o m a i n . 

O n the basis of this p i c ture , the effect of subst i tut ing i ron ( I I ) for 
z i n c ( I I ) i n the [ F e a ; Z n i . i P ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H system is sel f -explana
tory : T h e z i n c ( I I ) ions, h a v i n g a c losed d10 conf igurat ion, cannot change 
spin a n d have different b o n d properties than i r o n complex molecules 
( this shou ld influence the sp in t rans i t ion b e h a v i o r ) . 

A remarkable step f o r w a r d i n the efforts to ga in a deeper ins ight 
into the mechanism of the sp in phase transi t ion recent ly has been 
achieved b y M i k a m i , K o n n o , a n d Saito (30). T h e y determined the 
crysta l structure of [ F e ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H at 298, 150, a n d 90 K , 
that is, above a n d b e l o w the transi t ion temperature . T h e crystals were 
f o u n d to be monoc l in i c , P 2 i / c w i t h Z = 4 i n the t w o sp in states. T h e y also 
f o u n d eminent changes i n i r o n - n i t r o g e n b o n d lengths, namely , 2.195 A 
for the h i g h - s p i n state a n d 2.013 A for the l o w - s p i n state on the average. 
M o s t important i n the context of the cooperative d o m a i n m o d e l is the i r 
observation that a l l the amino ni trogen atoms of the cat ionic complexes 
on the one side, a n d the ethanol molecule on the other, are h y d r o g e n 
b o n d e d to C I " ions, f o r m i n g a two -d imens iona l h y d r o g e n b o n d network 
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19. GUTLICH Spin Crossover 413 

a long w h i c h the sp in change in format ion is l i k e l y to travel . T h e same 
type of two -d imens iona l hydrogen -bond ing ne twork has been observed 
for the methanolate [ F e ( 2 - p i c ) 3 ] C 1 2 • C H 3 O H ( 3 2 ) , w h i c h also exhibits 
s p i n crossover ( 4 0 ) . 

M o s t interest ing is the observat ion of M i k a m i et a l . (30) that the 
ethanol molecules i n [ F e ( 2-pic ) 3 ] C 1 2 • C 2 H 5 O H are d isordered i n the 
h igh- temperature h igh - sp in phase o c c u p y i n g three or ientat ional posit ions. 
T h e p o p u l a t i o n i n the three sites changes w i t h temperature , w h e r e b y a 
g r a d u a l o rder ing occurs on l o w e r i n g the temperature. O n e of the three 
sites is favored over the other t w o a n d has 1 0 0 % occupancy at 90 K , 
that is , i n the structure of the l o w - s p i n state. T h e authors conclude that 
the cooperative nature of the sp in transit ion m a y be accounted for i n 
terms of an interact ion of the sp in phase trans i t ion a n d the order -d i sorder 
t rans i t ion of the ethanol molecule t h r o u g h h y d r o g e n bond ing . F u r t h e r 
support for this conc lus ion has been obta ined i n studies of the d e u t e r i u m 
isotope effect i n the deuterated solvates [ F e ( 2 - p i c ) 3 ] C 1 2 • So l ( S o l — 
C 2 H 5 O D , C H 3 O D ) , w h i c h w i l l be discussed i n a later section. 

I N T E R P R E T A T I O N U S I N G A P H E N O M E N O L O G I C A L T H E R M O D Y N A M I C 

M O D E L . F o l l o w i n g the suggestion of Sora i a n d S e k i ( 7 , 8 ) that the s p i n 
t rans i t ion is cooperative i n nature, w e have attempted to interpret the 
results of the meta l d i l u t i o n studies on [Fe a .Zni. a .(2-pic ) 3 ] C 1 2 • C 2 H 5 O H 
o n the basis of a phenomenolog i ca l t h e r m o d y n a m i c m o d e l ( 43 ) . W e 
assume that a " p r i m a r y " sp in change is f o l l owed spontaneously b y 
"secondary" sp in changes i n n-1 surround ing molecules . T h e n molecules 
of l i ke sp in are considered to f o rm a "cooperat ive" d o m a i n . T h e d o m a i n 
size n m a y be taken as a measure of the cooperative interact ion strength. 
F o r s impl i c i ty , w e assume the n u m b e r n to be the same for h i g h - a n d 
l o w - s p i n domains i n a g iven system, b u t to v a r y w i t h the i r o n concentra
t i on , n(x). Interactions between the domains , irrespective of the sp in 
state, are considered to be negl ig ib le . T h e systems [Fe a ? Zni . a . ( 2 -p i c ) 3 ] -
C l 2 • C 2 H 5 O H are treated as temperature-dependent c h e m i c a l e q u i l i b r i a 
between h i g h - a n d l o w - s p i n domains , for w h i c h the effective enthalpy 
a n d entropy changes, A r 7 e f f ( x ) = n(x)AH°(x) and. A S e « ( x ) — 
AS°(x) (AH°(X) a n d A S ° ( x ) are the respective changes for one mole of 
the complex molecules) , m a y be eva luated f r o m s t ra ight forward A r r h e n i u s 
plots , In K — In x H / ( l - x H ) — f(T) (43); cf. F i g u r e 5. T h e values for 
AHeff a n d AS e f f thus obta ined v a r y between about 13 k j m o l " 1 a n d 110 J 
m o l " 1 K " 1 , respect ively , for the pure i r o n c o m p o u n d , a n d between about 
2.5 k j m o l " 1 a n d 30 J m o l " 1 K ' 1 , respect ively , for the h i g h l y d i l u t e d (x = 
0.0009) system. 

T h e transi t ion temperature as a func t i on of x, Tc(x) = AHett(x)/ 
ASeff(x), takes on values between 120 K for the p u r e i r o n c o m p o u n d a n d 
77 K for the system w i t h x = 0.0009; the agreement w i t h exper imental 
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r 1 / i o 2 K 1 

Figure 5. Plot of In K = In xH/(l — xH) vs. 1 / T for various iron concen
trations x in the solid solutions [FeJLnt x(2-pic)s]Cl2 ' C2H5OH (43): 

(%) x = 0.0009; (D)x = 0.029; (A) x = 0.2; (X)x = 0.6; (O) x = 1.0. 

Tc data is very good. T h e dependence of T c on the i r on concentrat ion 
x m a y be descr ibed b y the expression 

_ A f f ° (x) A f f ° F e + A f f ° c o o p ( x ) A f f ° F e + Ax« ( 

i c W A S ° ( x ) _ A S ° F e + A S ° c o o p 0 r ) _ A S ° F e + £ * 3 u ' 

T h e A f f ° F e a n d A S ° F e terms arise f r o m the changes i n electronic state, 
intramolecu lar v ibrat ions , a n d intramolecu lar e l e c t ron -phonon interac 
tions, a n d are considered to be independent of x. T h e A H ° C O o p a n d 
A S ° C O O p terms refer to changes i n intermolecu lar v ibrat ions a n d inter -
molecu lar e l e c t ron -phonon interactions. T h e A a n d B correspond to 
A H o

C 0 0 p a n d A S o
C 0 0 p , respect ively , i n the p u r e i r on c o m p o u n d (x = 1 ) ; 

a > o a n d p < o serve as d a m p i n g factors to account for the decrease 
of A j F / o

C 0 0 p a n d AS° C O op w i t h decreasing x. F r o m a n adjustment of E q u a 
t i o n 1 to the exper imenta l da ta of Tc(x) (see F i g u r e 6) i t is f o u n d , for 
example , that A H ° F e « 2000 J m o l " 1 , A « 850 J m o l " 1 , A S ° F e « 25 J 
m o l ^ K " 1 ( 43 ) . 
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19. G U T L i C H Spin Crossover 415 

A n o t h e r feature of this phenomenolog i ca l thermodynamic m o d e l is 
that i t enables one to estimate the d o m a i n size n(x) f r o m the measured 
concentrat ion dependence of AHeff(x) a n d ASett(x) (43). F i t t i n g the 
expressions 

Affeff(x) = AH0 (x) • n(x) — (AH°Fe + Ax") (1 + ntf) (2) 

±Sett(x) — &S°(x) • n(x) — (AiS°Fe + B ^ 3 ) (1 + nj?) (3) 

120 

100-

Figure 6. Concentration dependence of the transition temperature Tc(x) 
for the high-spin/low-spin transition in the solid solutions [FeJLn1_x(2-
pic)s]Clg. - .C2HrOH. The experimental points are taken from Refs. 41 
and 42. The solid curve has been calculated using Equation 1 and the 
parameters AUFe° = 1944 ± 43 Jmol'1, A = 861 ± 46 Jmol'1, a = 0.79 
± 1.14, ASFe° = 25.3 ± 0.3 Jmol1 K"1, B = - 2 . 1 ± 0.4 Jmolr1 Kr1 and 

/3= 0.51 ± 0.10. 
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Figure 7. Effective change of enthalpy, AHeff(x), and entropy, ASeff(x), 
of the high-spin/low-spin transition in the solid solutions [FexZn1_x(2-

pic)s]Cl2 ' C2H5OH as a function of the iron concentration x. 

The data points are derived from the In K vs. 1/T plots (see Figure 5) using 
the experimental xH(T) data from Refs. 4 1 and 4 2 . The solid curves have been 
calculated using Equations 2 and 3 and the following "best-fit" values (43), 
(top) A H * > ° = 2465 ± 250 Jmol1; A = 836 ± 1588 Jmol'i; p = 0.90 ± 0.03: 

y = 1.61 ± 0.33; r,0 = 2.9 ± 1.5; (bottom) A S F « ° = 30.9 ± 4.6 Jmol'1 Kr* 
B — 3 . 3 ± 18.8 Jmol-* Kr1; a = 0.43 ± 0.47; y = 1.76 ± 0.52; rj0 = 2.2 

± 1.4. 

to the exper imental ly determined data of A H e f f ( x ) a n d A S e f f ( x ) (see 
F i g u r e 7 ) y ie lds an average d o m a i n size of n(x = 1) = 3.5 for the p u r e 
i r o n c o m p o u n d [ F e ( 2 - p i c ) 3 ] C 1 2 • C 2 H 5 O H . T h e values of A H ° F e « 
2450 J m o l " 1 , A ^ 840 J m o l " 1 , a n d A S ° F e « 31 J m o l " 1 K " 1 are close to 
those obta ined f r o m the Tc(x) fit just descr ibed. T h e expansion of the 
d o m a i n size w i t h the concentrat ion x, approx imated b y n(x) == l-\-n0xy, 
decreases rather strongly w i t h f a l l i n g i r o n concentrat ion (y 1.7). 

Solid Solutions of [ F e ^ C o i . ^ 2 - p i c ) 3 ] C l 2 • C2H5OH. Mossbauer 
studies on so l id solutions w i t h the isomorphous cobalt ( I I ) c o m p o u n d 
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(45) l ead to findings s imi lar to those i n the F e / Z n / 2 - p i c system. T h e 
series of temperature-dependent spectra of the system [Feo.65Coo.35 (2 -
p i c ) 3 ] C l 2 • C 2 H 5 O H reproduced i n F i g u r e 8 proves aga in that the h i g h -
(outer two l ines) a n d l ow-sp in states ( inner two l ines) coexist i n 
chemica l e q u i l i b r i u m . F igures 9 a n d 10 demonstrate the effect of m e t a l 
d i l u t i o n i n the F e / C o / 2 - p i c system. A s i n the F e / Z n / 2 - p i c systems, the 
h igh - sp in state becomes increasingly favored w i t h decreasing i ron con
centration. T h e transit ion temperature Tc(x) is shifted to l ower tempera
tures a n d the slope at T c becomes less steep w i t h decreasing x. H o w e v e r , 
there is a difference between the two mixed-crysta l systems as c a n be 
seen f r o m F i g u r e 11: T h e trans i t ion temperature Tc(x) is h igher i n the 
case of the F e / C o / 2 - p i c system than i n the F e / Z n / 2 - p i c system at a l l 
concentrations. T h i s difference is p r o b a b l y due to the different b o n d 
properties of the pure cobalt matr ix as c o m p a r e d to the pure z i n c matr ix ; 
there is a h igher degree of 7 r - backbond ing i n the cobalt c o m p o u n d w i t h 
an open d-shel l than i n the z i n c c o m p o u n d w i t h a c losed d-shel l , g iv 
i n g rise to stronger m e t a l - l i g a n d bonds a n d thus to a more r i g i d latt ice 
i n the cobalt matr ix than i n the z i n c matr ix . T h i s i n t u r n decreases the 
relat ive s tabi l i ty of the h i g h - s p i n state 5 T 2 ( O h ) of i r on ( I I ) i n the cobal t 
matr ix , at a g iven temperature a n d a g iven i r o n concentrat ion, as c o m 
p a r e d to that i n the z inc matr ix . A n i on i c size effect is not l i k e l y to 
a p p l y here because the ionic r a d i i of C o 2 + a n d Z n 2 + are near ly equa l , 
a n d , f r om this po in t of v i e w alone, the c a p a b i l i t y of s t a b i l i z i n g i r o n ( I I ) 
i n either the h i g h - or l o w - s p i n state shou ld not differ s igni f icantly i n the 
t w o hosts. 

T h e effective enthalpy a n d entropy changes as a funct ion of x, 
AHetf(x) a n d ASeft(x), for the sp in transi t ion i n [ F e ^ C o i ^ (2-pic ) 3 ] -
C l 2 • C 2 H 5 O H are p lo t ted i n F i g u r e 12. T h e values are cons iderably 
h igher than the corresponding ones i n [ F e a ; Z n i . a ? ( 2 - p i c 3 ] C l 2 • C 2 H 5 O H . 

T h e quadrupo le sp l i t t ing of the l o w - s p i n state, ^ ( O h ) , of i r o n ( I I ) 
i n the cobalt host shows the same behavior as i n the z i n c host, namely , 
i t is independent of temperature a n d of i r on concentrat ion x (AEQ(X) = 
0.38-0.45 mms" 1 for the l o w - s p i n state i n the cobalt matr ix , AEQ(X) = 
0.39-0.44 m m s"1 i n the z inc m a t r i x ) . T h e quadrupo le sp l i t t ing of the 
h igh - sp in state, 5 T 2 ( O h ) , of i r on ( I I ) is also independent of the i r o n 
concentrat ion i n the two hosts (about 2.05 m m s"1 on the average at 
room temperature ) , b u t varies w i t h temperature (cf. F i g u r e 13 ) , w h i c h 
is w e l l - k n o w n for i r o n ( I I ) h i g h - s p i n compounds ( 5 1 ) . F o l l o w i n g Inga l l s ' 
treatment (51) w e have adjusted the expression 

±EQ(T) = | - e 2 Q ( l — R) < r - 3 > e d
0 a M o 2 F ( 8 t e t , « x 2 A o , ^ € r ) + A Z ? Q c o n s t 

(4) 
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Figure 8. The 57Fe Mossbauer spectra of [Fe0J.5Co0.S5(2-pic)s]Cl2 

C2H5OH as a function of temperature (45) 
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Figure 9. The 57Fe Mossbauer spectra of [FexCot. x(2-pic)]3Cl2 • C2H5OH 
at 100 K as a function of iron concentration x (45) 
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to the exper imental data of A E Q ( T ) for the h igh - sp in quadrupo le doublet 
( 4 5 ) . T h e Stet a n d c r terms are the parameters of tetragonal a n d r h o m b i c 
distort ion, respectively . T h e « M o 2 a n d a\ 2 terms are covalency factors 
r e d u c i n g the expectation va lue of < r ~ 3 > 3 d ° a n d the spin-orbi t c o u p l i n g 
parameter Ao of a free Sd i o n , respectively . T h e other quantit ies i n 
E q u a t i o n 4 have the usua l m e a n i n g ( 3 8 , 4 2 , 5 1 ) . T h e ca l cu lat ion was 
carr i ed out as descr ibed i n Refs . 42 a n d 51 , a n d the results obta ined for 
the fit parameters are l is ted i n T a b l e I . A l t h o u g h the error l imi ts vary , 
a n d are very large i n some cases, i t appears as t h o u g h there is a certa in 
corre lat ion between 8 t et, cr, a n d A E Q

c o n s t , a n d the i r o n concentrat ion x: 
( 1 ) A t b o t h ends of x, x -> O a n d x - » 1, b o t h crystal field d is tort ion 
parameters 8tet a n d c r t e n d to be largest, whereas they seem to pass 
t h r o u g h a m i n i m u m at x « 0.5. (2 ) T h e temperature- independent 
contr ibut ion to the q u a d r u p o l e sp l i t t ing , A E Q

c o n s t , seems to show the 
reverse, namely , i t is m i n i m a l at b o t h ends of the concentrat ion range 
a n d m a x i m a l at x « 0.5. 

T h e measured c h e m i c a l shift is also independent of the i r o n con 
centrat ion, as i n the case of the [Fe a .Zni . a ? (2-pic ) 3 ] C 1 2 • C 2 H 5 O H systems 
(41,42). Its var ia t i on w i t h temperature (see F i g u r e 14) is due to the 
w e l l - k n o w n influence of the second-order D o p p l e r effect. 

Solid Solutions of [ F e a ? M i . a ? ( p h e n ) 2 ( N C S ) 2 ] . T h e ^ ( O n ) 5 ± 
5 T 2 ( O h ) sp in crossover has been k n o w n to occur i n [ F e ( p h e n ) 2 ( N C S ) 2 ] 
( p h e n = 1,10-phenanthroline) for a l o n g t i m e ( 3 5 ) . T h e s p i n transit ion 

Figure 10. Temperature dependence of the area fraction xH of the high-
spin quadrupole doublet in the Mossbauer spectra of [FexCo1_J2-pic)3]-
Cl2 • C2H5OH (45): (*) x = 0.006; (A) x = 0.14; (A) x = 0.65; 

(O) x = I . 
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Figure 11. Concentration dependence of the transition temperature Tc(x) 
of the solid solutions [FexMt.^2-pic)s]Cla • C2H5OH (M = Co (9), Zn 

(Q))(41, 42, 45). 

Table I. Best-Fit Values for the Tetragonal (8tet) and Rhombic (cr) 
Ligand Field Distortions, and for the Temperature-Independent 

Contribution to the Quadrupole Splitting, A £ Q
c o n s t , as a Function 

of the Iron Concentration in [Fe a ; Coi_< r (2 -pic)3]Cl2 • C2H5OH, 
Obtained from Fitting Equation 4 to the Experimental Points 

of AEQ(X) of the High-Spin Quadrupole Doublet 0 

AEncon8t 

X ax 2 Stet (cm €r (cm'1) (mm s'1) CtMO2 

0.0060 0.7* - 2 1 4 ± 1 280 ± 1 1.018 ± 0.003 0 .7 ' 
0.0214 0.7* - 3 5 2 ± 1 435 ± 13 0.599 ± 0.017 0 .7 ' 
0.0286 0 .7 ' - 2 3 6 ± 67 290 ± 108 0.950 ± 0.270 0 .7 ' 
0.1426 0 .7 ' - 1 8 5 ' 201 ± 10 0.973 ± 0.169 0 .7 ' 
0.2498 0.7* - 1 5 7 ± 21 119 ± 68 1.357 ± 0.114 0 .7 ' 
0.4245 0 .7 ' - 1 5 0 ± 1 93 ± 22 1.373 ± 0.008 0.7* 
0.6538 0 .7 ' - 1 6 5 ± 51 114 ± 173 1.276 ± 0.268 0 .7 ' 
1.0 0 .7 ' - 2 5 6 ± 1 1 9 329 ± 184 0.828 ± 0.453 0.7* 

0 The covalency factors a x
2 a n d «MO 2 were kept fixed to 0.7 (45) • 

b Parameter value kept fixed. 
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Figure 12. Effective change of enthalpy, A H e / / x ) , and entropy, ASeff(x), 
of the spin transition in [FexCo1_x(2'pic)i]Cl2 • C2H5OH as a function 

of the iron concentration (45). 

is very sharp ( w i t h i n a f e w K e l v i n ) near 175 K . T h i s sp in crossover 
system has been s tudied extensively b y a n u m b e r of research groups us ing 
various techniques (7,8,20,21,22,53-59). Mossbauer effect studies have 
been reported b y D e z s i et a l . (54) a n d K o n i g et a l . ( 5 3 ) . 

Sorai a n d S e k i (7,8) per formed precise heat capac i ty measurements 
o n [ F e ( p h e n ) 2 ( N C S ) 2 ] . T h e results l e d t h e m to the conc lus ion that the 
nature of the sp in transi t ion is first-order. T h e y also suggested that the 
s p i n trans i t ion takes p lace t h r o u g h a c o u p l i n g between the electronic 
state a n d the v i b r a t i o n a l modes of the latt ice surroundings , a n d that the 
s p i n conversion occurs quasi -s imultaneously i n a group of molecules that 
f o r m a so-cal led cooperative d o m a i n . Sora i a n d S e k i c o n c l u d e d f r o m the 
abrupt sp in trans i t ion that the cooperative c o u p l i n g i n this system is 
strong, l ead ing to large domains of about 100 molecules , a c co rd ing to 
the i r estimate. 

T h e idea of a cooperative spin t rans i t ion has been w e l l supported 
b y the meta l d i l u t i o n studies on [ F e ( 2-pic ) 3 ] C 1 2 • C 2 H 5 O H , as descr ibed 
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I/) 

E 
E 

V / « ' 1 

1 0 0 2 0 0 T / K 

Figure 13. Quadrupole splitting of the high-spin state of iron(ll) as a 
function of temperature in [FeyJCot.^-picjJClz * C2H5OH for three dif
ferent iron concentrations (45). The solid line has been calculated for the 
undiluted compound [Fe(2-pic)s]Cl2 • C2H5OH (40); (<D)x = 0.006; (A) 

x = 0.654; (| )x = 1.0. 

i n earl ier sections. I n the f ramework of this cooperative d o m a i n m o d e l , 
[ F e ( 2 - p i c 3 ] C l 2 • C 2 H 5 O H , w i t h a more gradua l sp in transi t ion behavior 
than [ F e ( p h e n ) 2 ( N C S ) 2 ] , m a y be considered a " w e a k l y c o u p l e d " system, 
for w h i c h the d o m a i n size has been estimated to be 4 -6 molecules (43, 
44). Recent ly w e have under taken Mossbauer effect studies on [Fex-

8 0 1 6 0 2 4 0 3 2 0 T / K 

Figure 14. Temperature dependence of the measured chemical shift of 
the high-spin quadrupole doublet of iron(lI) in [Fe0 nCo0 86(2-pic)sJ-
Cl2 • C2H5OH (45): (0)x = 0.029; (%) x = 0.250; (O) x= 0.425; (A) 

x = 0.654. 
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M i . a . ( p h e n ) 2 ( N C S ) 2 ] , w i t h M = M n , C o , N i , Z n to see h o w meta l d i l u 
t i o n affects the sp in transit ion characteristics of a "strongly c o u p l e d " sp in 
crossover system (47 ) . 

A l l the m i x e d crystals were prepared b y coprec ip i tat ion ( 4 7 ) . T h e 
x-ray p o w d e r patterns of the pure compounds [ M ( p h e n ) 2 ( N C S ) 2 ] w i t h 
M = F e , M n , C o , a n d N i show that these compounds are isomorphous 
w i t h each other but not w i t h [ Z n ( p h e n ) 2 ( N C S ) 2 ] , W e therefore s tudied 
the [ F e , r Z n i . a . ( p h e n ) 2 ( N C S ) 2 ] system at very l o w i r o n concentrations 
(x — 0.001 a n d x = 0.01) only , where good so l id solutions c o u l d be 
prepared . 

S P I N T R A N S I T I O N C H A R A C T E R I S T I C S I N [ F E a ? M i _ a ; ( p H E N ) 2 ( N C S ) 2 ] . A 
f e w representative Mossbauer spectra for the system [ F e a ? M n i . a . ( p h e n ) 2 -
( N C S ) 2 ] are shown i n F i g u r e 15. T h e spectra revea l the same general 
feature as i n the case of [ F e a ? M i . a ? ( 2 - p i c ) 3 ] C 1 2 • C 2 H 5 O H , namely , at a 
g iven temperature the area fract ion of the h igh - sp in quadrupo le doublet 
increases w i t h decreasing i r o n concentrat ion, irrespect ive of the nature 
of the M 2 + meta l i on ; that is , the relat ive stabi l i ty of the h igh - sp in state 
of i r on ( I I ) increases u p o n i r on d i l u t i o n . 

M o r e instruct ive are the sp in conversion curves x H ( T ) , de termined 
for the temperature range 300-4.2 K a n d for various i r o n concentrations, 
as shown i n F igures 16 ,17 , a n d 18. T h e sp in conversion for the u n d i l u t e d 
(x = 1 ) [ F e ( p h e n ) 2 ( N C S ) 2 ] , w h i c h is also p lo t ted i n F igures 16, 17, a n d 
18 for comparison , refers to the sample prepared b y the prec ip i ta t i on 
m e t h o d ( 3 6 ) . T h e sp in transit ion i n this sample is rather g radua l c om
p a r e d to the abrupt sp in transi t ion i n a sample prepared b y the extract ion 
method ( 3 6 ) ; the reason lies i n the difference i n crystal size a n d qua l i ty . 
T h i s phenomenon w i l l be dealt w i t h i n more deta i l later. 

I n the case of [ F e a ? M n 1 . a , ( p h e n ) 2 ( N C S ) 2 ] the t rans i t ion temperature 
Tc shifts to l ower values w i t h d i l u t i o n , a n d the res idua l paramagnet ism 
( R P ) increases systematical ly w i t h decreasing x (see F i g u r e 16 ) . T h e 
sharp transit ion i n the u n d i l u t e d [ F e ( p h e n ) 2 ( N C S ) 2 ] becomes increas
i n g l y g radua l u p o n d i l u t i o n . I t appears that i n the l i m i t of inf inite 
d i l u t i o n , the sp in crossover w o u l d be tota l ly lost, a n d a l l the iso lated 
[ F e ( p h e n ) 2 ( N C S ) 2 ] molecules embedded i n the manganese host should 
stabi l ize i n the 5 T 2 ( O h ) g round state. I t m a y be significant to note here 
that the meta l d i l u t i o n studies on [ F e a ? Z n i . a ? ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H (41, 
42) showed that, even t h o u g h the trans i t ion temperature T c is l owered 
a n d the slope at Tc d iminishes w i t h increas ing d i l u t i o n , the temperature-
dependent h igh - sp in ^± l o w - s p i n crossover is s t i l l observable even at the 
lowest i r on concentrations u n d e r study. T h e results that experiments on 
the mixed-crys ta l systems have i n c o m m o n is that some cooperative inter 
actions appear to be necessary to induce a n d / o r to effect the sp in 
crossover. 
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Figure 15. T/ie 57Fe Mossbauer spectra of [57FexMnt .Jphen)2(NCS)2] 
at 5 K as a function of iron concentration (47) 
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T 1 1 1 1 r 

i 1 1 1 i i 
0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 

T / K 

Figure 17. Temperature dependence of the area fraction xH of the high-
spin quadrupole doublet in the Mossbauer spectra of mixed crystals of 
[Fe^.Jphen^NCS),] (47): (%) x = 0.001; (V) x = 0.01; (O) x = 

0.14;(0)x = 0.5;(X)x.= 1.0. 

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 
T / K 

Figure 18. Temperature dependence of the area fraction x ^ of the 
high-spin quadrupole doublet in the Mossbauer spectra of highly diluted 
solid solutions of [Fe^Zn^Jphen^NCS^] (47): (V) x = 0.01; (O) x = 

0.001; (0)x = 1.0. 
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It is l ike ly that the systematic increase i n the res idua l paramagnet i sm, 
as reflected i n the increase o f the h i g h - s p i n area f ract ion x H i n the l o w -
temperature Mossbauer spectra of [ F e a . M n i . a . ( p h e n ) 2 ( N C S ) 2 ] is due to 
the latt ice constants of [ M n ( p h e n ) 2 ( N C S 2 ] as c ompared to the i r o n 
c ompound , caused b y the fact that r ( M n 2 + ) > r ( F e 2 + ) . A s a consequence, 
the i r o n - n i t r o g e n b o n d lengths of the i r o n complex molecu le embedded 
i n the manganese host tends to increase, a n d the concomitant reduc t i on 
i n the crystal field strength at the i r o n site leads to a s tab i l i zat ion of the 
h igh -sp in state. 

D r i c k a m e r et a l . (60) have used s imi lar arguments to exp la in the 
observation, also b y Mossbauer spectroscopy, that F e S 2 , w h e n d i l u t e d 
into M n S 2 , stabil izes p r e d o m i n a n t l y i n the h igh - sp in state at atmospheric 
pressure, whereas pure F e S 2 is k n o w n to possess a ^ ( O h ) g r o u n d state. 
T h e f ract ion of F e 2 * ions i n the h igh - sp in state was f o u n d to increase w i t h 
d i l u t i o n . Samples of the system F e a ? M n i . a r S 2 , w h e n subjected to moderate 
pressures, were made to exhib i t a h igh - sp in ^± l ow-sp in crossover. S i m i l a r 
results were obta ined w i t h samples conta in ing 2 % 5 7 F e i n M n S e 2 a n d 
M n T e 2 , respectively. 

T o prove the v a l i d i t y of this argument of the i o n i c size effect on the 
relat ive stabi l i ty of the h i g h - s p i n a n d l o w - s p i n states, w e also s tud ied the 
mixed-crysta l series of [ F e * C o i . s ( p h e n ) 2 ( N C S ) 2 ] a n d [ F e a ? N i i . j r ( p h e n ) 2 -
( N C S ) 2 ] a n d the h i g h l y d i l u t e d solut ion [ F e a r Z n 1 . i C ( p h e n ) 2 ( N C S ) 2 ] b y 
means of Mossbauer spectroscopy. T h e sp in conversion curves, X H ( T ) , 
for the i r o n / c o b a l t a n d the i r o n / z i n c systems are shown i n F i g u r e s 17 
a n d 18. I n the cobalt , n i c k e l (not s h o w n ) , a n d z i n c lattices, the sp in 
crossover does not go to complet ion , l e a v i n g a res idua l paramagnet i sm 
at temperatures w e l l b e l o w T c a n d a substantial res idua l d iamagnet i sm 
( R D ) at temperatures w e l l above T c . T h e transi t ion is no longer sharp 
as i n the pure [ F e ( p h e n ) 2 ( N C S ) 2 ] , aga in i n d i c a t i n g that the cooperat ive 
strength seems to be weakened on d i l u t i o n . 

I n the case of [ F e x C o i . a . ( p h e n ) 2 ( N C S ) 2 ] , the res idua l paramagnet i sm 
decreases w i t h d i l u t i o n i n the samples w i t h l o w i r o n concentrat ion (see 
F i g u r e 17) . H o w e v e r , the res idua l d iamagnet i sm at the h igh- temperature 
end increases w i t h meta l d i l u t i o n , a n d i t appears that the sp in crossover 
phenomenon becomes tota l ly quenched at inf inite d i l u t i o n . T h i s w o u l d 
i m p l y that the isolated [ F e ( p h e n ) 2 ( N C S ) 2 ] molecules accommodated i n 
the latt ice of the cobal t c o m p o u n d t e n d to stabi l ize i n the l o w - s p i n 
^ ( O h ) , contrary to w h a t is observed for the [ F e a . M n i . a ? ( p h e n ) 2 ( N C S ) 2 ] 
m i x e d crystals. A s imi lar p a r t i a l s tab i l i zat ion of the l o w - s p i n state, 2 T 2 -
( O h ) , i n the case of t r i s ( l - p y r r o l i d i n e c a r b o d i t h i o a t o ) i r o n ( I I I ) d i l u t e d i n 
the corresponding cobalt ( I I I ) latt ice also has been reported (61). H e r e , 
too, i t was assumed that the structure of the i r on ( I I I ) complex molecu le 
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19. G U T L I C H Spin Crossover 429 

is mod i f i ed s l ight ly (p resumab ly w i t h shortening of the i r o n - s u l f u r b o n d ) 
to a p p r o a c h that of the cobalt ( I I I ) host latt ice w h i c h has a shorter 
m e t a l - s u l f u r bond . 

A c c o r d i n g to the Mossbauer spectra of the [ F e a . N i i . a ? ( p h e n ) 2 ( N C S ) 2 ] 
m i x e d crystals, the l o w - s p i n state of i r o n ( I I ) seems to be more easily 
s tab i l i zed i n the n i c k e l host t h a n i n the coba l t host. 

I n the so l id solutions of [ F e a . Z n i _ a . ( p h e n ) 2 ( N C S ) 2 ] , the sp in crossover 
behavior is almost independent of the i r o n concentrat ion i n the range x 
= 0.001-0.01 (see F i g u r e 18) . H o w e v e r , the transi t ion is m u c h more 
g radua l than i n the u n d i l u t e d system, w i t h a h i g h res idua l paramagnet i sm 
fract ion be low Tc a n d a near ly 2 0 % res idua l d iamagnet i sm fract ion at the 
high-temperature end , as i n the cobalt a n d n i c k e l m i x e d crystals. T h e 
res idua l paramagnet ism fract ion is m u c h h igher t h a n i n the corresponding 
cobalt or n i c k e l hosts w i t h comparable i r o n concentrations. 

These observations seem to show qual i ta t ive ly that the amount of 
res idua l paramagnet ism i n the [ F e a . M i . a ? ( p h e n ) 2 ( N C S ) 2 ] systems is 
corre lated w i t h the re lat ive i on ic r a d i i of the M 2 + a n d F e 2 + ions. T h e 
ion ic r a d i i are k n o w n to f o l l ow the order : M n 2 + (0.82 A ) > F e 2 + (0.74 
A ) « Z n 2 + > C o 2 + ( 0 . 7 2 A ) > N i 2 + ( 0 . 7 0 A ) . F r o m the Mossbauer effect 
studies (47) i t appears that the host lattices w i t h r ( A f 2 + ) > r ( F e 2 + ) 
favor the s tabi l i zat ion of the h igh - sp in state of i r on ( I I ) as i n the case of 
[ F e a ? M n 1 . a ? ( p h e n ) 2 ( N C S ) 2 ] , a n d the host lattices w i t h r ( M 2 + ) < r ( F e 2 + ) 
favor the s tabi l i zat ion of the l o w - s p i n state of i r o n ( I I ) as i n [Fe-pCoi-a.-
( p h e n ) 2 ( N C S ) 2 ] a n d [ F e a ? N i i . a r ( p h e n ) 2 ( N C S ) 2 ] . T h i s i on i c size effect 
m a y be ra t i ona l i zed i n terms of a n a l terat ion of the i r o n - n i t r o g e n b o n d 
l ength w i t h a concomitant change i n the crysta l field strength at the i r o n 
site. I n the case of r ( A f 2 + ) > r ( F e 2 + ) , a k i n d of negative latt ice pressure 
ac t ing o n the [ F e N 6 ] chromophore causes the i r o n - n i t r o g e n b o n d to 
increase a n d the crystal field strength to decrease, w h i c h increases the 
tendency to stabi l ize the h i g h - s p i n state; i n the case of r ( M 2 + ) < r ( F e 2 + ) , 
a pos i t ive latt ice pressure ac t ing on the [ F e N 6 ] chromophore forces the 
i r o n - n i t r o g e n b o n d to decrease a n d the crysta l field strength to increase, 
w h i c h tends to favor the l ow-sp in state. 

T h e most important conc lus ion f r o m these meta l d i l u t i o n studies, i n 
[ F e a ? M i . a ? ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H as w e l l as i n [ F e a ? M i . a ? ( p h e n ) 2 ( N C S ) 2 ] , 
is that a cooperative interact ion exists between the electronic state of the 
i r o n i o n a n d the surround ing latt ice , a l though the true nature of this 
interact ion a n d details of the sp in transi t ion are s t i l l m u c h i n the dark. 

M O S S B A U E R P A R A M E T E R S O F [ F E M I _ - 1 . ( P H E N ) 2 ( N C S ) 2 ] . F igures 19, 
20, a n d 21 show that the magni tude a n d temperature dependence of the 
quadrupo le sp l i t t ing of the h i g h - s p i n state of i r o n ( I I ) i n [ F e ^ M i . a . ( p h e n ) 2 -
( N C S ) 2 ] are s imi lar for a l l i r o n concentrations i n each mixed-crys ta l 
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Figure 19. Temperature dependence of the quadrupole splitting of the 
high-spin state of iron(H) in the mixed crystals of [FexCo1_x(phen)2-
(NCS)2] (47). The dashed line refers to the undiluted [Fe(phen)2(NCSh] 
(precipitated), for which an anomaly in the AEQ(HS) vs. T curve was ob
served near Tc (36); (9) x = 1.0; (D) x = 0.5; (A) x = 0.14; (O) x = 

0.01; (V)x = 0.001. 
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Figure 20. Temperature dependence of the quadrupole splitting of the 
high-spin state of iron(II) in the mixed crystals of [FexMn1^x(phen)2-
(NCS)2] (47): (%) x = 1.0; (A) x = 0.95; (O) x = 0.51; (V) x = 0.24; 

(U)x = 0.001. 
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Figure 21. Temperature dependence of the quadrupole splitting of the 
high-spin state of iron(II) in the highly diluted solid solutions of [Fex-

Zn^Jphen^NCS),] (47): (9) x = 1.0; (A) x = 0.01; (O) x = 0.001. 

series, a n d w h e n c o m p a r i n g series h a v i n g a different host meta l M 2 * w i t h 
each other. T h i s indicates that , as i n the case of the [ F e a ? M i . a . ( 2 - p i c ) 3 ] -
C l 2 • C 2 H 5 O H series, the electronic environment a round the i r o n ( I I ) i on 
is not very different i n a l l the m i x e d crystals. H o w e v e r , i t is interest ing 
to note that the anomaly i n the temperature dependence of A E Q ( H S ) 
f o u n d i n the pure [ F e ( p h e n ) 2 ( N C S ) 2 ] p repared b y the prec ip i ta t i on 
method (36) no longer appears i n the mixed-crys ta l series w i t h M = C o , 
M n , N i (see F igures 19 a n d 2 0 ) , but is s t i l l present i n the h i g h l y d i l u t e d 
so l id so lut ion of [ F e 0 . o i Z n o . 9 9 ( p h e n ) 2 ( N C S ) 2 ] (see F i g u r e 21 ) . 

T h e magni tude a n d temperature dependence of the measured chem
i c a l shift of the h i g h - s p i n state are also very s imi lar i n these systems; the 
temperature dependence m a y be rat iona l i zed as be ing m a i n l y due to the 
second-order D o p p l e r shift. 

T h e temperature dependence of the chemica l shift of the l o w - s p i n 
doublet is less pronounced , a n d the quadrupo le sp l i t t ing also remains 
f a i r l y constant. 

Highly Diluted Solutions of [ " F e s M i . ^ b i p y h ] ( C l 0 4 ) 2 ( M = M n , 
N i , Zn) and {57FexMi-Ap^en)3'] ( C l G 4 ) 2 ( M = N i , Z n ) . T h e l o w - s p i n 
complexes [ F e ( p h e n ) 3 ] ( C 1 0 4 ) 2 a n d [ F e ( b i p y ) 3 ] ( C 1 0 4 ) 2 ( b i p y — 2,2'-
d i p y r i d y l ) are k n o w n to have crysta l field potentials (V C p) at the i r o n 
site not very far f r o m the c r i t i c a l crossover po int , V C F ===== P ( P = m e a n 
sp in -pa i r ing energy) (62,63). H o w e v e r , apparent ly the difference ( V C F 
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— P ) is considerably larger t h a n kT, so that the h i g h - s p i n state of i r o n ( I I ) 
is not thermal ly popu la ted to any measurable extent at r oom temperature . 

S t imulated b y w h a t w e have learned i n the meta l d i l u t i o n studies on 
the rea l crossover systems [ F e ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H a n d [ F e ( p h e n ) 2 -
( N C S ) 2 ] , namely , the important result that the relat ive stabi l i ty of the 
h i g h - s p i n state increases m a r k e d l y on meta l d i l u t i o n a n d that, i n the 
case of r ( M 2 + ) > r ( F e 2 + ) , the l ow-sp in state eventual ly m a y become 
total ly lost at infinite d i l u t i o n , w e recently per formed Mossbauer effect 
studies on the h i g h l y d i l u t e d so l id solutions [ 5 7 F e a . M i . a r ( b i p y ) 3 ] ( C 1 0 4 ) 2 

( M = M n , N i , Z n ; x £ 0.005) a n d [ 5 7 F e * M ! . * ( p h e n ) 3 ] ( C 1 0 4 ) 2 ( M = 
N i , Z n ; x ^ 0.005) ( 46 ) . T h e purpose was to see whether the n o r m a l 
l o w - s p i n state of the [ F e ( p h e n ) 3 ] 2 + complex molecule eventual ly turns 
over to the h igh - sp in state w h e n sufficiently d i l u t e d i n a matr ix w i t h 
r ( M 2 + ) > r ( F e 2 + ) . A l t h o u g h on ly [ F e ( p h e n ) 3 ] ( C 1 0 4 ) 2 a n d [ F e ( b i p y ) 3 ] -
( C 1 0 4 ) 2 are isomorphous w i t h each other, w e d i d not expect any 
dif f iculty i n p r e p a r i n g a l l the systems u n d e r study, since the very smal l 
f ract ion of i r o n ions (x ^ 0.005) should be easily accommodated i n n o r m a l 
latt ice sites of the host. 

Some representative Mossbauer spectra recorded of the [ 5 7 F e a ? M i . a ? -
( b i p y ) 3 ] ( C 1 0 4 ) 2 ( M = F e , N i , Z n , M n ; x £ 0.005) series at r oom 
temperature are reproduced i n F i g u r e 22. T h e spectra show only one 
quadrupo le doublet , w h i c h is unambiguous ly assigned to the l o w - s p i n 
state of i r on ( I I ) i n a l l cases. T h e difference i n the free energies of the 
h i g h - a n d l ow-sp in states, respectively, A G = G ( H S ) — G ( L S ) , m a y 
have decreased i n these so l id solutions, s imi lar ly to the observations i n 
the a p r i o r i sp in crossover systems discussed i n the two previous sections. 
T h e reduct ion i n A G , however , is not strong enough to populate the 
h igh -sp in state thermal ly to any noticeable extent. F r o m these results w e 
have est imated A G to be at least about 1200 c m " 1 . 

T h e l i n e w i d t h a n d the quadrupo le sp l i t t ing stay near ly the same on 
go ing f rom the pure i r o n compounds to the h i g h l y d i l u t e d systems; this 
is qu i te s imi lar to the results observed w i t h the sp in crossover systems 
discussed i n the last two sections. H o w e v e r , the isomer shifts observed 
i n the present systems appear to become s l ight ly more posit ive i n the 
order of M = F e < N i < Z n < M n i n the F e / M / b i p y systems, a n d of 
M = F e < N i < Z n i n the F e / M / p h e n systems. T h e effect is very weak 
i n the former series, but d is t inct ly outside the error l imi ts i n the latter 
one. T h e increas ing tendency of the isomer shift paral le ls the increase i n 
the ionic radius of the M 2 + ions, namely , F e ( 0 . 6 1 A i n the l ow-sp in state) 
< N i ( 0 . 7 0 A ) < Zn(0 .74 A ) < M n ( 0 . 8 2 A ) ( 64 ) . It is qui te l i k e l y 
that the re lat ive ly smal l [ F e ( p h e n ) 3 ] 2 + complex molecule , w h e n accom
modated i n a n o r m a l latt ice site of the [ M ( p h e n ) 3 ] ( C 1 0 4 ) 2 host, tends to 
expand isotropical ly w i t h o u t affecting not iceably the quadrupo le inter-
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Figure 22. Mossbauer spectra of the solid solutions [57FexM1_x(bipy)3]-
(C104)2 (M = Ni, Zn, Mn; x ^ 0.005) at room temperature. Spectrum a 

refers to the pure iron compound for comparison (46). 

act ion. A n increase i n the i r o n - n i t r o g e n b o n d l ength w o u l d be accom
p a n i e d b y a reduct ion of the extent of dir-p* back-donat ion , w h i c h i n t u r n 
causes the electron density at the i r on nucleus to decrease due to more 
effective sh ie ld ing b y the 3d electrons; thus the isomer shift is expected 
to become more posit ive . 

I n this context w e should aga in refer to the meta l d i l u t i o n studies of 
D r i c k a m e r et a l . (60), w h i c h showed a near ly quant i tat ive sp in state 
conversion l o w-sp in ^± h i g h - s p i n of i ron i n F e S 2 w h e n d i l u t e d into M n S 2 , 
M n S e 2 , a n d M n T e 2 , respectively . 

Influence of Crystal Solvent Molecules in [Fe (2-pic) s]Cl2 • Sol 

I n the f ramework of a cooperative s p i n transit ion mechanism as 
discussed earlier, i t is expected that the nature of the crysta l solvent 
molecules eventual ly present i n the latt ice of a sp in crossover system 
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influences the sp in transit ion characteristics. T h i s occurs supposedly 
t h r o u g h a c o m b i n e d act ion of b o t h the change i n hydrogen -bond f o r m a 
t i on between the l i g a n d a n d the in terven ing solvent molecule a n d a 
change i n the relevant p h o n o n system caused b y different p a c k i n g 
geometry a n d / o r possible crysta l lographic change. T o prove this w e 
chose the [ F e ( 2 - p i c ) 3 ] C l 2 • So l system, where Sol = C 2 H 5 O H , C H 3 O H , 
H 2 0 , 2 H 2 0 , a n d measured their Mossbauer spectra as a func t i on of 
temperature ( 4 0 ) . I n another series of experiments w e s tudied the 
deuter ium isotope effect on the sp in crossover behavior i n [ F e ( 2 - p i c ) 3 ] -
C l 2 • So l , where So l — C 2 H 5 O D , C H 3 O D ( 4 8 ) . 

S p i n Crossover i n the Solvates [ F e ( 2 - p i c ) 3 ] C l 2 • Sol (Sol = Q > H 5 O H , 
C H 3 O H , H 2 0 , 2 H 2 0 ) . T h e ethanolate, the methanolate , a n d the mono -
hydrate of [ F e ( 2 - p i c ) 3 ] C l 2 have been f o u n d to exhib i t sp in crossover, 
whereas the d ihydrate is l o w sp in at a l l temperatures under study ( 4 0 ) . 
A series of temperature-dependent Mossbauer spectra of the methanolate 
is r eproduced i n F i g u r e 23. T h e area f ract ion of the h i g h - s p i n doublet 
as a funct ion of temperature is p lo t ted i n F i g u r e 24. 

F r o m the sp in conversion curves i n F i g u r e 24 i t is c lear that the 
nature of the in terven ing crysta l solvent molecule influences the sp in 
transi t ion characteristics i n a very pronounced w a y . T h e re lat ive stabi l i ty 
of the h igh -sp in state decreases i n the f o l l o w i n g order of " S o l " molecules : 
C 2 H 5 O H , > C H 3 O H > H 2 0 > 2 H 2 0 . I n part i cu lar , significant differ
ences are noticeable w i t h respect to (1 ) the strength of the cooperative 
effect as reflected i n the slope of the sp in conversion curve , (2 ) the 
phase transit ion temperature , a n d (3 ) a hysteresis effect. T h e metha 
nolate shows a rather g r a d u a l sp in t rans i t ion , whereas the ethanolate 
a n d the monohydrate change sp in rather abrupt ly . T h i s impl ies that the 
strength of the cooperative interact ion differs f rom one solvate to another, 
a n d supports the previous suggestion (7,41) that the sp in phase t rans i 
t i on is governed m a i n l y b y a signif icant c o u p l i n g between the electronic 
state a n d the latt ice p h o n o n system. 

P a r t i c u l a r l y interest ing is the hysteresis effect observed i n the mono -
hydrate w i t h an enormously large w i d t h of about 90 K ; i t indicates 
c lear ly the first-order nature of the sp in t rans i t ion i n [ F e ( 2 - p i c ) 3 ] C l 2 • 
H 2 0 . There are on ly a f e w other examples of a hysteresis effect observed 
so far i n sp in crossover systems (39 ,65-69) . 

Q u i t e recently , s ingle-crystal x-ray structure analysis has been per 
f o r med on the ethanolate (30,32,70), the methanolate (31,32), a n d the 
d ihydrate (31) of [ F e ( 2 - p i c ) 3 ] C l 2 . T h e space groups f o u n d at r o o m 
temperature are : V2Jc ( m o n o c l i n i c w i t h Z = 4 ) for the ethanolate (30, 
70 ) , Pbca ( o r thorhombic w i t h Z = 8) for the methanolate ( 3 1 ) , a n d P I 
( t r i c l i n i c w i t h Z = 2) for the d ihydrate (31). T h u s the structures of 
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Velocity / mm s' 

Figure 23. The 57Fe Mossbauer spectra of [Fe(2-pic)3]Cl2 • CH3OH at 
various temperatures (40). The inner two lines represent the low-spin 

doublet, the outer two lines the high-spin doublet of iron(II). 
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19. G U T L I C H Spin Crossover 437 

the three solvates are definitely different, a n d f r om this point of v i e w the 
different magnet ic behavior (see F i g u r e 24) shou ld not be surpr is ing at 
a l l . T h e structure of the monohydrate is not k n o w n yet. 

T h e geometry of the [ F e ( 2 - p i c ) 3 ] 2 + cat ionic complex was the same 
i n the ethanolate (30,32,70) a n d the methanolate (31,32), namely , 
m e r i d i o n a l ( C 2 v ) , whereas that i n the d ihydrate was fa c ia l w i t h a p p r o x i 
mate ly threefo ld symmetry (31,32). 

T h e r e are also major differences i n the hydrogen-bond format ion 
as revealed b y the crysta l structure determinations. M i k a m i et a l . (30) 
state that i n the ethanolate, a l l the amino ni trogen atoms of the [ F e ( 2 -
p i c ) 3 ] 2 + complexes are l i n k e d to CI~ ions b y N - H . . . C I hydrogen bonds , 
a n d that the ethanol molecule is hydrogen b o n d e d to a C I " i o n b y a 
C I . . . H - O b o n d . K a t z a n d Strouse (32) have conf i rmed this k i n d of 
hydrogen-bond network i n the ethanolate a n d also i n the methanolate. 
G r e e n a w a y a n d S i n n reported (31) that, i n the d ihydrate , hydrogen 
bonds are f o rmed between the [ F e ( 2 - p i c ) 3 ] 2 + complex a n d the water 
molecules, presumably fac i l i ta ted b y the f a c i a l geometry of the cat ionic 
complex h a v i n g a l l three amino ni trogen atoms on one side of the i on . 
T h i s k i n d of h y d r o g e n b o n d i n g (solvent-to-cation) is absent i n the 
methanolate a n d the ethanolate. 

A t any rate, f r o m the different structures of the solvates of [ F e ( 2 -
p i c ) 3 ] C l 2 , i t must be in ferred that the dispersion relations of the re levant 
latt ice v ib ra t i ona l modes are also m a r k e d l y different, a n d this m a y w e l l 
be responsible for the different magnet i c behavior . 

T h e influence of crysta l solvent molecules on the sp in trans i t ion 
characteristics is also k n o w n f r o m other sp in crossover systems of i r o n ( I I ) 
(71-80) a n d i r o n ( I I I ) (81-86). 

Deuterium Isotope Effect on the Spin Crossover Behavior in 
[ F e ( 2 - p i c ) 3 ] C l 2 • Sol (Sol — QH5OD, C H s O D ) . W e have seen i n the 
last section that rep lac ing the w h o l e crystal solvent mo lecu le changes the 
crystal structure of the solvates [ F e ( 2 - p i c ) 3 ] C 1 2 • So l (30-32,70), w h i c h 
most l i k e l y causes the pronounced differences i n the sp in crossover 
characteristics as revealed b y the Mossbauer studies ( 4 0 ) . T o alter the 
s p i n crossover system less drast ica l ly , w e prepared the solvates [ F e ( 2 -
p i c ) 3 ] C l 2 • C 2 H 5 O D a n d [ F e ( 2 - p i c ) 3 ] C 1 2 • C H 3 O D , a n d measured the ir 
Mossbauer spectra as a funct ion of temperature (48 ) . T h e deuter ium 
isotope effect was not restr icted to the O H / O D group of the a l coho l 
molecules because of unavo idab le p a r t i a l isotope exchange w i t h the amino 
groups of the 2-pic l i g a n d d u r i n g the preparat ion . I t is be l i eved that the 
crysta l structure does not change on go ing f r o m the hydrogenated to the 
deuterated solvate. H o w e v e r , there should be a change i n the d ispers ion 
relations of the p h o n o n modes due to the al terat ion of the r educed mass, 
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a n d i t was of interest to see h o w this rather m i l d modi f i cat ion of the 
system w o u l d affect the sp in crossover behavior . 

T h e Mossbauer spectra of the deuterated system s h o w i n g aga in the 
wel l - reso lved spectra of the coexist ing h i g h - a n d l ow-sp in states are very 
s i m i l a r to those of the nondeuterated ethanolate a n d methanolate , respec
t i ve ly (40,48). T h e isomer shift a n d quadrupo le sp l i t t ing of the h i g h -
a n d l o w - s p i n states, respect ively , also agree w e l l w i t h the corresponding 
parameters of the hydrogenated systems. A d is t inct difference, however , 
appears i n the temperature dependence of the area f ract ion x H of the 
h i g h - s p i n state, as s h o w n i n F i g u r e 25. T h e sp in transit ion is complete 
i n b o t h deuterated solvates as i n the nondeuterated ones, a n d the shape 
of the sp in conversion curve does not seem to be affected. T h e sp in 
transit ion temperature T c is shi f ted u p w a r d s b y 14r-15 K i n bo th pairs of 
solvates, i n d i c a t i n g that the re lat ive stabi l i ty of the l o w - s p i n state 
increases on deuterat ion. 

T h i s H / D isotope effect m a y be understood qua l i ta t ive ly b y l o o k i n g 
at the expected change of the energy difference A E = E ° H s "~~ - E ° L S 

between the zero-point v i b r o n i c levels of the two s p i n states i n a s imple 
h a r m o n i c approx imat i on as dep i c ted i n F i g u r e 26, 

AE = Z ? ° H S — ^ ° L S 

= <(5r2) + | fec?°HS - c ( 1 A 1 ) -±hcV\a (5) 

Figure 25. Temperature dependence of the area fraction xH of the 
iron(II) high-spin doublet in the Mossbauer spectra of hydrogenated and 
deuterated solvates of [Fe(2-pic)s]Cl2 • Sol with Sol = (O) C2H5OH; (9) 

C2H5OD; (D) CHsOH; and (M) CHsOD (48). 
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>-
O 
or 
LU 
Z 
LU 

Figure 26. Schematic vibronic energy level diagram for a d6 ion in the 
low-spin state 1A1(Oh) and the high-spin state 5T2(Oh), respectively. The 

meaning of the symbols is given in the text. 

for one representative out of the 15 n o r m a l modes of v ibra t i on . ( T o 
understand the tendency of the H / D isotope effect, i t suffices to consider 
the effect of deuterat ion on just one n o r m a l mode of v i b r a t i o n ) . T h e 
c ( 5 T 2 ) a n d c ^ A i ) terms refer to the electronic energies of the h i g h - a n d 
l o w - s p i n states, respect ively ; the v°HS a n d V°LS terms denote the w a v e 
numbers of the zero-point v ibrat ions of one representative mode i n the 
two sp in states. W i t h v° = (l/2irc)Vk/fi, where k is the force constant 
a n d /x the reduced mass, a n d t a k i n g /xHs = / * L S = r*> w e ob ta in f r om 
E q u a t i o n 5 for a hydrogenated ( H ) solvate 

A E ( H ) - Ac + -| h VT/^L {Vk7s - V ^ W (6) 

where Ac stands for the differences i n the electronic energies. A s s u m i n g 
no change i n the symmetry a n d that Ac remains constant o n deuterat ion, 
w e find an analogous expression for the deuterated solvate. T h e differ
ence i n A E between the deuterated ( D ) a n d the hydrogenated solvate 
is then 

8 ( A E ) = A E ( D ) - A E ( H ) 

= \h(VV^- VTT^H") (V~fcn7- V~fcL7) (7) 
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A s 1 / / A d < l / / x H a n d fcHs < & L S , w h i c h is w e l l k n o w n f r o m v i b r a t i o n a l 
spectroscopy, 8 ( A E ) turns out to be posit ive , i m p l y i n g that the relat ive 
stabi l i ty of the l ow-sp in state increases, a n d thus shi f t ing the transit ion 
temperature Tc u p w a r d u p o n deuterat ion, as has indeed been observed 
(see F i g u r e 2 5 ) . 

A l t h o u g h the effect of deuterat ion on the sp in transi t ion behavior is 
significant, w e are not, at the present t ime , i n the pos i t ion to decide 
whether the isotope effect influences p r i m a r i l y the relat ive popu la t i on of 
the three or ientat ional sites o c cup ied b y the solvent molecule ( 3 0 ) , or 
whether the change i n the reduced mass ( on bo th the O H a n d the N H 2 

groups) a n d thereby the change i n the latt ice v ibra t i ona l modes, w h i c h 
are act ive ly invo lved i n the cooperative interact ion , is the more effective 
influence on the sp in transit ion behavior . M o r e experiments are u n d e r w a y 
i n our laboratory to c lar i fy this . 

Influence of the Preparation Method 
It has been k n o w n for qui te some t ime that the sp in transi t ion 

characteristics m a y be inf luenced b y the sample preparat ion method 
( 5 3 , 5 5 , 7 5 , 5 7 , 8 8 ) . 

O n e of the sp in crossover systems showing this k i n d of dependence 
is [ F e ( p h e n ) 2 ( N C S ) 2 ] . A l t h o u g h the sp in trans i t ion i n this c o m p o u n d 
has been w e l l documented (35) a n d s tud ied extensively b y Mossbauer 
(53,54), magnet ic suscept ib i l i ty (53,54,55), I R (20,53,56), F I R (7,8, 
21,22,57), U V / v i s ( 5 3 ) , N M R ( 5 4 ) , heat capac i ty ( 7 , 8 ) , a n d x-ray 
(35,53) techniques, w e felt i t necessary to reinvestigate this system since 
the corre lat ion between the results f r om various techniques has not 
a lways been very satisfactory. I n par t i cu lar , the res idua l paramagnet i sm 
i n this system was f ound to depend strongly o n the m e t h o d of preparat ion 
( 5 3 - 5 5 ) , a l though a l l the techniques, except for magnet ic suscept ibi l i ty , 
c o u l d not revea l any apparent differences between the samples prepared 
b y different methods. F o r our reinvestigations b y means of Mossbauer 
spectroscopy (36), w e prepared the samples e m p l o y i n g a prec ip i tat ion 
method a n d an extraction method , b o t h descr ibed i n Ref . (36); i n the 
f o l l o w i n g the different samples are referred to as Sample A (prec ip i ta ted ) 
a n d Sample B (extracted) . T h e two samples differ i n crystal size a n d 
qua l i ty . T h e extraction method y ie lds the better-developed crystals, 
w h i c h are about five times larger than the more finely dispersed mater ia l 
obta ined b y the prec ip i ta t i on method . 

Mossbauer spectra were recorded at 20 different temperatures for 
Sample A , a n d at 14 different temperatures for Sample B , w i t h par t i cu lar 
emphasis near the transi t ion region. T h e spectra show c lear ly the 
coexistence of the h i g h - a n d l o w - s p i n states of i r o n ( I I ) , w i t h strongly 
temperature-dependent intensities, as has been observed prev ious ly b y 
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19. G U T L I C H Spin Crossover 441 

other authors ( 5 4 ) . H o w e v e r , the present studies have revealed major 
differences between Samples A a n d B . 

T w o representative Mossbauer spectra, one of each of Samples A 
a n d B , recorded at 4.2 K are d i s p l a y e d i n F i g u r e 27. N o evidence for 
res idual paramagnet i sm was f o u n d i n Sample B , contrary to Sample A 
where i t amounts to approx imate ly 1 2 % . I t should be noted that i n a l l 
previous studies on [ F e ( p h e n ) 2 ( N C S ) 2 ] , the fract ion of res idua l p a r a 
magnet ism was established f r om magnet ic suscept ib i l i ty measurements 
alone, f a i l i n g detect ion i n a l l other techniques such as Mossbauer spec
troscopy, I R , etc. 

F i g u r e 28 shows the temperature dependence of the area f ract ion 
of the h igh -sp in quadrupo le doublet of Samples A and B . T h e sp in t rans i 
t i o n i n Sample B is m u c h sharper t h a n i n Sample A . T h e t rans i t ion 
temperature T c is near ly the same i n bo th samples; i t differs b y 3-4 K . 
These observations f r o m Mossbauer spectroscopy are i n accordance w i t h 
the magnet ic suscept ib i l i ty measurements o n the same samples. 

T h e temperature dependence of the q u a d r u p o l e sp l i t t ing , the l i n e -
w i d t h a n d area fract ion of the h igh - sp in quadrupo le doublet , a n d the 
temperature dependence of the magnet ic moment of Sample A are 
p lot ted i n F i g u r e 29. A m a r k e d change i n the Mossbauer l i n e w i d t h a n d 
a pronounced i r regular i ty i n the quadrupo le sp l i t t ing of the h i g h - s p i n 
molecules occur i n the c r i t i ca l temperature reg ion . S u c h changes i n the 
l inewidths a n d quadrupo le spl itt ings have been reported for the first 
t ime i n a sp in crossover system. T h i s c o u l d not be observed i n Sample B , 
since the sp in t rans i t ion is so sharp that prac t i ca l ly no h i g h - s p i n species 
are present be l ow T c . T h e u n u s u a l temperature dependence of the 
quadrupo le sp l i t t ing of the h igh - sp in state near T c a n d the sudden 
increase of the h i g h - s p i n resonance l i n e w i d t h b y a factor of about t w o 
suggest that some k i n d of reorganizat ion of the latt ice sites accompanies 
the sp in crossover. 

T h e different sp in crossover characteristics i n Samples A a n d B also 
manifest themselves i n a di f ferent ial t h e r m a l analysis ( D T A ) p l o t (see 
F i g u r e 30 ) . 

Structural Change Accompanying Spin Crossover 

T h e quest ion whether a s t ructura l change, beyond the k n o w n change 
i n m e t a l - l i g a n d b o n d length b y about 0.1-0.2 A , accompanies the sp in 
phase change has been ra ised often, p a r t i c u l a r l y i n systems w i t h abrupt 
sp in transitions such as [ F e ( p h e n ) 2 ( N C S ) 2 ] . Temperature -dependent 
x-ray di f fract ion measurements o n single crystals above a n d b e l o w T c 

c o u l d g ive the answer. Unfor tunate ly , on ly o n a f e w s p i n crossover 
systems have such measurements been done so far (27,30,32,89). 
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Figure 27. The 57Fe Mossbauer spectra of [Fe(phen)2(NCS)t] at 4.2 K: 
(a) Sample A (precipitated), (b) Sample B (extracted) (36). 

£ 0.20 

300 T/K 

Figure 28. High-spin fraction xHS from the Mossbauer spectra of [Fe-
(phen)2(NCS)2] as a function of temperature: (a) Sample A (precipitated), 

(b) Sample B (extracted) (36). 
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50 100 150 200 250 300 T /K 

Figure 29. Quadrupole splitting (QS, O), linewidth (T/2, T), area frac
tion (xHS, %), and effective magnetic moment (fieff, 0) of the high-spin 
state in [Fe(phen)8(NCS)2], Sample A (precipitated) as a function of 

temperature (36). 

K o n i g a n d W a t s o n (89) invest igated the crysta l structures of the 
" P o l y m o r p h I I " o f [ F e ( b i p y ) 2 ( N C S ) 2 ] ( b i p y — 2 ,2 ' -d ipyr idy l ) at 
approx imate ly 295 a n d 100 K , a n d f o u n d the same space group , Pcnb 
(D2h14), at bo th temperatures. T h e sp in t rans i t ion behavior i n this system 
is d i s t inc t ly less a b r u p t t h a n i n the P o l y m o r p h s I a n d I I I of the same 
system (87). 

L e i p o l d t a n d Coppens (27) s tud ied the crystal structure of tris(N,N-
die thy ld i th iocarbamato ) i r on ( I I I ) , w h i c h exhibits 2T2(Oh) ^± 6 A i ( O h ) 
sp in crossover w i t h a very g r a d u a l sp in transi t ion (24) at 297 a n d 79 K . 
T h e space group was f o u n d to change on coo l ing f r o m P 2 i / c to C 2 / n . 

M i k a m i et a l . (30) de termined the crysta l structures of [ F e ( 2 - p i c ) 3 ] -
C l 2 • C 2 H 5 O H at 298, 150, a n d 90 K a n d f o u n d that the crystals are 
monoc l in i c , P 2 i / c , i n the t w o s p i n states. Besides the very p r o n o u n c e d 
changes i n the i r o n - n i t r o g e n b o n d distance ( o n the average 2.195 A for 
the h i g h - s p i n state, 2.013 A for the l o w - s p i n state) , they observed a n 
or ientat ional disorder of the ethanol molecule w i t h a strongly t empera 
ture-dependent re lat ive popu la t i on of the three or ientat ional sites i t 
o ccupied . M i k a m i et a l . suggested that this most p r o b a b l y triggers the 
s p i n trans i t ion i n [ F e ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H . 
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— i — 1 1 r 
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Figure 30. The DTA curves for Sample A (precipitated) and Sample B 
(extracted) of [Fe(phen)2(NCS)2]. (We thank H. G. von Schnering, Stutt

gart, and M. Sorai, Osaka, who measured these curves.) 

T h e i r regu lar i ty i n the temperature dependence of the quadrupo le 
sp l i t t ing as w e l l as the enormous change i n the l inewidths of the h i g h -
s p i n quadrupo le doublet observed i n the Mossbauer spectra of [ F e -
( p h e n ) 2 ( N C S ) 2 ] , Sample A ( p r e c i p i t a t e d ) , near Tc (36) appear to 
indicate a s tructura l change go ing a long w i t h the s p i n crossover i n this 
c o m p o u n d . A l l the previous x-ray investigations ( D e b y e - S c h e r r e r photo 
graphs) at r oom temperature a n d at l o w temperatures fa i l ed to detect 
any s tructura l phase changes i n [ F e ( p h e n ) 2 ( N C S ) 2 ] (20,53). Recent ly 
w e per fo rmed temperature-dependent x-ray di frractometry measurements 
between 80 a n d 300 K o n Sample A (prec ip i tated ) a n d Sample B 
(extracted) of [ F e ( p h e n ) 2 ( N C S ) 2 ] a n d f o und indicat ions for a s tructura l 
change o n pass ing t h r o u g h Tc (36). F i g u r e 31 shows a series of x -ray 
peak profiles obta ined w i t h Sample B i n the transit ion reg ion (T c « 175 
K ) . I n b o t h Samples A a n d B , two n e w peaks appear on coo l ing , one 
a r o u n d the B r a g g angle 26 20.5°, a n d another as a shoulder on the 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

01
9

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



19. G U T L i C H Spin Crossover 445 
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Figure 31. Peak profiles of x-ray powder diffraction of [Fe(phen)2-
(NCS)2] Sample B (extracted), as a function of temperature in the transi

tion region (36) 
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very intense 24° peak. S imultaneously , one peak of the group of three 
peaks around 22° -24° disappears b e l o w T c . T h e peak profiles i n the case 
of Sample A are broader t h a n i n the case of Sample B , w h i c h is most 
p r o b a b l y due to the fact that Sample A is more finely d ispersed a n d 
of l ower crystal q u a l i t y t h a n Sample B . T h e overa l l features of the x-ray 
di f fractometry spectra of the h igh- temperature ( h i g h - s p i n ) a n d l o w -
temperature ( l ow-sp in ) phases are not too different, w h i c h impl ies that 
the s t ructura l characterist ics of the t w o phases are qui te s imi lar . N e v e r 
theless, i n v i e w of the m a r k e d changes i n the Mossbauer l i n e w i d t h a n d 
the quadrupo le sp l i t t ing of the h igh - sp in phase near T c , together w i t h 
the differences i n the x-ray di f fractometry pat tern be tween the h i g h - a n d 
low-temperature phases, some k i n d of s t ructura l reorganizat ion , b e y o n d 
the change i n i r o n - l i g a n d b o n d l ength i n d u c e d b y the sp in t rans i t ion , 
can no longer be exc luded . W e bel ieve that a n or ientat ional d i s o r d e r -
order trans i t ion , poss ib ly w i t h the N C S groups pre fer r ing certain ro ta 
t i ona l sites, m a y be an effective t r igger for the s p i n trans i t ion i n 

124.0 K 
3 

CO 
c 
CD 

122.8 K f 

> 

o 
0> 
or 

5 

121.9 K f 

3 

5.0 5.5 6.0 6.5 
Bragg angle 9 ^ 

(TC = 122.9 K) (66) Chemical Physics Letters 
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L90 5.15 5.40 
Bragg angle 6 — 

Inorganica Chimica Acta 

Figure 33. Peak profiles of x-ray 
powder diffraction on [Fe(bt)2-
(NCS)2] in the temperature region 

of the spin transition (39) 

[ F e ( p h e n ) 2 ( N C S ) 2 ] , s imi lar to the suggestion of M i k a m i et a l . (30) for 
[ F e ( 2 - p i c ) 3 ] C l 2 • C 2 H 5 O H . A s ingle-crystal x-ray study is b a d l y needed 
to c lar i fy this. 

V e r y fine var iable - temperature x-ray di f fraction w o r k i n connect ion 
w i t h Mossbauer spectroscopy o n the po lycrysta l l ine sp in crossover systems 
[ F e ( 4 , 7 - ( C H 3 ) 2 - p h e n ) 2 ( N C S ) 2 ] a n d [ F e ( b t ) 2 ( N C S ) 2 ] ( b t — 2,2'-bi-2-
th iazo l ine ) has been p u b l i s h e d recently b y K o n i g et a l . (39,66). D i s t i n c t 
a n d different x-ray peak profiles were f o u n d for the h i g h - a n d l o w - s p i n 
phases i n bo th systems on pass ing t h r o u g h T c , i n d i c a t i n g that a crystal lo 
g r a p h y phase change is associated w i t h the sp in transformation (see 
F i g u r e s 32 a n d 33 ) . T h e intensities of the x-ray peaks of [ F e ( 4 , 7 - ( C H 3 ) 2 -
p h e n ) 2 ( N C S ) 2 ] show the same temperature dependence a n d the same 
hysteresis behavior as the fractions of the h i g h - a n d l ow-sp in species 
de termined f rom the Mossbauer spectra (see F igures 34 a n d 35 ) . S i m i l a r 
observations were made o n the [ F e ( b t ) 2 ( N C S ) 2 ] system (39). T h i s is 
c lear evidence for a simultaneous change of the electronic sp in state a n d 
the crysta l lographic properties . 
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Chemical Physics Letters 

Figure 34. Temperature dependence of the relative intensity of the 
x-ray diffraction lines for the high-spin state in [Fe(4,7-(CHs)2(phen)2-

(NCS)2] near T c (66; 

n 
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0.75 -

0.50 

0.25 -
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Chemical Physics Letters 

t fraction in [Fe-
(4,7-(CH3)2(NCS)2] evaluated from the Mossbauer spectra near Tc (66) 
Figure 35. Temperature dependence of the high-spin fraction in [Fe-

. s d . . . . . . _ . . . . 
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Glossary of Symbols 

H S H i g h - s p i n g r o u n d state of the centra l meta l i o n , 5 T 2 ( O h ) i n 
case of an i ron ( I I ) complex molecule i n the approx imat ion of 
O h symmetry 

L S L o w - s p i n g round state of the centra l meta l i o n , 1 A i ( O h ) i n 
case of an i r on ( I I ) complex molecule i n the approx imat ion of 
O h symmetry 

G G i b b s free energy 
fcB B o l t z m a n n factor 
H E n t h a l p y 
S E n t r o p y 
R Gas constant 
Tc T rans i t i on temperature, f o rmal ly def ined as the temperature 

of 5 0 % s p i n conversion 
* H ( * H S ) F r a c t i o n of complex molecules i n the h i g h - s p i n g round state, 

taken here as approx imate ly equa l to the area f ract ion of the 
h igh - sp in quadrupo le doublet of the Mossbauer spectra 

R P R e s i d u a l paramagnet ism ( res idua l f ract ion of h igh - sp in mole 
cules at l o w temperatures) 

R D R e s i d u a l d iamagnet ism ( res idua l f ract ion of l o w - s p i n mo le 
cules at h i g h temperatures) 

x I r on concentrat ion of m i x e d crystals 
n N u m b e r of complex molecules of l i k e s p i n state i n a d o m a i n 
K E q u i l i b r i u m constant 
h P lanck 's constant 
c V e l o c i t y of l i ght 
c E n e r g y difference between 5 T 2 ( O h ) a n d 1 A i ( O h ) states 
8tet Te t ragona l d istort ion parameter 
Ao F r e e i o n sp in orbit c o u p l i n g constant 
R Sternheimer sh ie ld ing factor 
rj A s y m m e t r y parameter 
V C F C r y s t a l field potent ia l 
k V i b r a t i o n a l force constant 
fi R e d u c e d mass 
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20 
A High-Pressure Mössbauer Effect Study of 

the Spin State in Bis[hydrotris(3,5-dimethyl-1

-pyrazolyl)borate]iron(II) 

G A R Y J . LONG and LAURIE W . BECKER 

Department of Chemistry, University of Missouri—Rol la , Rolla, MO 65401 and 
the Nuclear Physics Division, Atomic Energy Research Establishment, 
Harwel l , Didcot, Oxfordshire, England 

BENNETT B. HUTCHINSON 

Department of Chemistry, Abilene Christian University, Abilene, TX 79699 

The opposed diamond anvil cell technique provides a fast 
and convenient means for measuring the Mössbauer spec
trum of a material at pressures up to approximately 100 
kbar. The major disadvantage of this technique is the non
-hydrostatic pressure that results. The Mössbauer spectrum 
of the title compound obtained at room temperature, and at 
various pressures up to 44 kbar, indicates that this pseudo
octahedral iron(II) complex undergoes a reversible pressure
-induced spin-state transformation from the 5T2g high-spin 
state (ΔEQ = 3.57 mm/s, δ = 1.00 mm/s) at ambient pres
sure to the 1A1g low-spin state ( Δ E Q = 0.28 mm/s, δ = 0.39 
mm/s) at 44 kbar. An analogous Mössbauer effect study of 
bis[hydrotris(1-pyrazolyl)borate]iron(II) indicates that it is 
low-spin ( Δ E Q = 0.19 mm/s, δ — 0.40 mm/s) at ambient 
pressure and that it exhibits an approximate 15% conver
sion to the high-spin state (ΔEQ = 3.34 mm/s, δ = 0.90 
mm/s) at 45 kbar. 

^ e v e r a l papers have descr ibed very sophist icated a n d complex methods 
^ for ob ta in ing the Mossbauer effect spectrum of a mater ia l at pressures 
u p to 100 kbar (1-6). A l t h o u g h these devices produce hydrostat ic 
pressures, they are often very expensive, cumbersome, a n d difficult to 

0065-2393/81 /0194-0453$05.00/0 
© 1981 American Chemical Society 
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ca l ibrate a n d operate. I n some instances they prov ide a poor geometry 
for the Mossbauer experiment. These problems are often c o m p o u n d e d 
w h e n w o r k i n g w i t h the re la t ive ly low-energy 14.4-keV g a m m a r a y used 
i n i r o n Mossbauer effect studies. M a n y of these prob lems m a y be over
come b y us ing the opposed d i a m o n d a n v i l c e l l t e chn ique (7,8). 

T h i s chapter discusses some of the advantages a n d disadvantages of 
the opposed d i a m o n d a n v i l c e l l as a p p l i e d to 5 7 F e Mossbauer effect 
studies a n d reports results o n the spin-state transformation resu l t ing at 
h i g h pressure i n the t i t le c o m p o u n d F e [ H B ( 3 , 5 - M e 2 p z 3 ] 2 a n d i n 
F e [ H B ( p z ) 3 ] 2 . 

Diamond Anvil Cell Technique 

A schematic of the opposed d i a m o n d a n v i l c e l l a n d its integrat ion 
into a Mossbauer spectrometer is i l lustrated i n F i g u r e 1. 

P r o b a b l y the greatest advantage of the opposed d i a m o n d a n v i l c e l l 
t echnique i n Mossbauer effect studies is its operat ing convenience a n d 

FR0P0RTI0NAL 
COUNTER 
DETECTOR 

'—MOSSBAUER ABSORBER BETWEEN 
DIAMOND ANVILS 

Figure I . Schematic of the opposed diamond anvil cell as it is used in 
the Mossbauer experiment 
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PRESSURE,KBAR 

Figure 2. The diamond anvil cell pressure calibration obtained for the 
three Belleville spring washer configurations shown. The area of the small 

diamond is shown also. 

smal l attenuation of even low-energy g a m m a rays. I n a t y p i c a l r o o m -
temperature experiment, the absorber under study m a y be l oaded into 
the d i a m o n d a n v i l ce l l , pressure a p p l i e d , the pressure determined , a n d 
the c e l l a l igned i n the Mossbauer spectrometer i n a p e r i o d of approx i 
mate ly 15 m i n . A change i n the pressure m a y be accompl ished i n about 
5 m i n . T h e l o w mass absorpt ion coefficient of carbon is par t i cu lar ly 
advantageous for w o r k w i t h the 14.4-keV i r o n g a m m a ray. I f i t is 
assumed that the tota l d i a m o n d p a t h l ength i n the ce l l is 2 m m a n d 
that the mass absorpt ion coefficient for carbon at 14.4 k e V is 0.66 c m 2 / g , 
then the d i a m o n d attenuation of the g a m m a ray is only about 3 5 % . T h e 
geometry of the d i a m o n d a n v i l c e l l is also good i n that the distance f r om 
the source to the detector w i n d o w m a y be less than 2 c m (see F i g u r e 1 ) . 
O t h e r advantages i n c l u d e a var iety of pressure ranges avai lable either 
b y chang ing the configuration of the Be l l ev i l l e spr ing washers (see F i g u r e 
2) or b y us ing larger- or smaller-area d iamonds . A var iety of ca l ibrat ion 
techniques (8), i n c l u d i n g the i n s i tu use of the r u b y R - l i n e fluorescence 
technique ( 9 , 1 0 ) , are avai lable . G a s k e t i n g techniques (8,11) m a y be 
used to he lp overcome the nonhydrostat ic pressures resu l t ing i n this t e ch 
n ique (see f o l l o w i n g mater ia l ) a n d apparent ly w i l l a l l o w the extension 
of this technique to about 500 k b a r (12). T h e d i a m o n d a n v i l c e l l also 
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permits the consecutive study of the in f rared (8,13), opt i ca l (14), a n d 
x-ray p o w d e r di f fraction pattern (12) of a c o m p o u n d under i dent i ca l 
condit ions i n the same pressure ce l l . F i n a l l y , a major advantage of the 
d i a m o n d a n v i l c e l l is its re lat ive ly l o w cost. T h e ce l l a n d its d iamonds 
current ly can be obtained for about $5,000. 

Unfor tunate ly , there are some disadvantages i n the use of the 
d i a m o n d a n v i l c e l l . P r o b a b l y most impor tant is the nonhydrostat ic pres
sures that are p r o d u c e d b y the nongasketed d i a m o n d a n v i l c e l l (15,16). 
A s a result "edge effects" are diff icult to e l iminate . H o w e v e r , the pressure 
gradient is often smaller than expected because of self -gasketing resu l t ing 
f r om the interna l f r i c t i on of the sample u n d e r h i g h pressure (16). T h i s 
in terna l f r i c t ion can also prevent the immediate re laxat ion of the sample 
u p o n release of the pressure. H e n c e i t m a y be diff icult to study the 
revers ib i l i ty of a pressure- induced change. T h i s nonhydrostat ic pressure 
can l ead to ca l ibrat ion problems i n de te rmin ing the best average pressure 
experienced b y the sample. Unfor tunate ly , the nonhydrostat ic pressure 
prevents the study of single crystals. T h e smal l cross-sectional area of 
the d iamonds (see F i g u r e 2 ) requires the use of a smal l area source 
( w i t h the associated l i n e w i d t h broadening ) a n d re lat ive ly l o n g count ing 
times. T h e l ong count ing times m a y be overcome b y us ing 5 7 F e - e n r i c h e d 
samples. I n fact, i t is almost essential that 5 7 F e - e n r i c h e d samples be used 
for materials w i t h a l o w i r o n content, a serious disadvantage i n some 
cases. I n add i t i on , i t is qui te diff icult to use the ce l l at temperatures 
b e l o w about 100 K because of its size. 

Experimental 

T h e results reported here in were obta ined b y us ing an opposed 
d i a m o n d a n v i l ce l l p l a c e d i n a Mossbauer spectrometer i n the conf igura
t i on shown i n F i g u r e 1. T h e source-to-detector distance was about 2 c m . 
Pressure ca l ibrat ion was accompl ished b y measur ing the B e l l e v i l l e spr ing 
compression as a func t i on of a p p l i e d force on a D i l l o n force gauge. T h e 
area of the smaller d i a m o n d ( F i g u r e 2 ) was determined b y microscopic 
methods. T h e geometry of the d i a m o n d a n v i l c e l l was then used to 
calculate the pressure between the d iamonds for a g iven spr ing compres
sion a n d for the different Be l l ev i l l e spr ing washer configurations. T h e 
results of this ca l ibrat i on for three washer configurations are shown i n 
F i g u r e 2. T h i s ca l ibrat ion was then checked w i t h H g l 2 w h i c h exhibits a 
phase change at 13 kbar ( 8 ) . I n operat ion, the spr ing compression was 
measured w i t h a metr ic micrometer , a n d the center conf igurat ion i n 
F i g u r e 2 was used for the Be l l ev i l l e washers. 

A constant-acceleration H a r w e l l Mossbauer spectrometer a n d H a r 
w e l l gas propor t i ona l counter w e r e used i n this w o r k . T h e spectrometer 
was ca l ibrated w i t h room-temperature natura l a - i ron f o i l a n d u t i l i z e d a 
room-temperature r h o d i u m matr ix 5 7 C o source w i t h an area of about 1.5 
m m 2 a n d a n o m i n a l ac t iv i ty of 30 mi l l i cur i es d u r i n g the course of this 
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work . T h i s smal l area source, obta ined f r om the R a d i o c h e m i c a l Cent re , 
A m e r s h a m , E n g l a n d , exhib i ted a l i n e w i d t h of 0.31 m m / s . T h e t y p i c a l 
count rate at the detector was 5000 counts / s a n d about 24 h were r e q u i r e d 
to accumulate each spectrum. T h e resul t ing spectra w e r e evaluated u s i n g 
s tandard statistical methods, a n d the resu l t ing parameters are accurate 
to about ± 0 . 0 2 m m / s . 

B o t h of the compounds s tudied i n this chapter w e r e prepared b y 
m o d i f y i n g a prev ious ly p u b l i s h e d method (17 ) . T h e modif ications i n 
c l u d e d recrysta l l i zat ion f rom toluene a n d subsequent d r y i n g for about 
10 h at 100 ° C i n a v a c u u m . I n a d d i t i o n , the compounds were p r e p a r e d 
on a s m a l l scale a n d used about 9 0 % -enr i ched 5 7 F e obta ined f r om O a k 
R i d g e N a t i o n a l Labora tory . 

Results and Discussion 

T h e i ron ( I I ) complexes f o rmed w i t h the various pyrazo ly lborate 
l igands (18) f o r m a n interest ing system to study at h i g h pressure. 
F e [ H B ( p z ) 3 ] 2 is k n o w n to exhib i t a h i g h - s p i n - l o w - s p i n e q u i l i b r i u m i n 
chloro form solution a n d to be l o w - s p i n i n the so l id state at r oom tempera
ture (19,20). W e reported recently (21) that this c o m p o u n d undergoes 
a transi t ion to the h igh - sp in state at about 390 K . H e n c e , this c o m p o u n d , 
w h i c h is a lready l ow-sp in at r oom temperature , w o u l d be expected to 
r e m a i n l o w - s p i n w h e n pressure is app l i ed . I n contrast, the subst i tuted 
pyrazo ly lborate c o m p o u n d F e [ H B ( 3 , 5 - M e 2 p z ) 3 ] 2 is k n o w n (20) to be 
h igh -sp in at room temperature, to undergo a spin-state interconvers ion 
between 245 a n d 194 K , a n d to be l o w - s p i n at 147 K a n d be low. A recent 
x-ray structural study of bo th compounds (22) revealed average i r o n -
n i trogen b o n d lengths of 2.172(22) A i n F e [ H B ( 3 , 5 - M e 2 p z ) 3 ] 2 a n d 
1.973(7) A i n F e [ H B ( p z ) 3 ] 2 . H e n c e , a l though b o t h compounds possess 
v i r t u a l DSd solid-state symmetry , the h igh - sp in complex has an average 
i r o n - n i t r o g e n b o n d distance that is about 0.20 A longer t h a n the l o w - s p i n 
complex. T h u s , F e [ H B ( 3 , 5 - M e 2 p z ) 3 ] 2 is an excellent candidate for a 
transformation f r om the h i g h - s p i n state to the l o w - s p i n state at h i g h 
pressure. 

T h e Mossbauer effect spectra of F e [ H B ( 3 , 5 - M e 2 p z ) 3 ] 2 obta ined at 
r o o m temperature a n d at ambient , 9, a n d 44 k b a r pressure are i l lus t rated 
i n F i g u r e 3. Mossbauer spectral parameters obta ined b o t h before a n d 
after a p p l y i n g the m a x i m u m pressure are presented i n T a b l e I . T h e 
ambient pressure spectrum is c lear ly that expected of a h igh - sp in pseudo-
octahedral i r on ( I I ) complex. H o w e v e r , there are some smal l differences 
i n the parameters reported i n T a b l e I a n d those presented earl ier b y 
Jesson et a l . ( 20 ) . These differences apparent ly are re lated to the m e t h o d 
of preparat ion (23). W i t h increas ing pressure a l o w - s p i n component 
appears at about 0.4 m m / s w i t h increas ing area re lat ive to that of the 
h igh - sp in component . A t 44 k b a r the spectrum exhib i ted 8 3 % l o w - s p i n 
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MM PER SECOND, R E L A T I V E TO METALLIC IRON 

Figure 3. Mossbauer effect spectra of Fe[HB(3,5-Me2pz)s]2 obtained at 
room temperature and at (A) ambient pressure, (B) 9 kbar, and (C) 44 

kbar in a diamond anvil cell 

i r o n ( I I ) a n d 1 7 % h i g h - s p i n i r o n ( I I ) . T h e res idua l h i g h - s p i n i r o n ( I I ) 
present at 44 k b a r p r o b a b l y results f r o m edge effects present i n the 
ungasketed ce l l . Exper iments i n a gasketed c e l l are current ly u n d e r w a y 
to evaluate this poss ib i l i ty . T h e spin-state t rans i t ion is essentially revers
i b l e i n that the release of the pressure resulted i n a greater than 9 6 % 
re turn to the h i g h - s p i n state. T h e isomer shift of the h i g h - s p i n component 
remained essentially constant d u r i n g the entire experiment. I n contrast, 
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the quadrupo le interact ion s l owly decreased d u r i n g the course of the 
entire experiment, a result for w h i c h w e have no explanat ion at this t ime . 
T h e parameters for the l o w - s p i n component observed at 9 k b a r a n d above 
are t y p i c a l of those f ound i n l o w - s p i n pseudooctahedral i r o n ( I I ) c o m 
plexes a n d resemble those observed i n F e [ H B ( p z ) 3 ] 2 at r oom temperature 
(see T a b l e I ) a n d at l ower temperatures (20 ,21) . 

A p p a r e n t l y the l i g a n d field potent ia l present at r o o m temperature i n 
h igh -sp in , 5 T 2 g , F e [ H B ( 3 , 5 - M e 2 p z ) 3 ] 2 is very close to the mean p a i r i n g 
energy r e q u i r e d for the format ion of the l o w - s p i n *Aig state. T h u s , the 
app l i ca t i on of pressure must i n i t i a l l y increase the l i g a n d field potent ia l 
of the h i g h - s p i n state enough to a l l o w the t h e r m a l p o p u l a t i o n of b o t h 
states at r oom temperature , a n d eventual ly enough so that only the l o w -
sp in state is o c cup ied . S i m i l a r results have been reported for re lated 
compounds close to the spin-crossover crystal field po tent ia l (24-28). 
T h i s c o m p o u n d thus belongs to Class 3 A i n the behavior -c lass scheme 
proposed b y F e r r a r o a n d L o n g for pressure- induced solid-state trans
formations (29). 

T h e Mossbauer effect spectra of F e [ H B ( p z ) 3 ] 2 obta ined at r oom 
temperature a n d ambient a n d 45 k b a r pressure are i l lus trated i n F i g u r e 4. 
T h e spectral parameters are presented i n T a b l e I . I n this instance, w e 
w o u l d have expected l i t t le i f any change i n the spectrum w i t h increas ing 
pressure because F e [ H B ( p z ) 3 ] 2 is a lready l o w - s p i n at room temperature 
as is ev idenced b y its Mossbauer spectral parameters ( T a b l e I ) a n d b y 
its magnet ic a n d in f rared properties (21). It is thus surpr is ing to observe 
the presence of 1 5 % of a second, presumably h i g h - s p i n component at 
45 k b a r ( F i g u r e 4 B ) . T h e format ion of this component is complete ly 
reversible ; the Mossbauer spectrum obta ined after release of the pressure 
is i dent i ca l to F i g u r e 4 A . T h e Mossbauer parameters for this component 
( A E q = 3.34 m m / s , 8 = 0.90 m m / s ) indicate the h i g h - s p i n 5 T 2 g state i n 
d ivalent i ron . F o r comparison , at 423 K a n d ambient pressure, this 
c o m p o u n d exhibits a h igh - sp in Mossbauer spectrum w i t h A E Q = 2.77 
m m / s , 8 = 0.81 m m / s , a n d a magnet ic moment of about Spp (21). T h e 
appearance of this presumably h i g h - s p i n component is surpr is ing , but not 
tota l ly unexpected. D r i c k a m e r a n d co-workers (25-28) observed a s imi lar 
phenomenon at pressures of 50 k b a r a n d above i n several d iva lent i r o n 
compounds that are l o w - s p i n at r oom temperature a n d ambient pressure. 
F o r instance, i n one of several examples (25) the l o w - s p i n complex 
F e ( p h e n a n t h r o l i n e ) 3 C l 2 • 7 H 2 0 is converted to the extent of about 1 5 % 
to a h i g h - s p i n component w i t h A E Q = 2.62 m m / s a n d 8 = 1.00 m m / s 
at 50 kbar . O p t i c a l spectroscopy also supported the format ion of this 
component at h i g h pressures. D r i c k a m e r a n d co-workers (30) propose 
that the h igh - sp in f o r m results at h i g h pressure i n the ir i m i n e complexes 
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T a b l e I . H i g h - P r e s s u r e 

Compound 

F e [ H B ( p z ) 3 ] 2 

F e [ H B ( 3 , 5 - M e 2 p z ) 3 ] 2 

p High-Spin Component 

(kbar) A E Q $ %A 

0 
45 

0" 
3.34 0.90 0.72 15 

0 3.57 1.00 0.35 > 98 
9 3.57 1.00 0.40 48 

19 3.56 1.00 0.38 26 
44 3.56 0.96 0.40 17 
2 0 ' 3.54 0.99 0.56 23 

9> 3.52 1.00 0.44 39 
0* 3.50 0.99 0.42 > 96 

• All data in mm/s relative to natural a-iron foil and measured at ambient (about 
298 K) temperature. 

o 
CD 

L U 
Q_ 

100 

98 

96 

94 

100 

98 

96 

94 

92 

9 0 

_ 4 - 3 - 2 - 1 0 1 2 3 4 
M M P E R S E C O N D , R E L A T I V E T O M E T A L L I C I R O N 

Figure 4. Mossbauer effect spectra of Fe[HB(pz)s]2 obtained at room 
temperature and at (A) ambient pressure, and (B) 45 kbar in a diamond 

anvil cell 
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Mossbauer Ef fect R e s u l t s 0 

Low-Spin Component 

8 Pave %A x 2 

0.19 0.40 0.32 100 1.18 
0.32 0.33 0.46 85 1.25 
0.19 0.40 0.30 100 1.00 

< 2 1.16 
0.00 0.58 0.56 52 1.32 
0.21 0.42 0.38 74 1.25 
0.28 0.39 0.40 83 1.35 
0.24 0.41 0.37 76 1.10 
0.15 0.44 0.46 61 0.90 

< 4 0.94 
* Measured after the application of the maximum pressure. 

because of a thermal occupat ion o f a 7 r -ant ibond ing state w h i c h is s tabi 
l i z e d at h i g h pressure a n d thus y ie lds a reduc t i on i n the crysta l field 
potent ia l at h i g h pressure. I t w o u l d be interest ing to find a s imi lar 
s i tuat ion i n this pyrazo ly lborate complex . Unfor tunate ly , i t appears that 
m u c h a d d i t i o n a l w o r k w i l l be r e q u i r e d to support either this m o d e l or 
to develop a better explanat ion. 
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21 
Relaxation Effects Associated with Magnetic 

Phase Transitions 

G. R. HOY 

Physics Department, Old Dominion University, Norfolk, VA 23508 

M . R. C O R S O N 
Physics Department, Bowdoin College, Brunswick, ME 04011 

Mössbauer spectra of substances that magnetically order 
often show a central peak with prominent wings in the 
region of the ordering temperature. We show that such 
spectra can arise from the critical slowing down of the 
Mössbauer ions spin fluctuation rate. Using a dynamic 
model, detailed calculations are presented for Kramers (S 
= 1/2) and non-Kramers (S = 1) salts. The spin Hamilton-
ian parameters, the reduced magnetization, the form and 
strength of the hyperfine interaction, and the spin fluctuation 
rate can be determined. Our results showing the critical 
slowing down of spin fluctuations in K2FeO4 are presented. 
We also give a qualitative discussion of how these micro
scopic results for the spin dynamics may fit into the frame
work of critical fluctuations. 

T n the reg ion of magnet ic phase transitions, so-cal led anomalous M o s s -
bauer spectra are often observed ( J ) , consist ing of s m a l l broadened 

peaks o n the wings of a large centra l peak. S u c h spectra are not 
characterist ic of s ing le -va lued , static hyperf ine fields. Because of the 
dif f iculty i n theoret ical ly fitting such spectra, these strange features are 
commonly at t r ibuted to effects ar is ing f r om sample temperature inhomo-
geneities, a d i s t r ibut ion of C u r i e or N e e l temperatures i n the sample, or 
c r i t i ca l superparamagnet ism. W h i l e these m a y be the correct interpre 
tat ion i n some i n d i v i d u a l cases, these anomalous spectra have been 
observed i n m a n y nonmetal l i c systems invest igated b y m a n y different 
researchers. H e n c e , i t seems reasonable to search for an u n d e r l y i n g 

0065-2393/81 /0194-0463$05.00/0 
© 1981 American Chemical Society 
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p h y s i c a l reason for their occurrence. I n add i t i on to p r o v i d i n g a q u a l i t a 
t ive interpretat ion of these spectra, w e also propose to formulate the 
p r o b l e m i n such a manner that some quant i tat ive progress can be made 
i n unders tand ing such phenomena. 

V e r y p o w e r f u l a n d general theoret ical techniques for ca l cu la t ing 
Mossbauer effect l ine shapes i n the presence of re laxat ion n o w exist ( 2 -
20). B y p a r t i c u l a r i z i n g this general theory, i t is possible to formulate the 
p r o b l e m i n such a w a y that m a n y interest ing phys i ca l parameters can be 
determined us ing Mossbauer spectroscopy. I n part i cu lar , one can observe 
(21) a n d also c lar i fy the m e a n i n g of the " c r i t i c a l s l ow ing d o w n " of an 
ion's sp in fluctuation rate near the c r i t i ca l temperature. F u r t h e r m o r e , i t 
m a y be possible to beg in to connect the results of these microscopic 
Mossbauer measurements w i t h the usua l c r i t i c a l phenomena p i c ture 
consist ing of clusters of corre lated atomic spins. 

Formulation of the Problem 
I t is c o m m o n i n Mossbauer spectroscopy to consider the Mossbauer 

nucleus to be i n an "effective magnet ic field" p r o d u c e d b y the electrons 
i n the i on . In general it is not true that one can treat the p r o b l e m i n this 
w a y . A more general type of interact ion w o u l d be a hyperf ine t e rm 
convent ional ly w r i t t e n f • A • If the hyperf ine interact ion tensor con
tains only an Azz component, then the hyperf ine interact ion can be w r i t t e n 
AZZSZIZ, w h i c h c lear ly gives the effective magnet ic field result. 

T h e electrons that interact w i t h the nucleus are m o v i n g i n a c o m p l i 
cated fashion. I n add i t i on , the ions can interact w i t h each other a n d / o r 
w i t h the latt ice v ibrat ions of the so l id . U n d e r certain condit ions these 
d y n a m i c effects can be observed, a n d the correct interpretat ion of these 
effects contains remarkab ly deta i l ed in format ion . Because of the di f f iculty 
i n v i s u a l i z i n g the most general f o rmulat ion of the t ime-dependent p r o b 
l e m , i t is very useful to ga in some p h y s i c a l ins ight b y cons ider ing a less 
general case. T o do this , consider a 5 7 F e i on h a v i n g no o rb i ta l angu lar 
m o m e n t u m , a n d total i on ic sp in S = 1/2. I n the absence of a rea l or 
effective magnet ic field, this K r a m e r s i o n w i l l have a d o u b l y degenerate 
g round state independent of the degree of asymmetry of the crystal l ine 
environment ( K r a m e r s T h e o r e m ) . Assume, for s impl i c i ty , that the 
? • X • S hyperf ine interact ion can be represented b y the effective m a g 
netic field approx imat ion . U n d e r these condit ions the 5 7 F e nucleus is i n 
a n effective magnet ic field equa l to — H or H w h e n S* = 1/2 a n d — 1 / 2 , 
respectively. I f the sp in system magnet i ca l ly orders be l ow some c r i t i ca l 
temperature, the ground-state degeneracy is removed a n d the |S = 1/2, 
Sz = l / 2 > a n d | l / 2 , — 1 / 2 > eigenstates become unequa l ly populated . 
I f the i on undergoes transitions between these eigenstates because of 
some relaxat ion mechanism i n the so l id , w e must determine the effective 
magnet ic field at the nucleus. 
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21. H O Y A N D CORSON Magnetic Phase Transitions 465 

Cons ider the cases of s low, fast, a n d intermediate , re laxat ion s h o w n 
i n F i g u r e 1. B y the t i m e - e n e r g y uncerta inty p r i n c i p l e , the t ime r e q u i r e d 
for a nucleus to "measure" an effective magnet ic field is approx imate ly 
the L a r m o r p e r i o d of the nucleus i n that field, w h i c h for 5 7 F e is t y p i c a l l y 
10" 9 s. I f the i on i c sp in fluctuation rate is s low, a n d a n i o n spends m a n y 
L a r m o r periods i n each eigenstate, then a Mossbauer nucleus experiences 
a magnet ic field — i f or -\-H d e pe nd ing o n the state of the atom conta in ing 
the nucleus. I n this case, the Mossbauer spectrum is the B o l t z m a n n -
w e i g h t e d sum of t w o spectra characterist ic of these t w o fields. Since — H 
a n d + H produce the same Mossbauer pat tern , the resu l t ing spectrum 
is as shown i n the u p p e r curve i n F i g u r e 1. 

I f the ionic sp in fluctuation rate is fast compared to the L a r m o r 
frequency , then the nucleus cannot respond to the i n d i v i d u a l fields H 
a n d — H, a n d a l l n u c l e i experience the same, s ingle -valued effective 
magnet ic field w h i c h is the B o l t z m a n n - w e i g h t e d average of these two 

IONIC STATE 
S = 1/2 

S,= 1/2 

S2=-l/2 

HYPERFINE EFFECTIVE MAGNETIC 
FIELD AT NUCLEUS 

-H 

CASE I: SLOW RELAXATION 

(Relaxation frequency much 
lower than the nuclear 
Larmor frequency in the 
magnetic field H.) 

CASE 2= FAST RELAXATION 

(Relaxation frequency much 
higher than the nuclear 
Larmor frequency in the 
magnetic field H.) 

CASE 3: INTERMEDIATE 

RELAXATION 

(Relaxation frequency 
comparable to the nuclear 
Larmor frequency in the 
magnetic field H.) 

Figure 1. Calculated Mossbauer transmission spectra, including the 
effects of relaxation, for an S = V2 Kramers ion having eigenstates 
|S,M S > of \V2, V2> and \V2, — V2>. In these spectra, the hyperfine 

interaction is assumed to be an effective magnetic field. 
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values. F o r a system w i t h some magnet ic order, a possible spectrum is 
shown as the m i d d l e curve i n F i g u r e 1. N o t e that the overa l l w i d t h of 
the fast re laxat ion spectrum is less t h a n that of the s low re laxat ion 
spectrum. 

If the ionic sp in fluctuation rate is comparab le to the nuc lear L a r m o r 
frequency, then the effective magnet ic field experienced b y the nucleus is 
not w e l l defined. T h i s gives rise to a " re laxat ion -broadened" spectrum. 
T h e lowest curve i n F i g u r e 1 shows such an example for a system h a v i n g 
zero magnet i c order. 

N e x t consider a 5 7 F e i o n w i t h no o r b i t a l angular m o m e n t u m , to ta l 
i on i c sp in S = 1, a n d nondegenerate ionic eigenstates S* = 1,0, a n d — 1. 
A g a i n assume the effective magnet ic field approx imat ion for the hyperf ine 
interact ion . T h i s effective magnet ic field takes on the values — H, 0, a n d 
+H w h e n Sz = 1,0, a n d — 1 , respectively. I n the presence of re laxat ion 
effects, w e must again determine the resul t ing Mossbauer spectra. F i g u r e 
2 shows results s imi lar to those i n F i g u r e 1 for this non -Kramers i on . 
T h e r e are several important differences between these two sets of results. 
T h e ion ic state |S = 1, Sz — 0 > does not produce a magnet i c field at the 
nucleus. T h u s , i n the s low re laxat ion l i m i t this state produces a single 
peak at the center of the pat tern as shown i n the u p p e r curve i n F i g u r e 2. 
T h e two miss ing peaks of the ac company ing six- l ine pat tern f r o m states 
|1,1> a n d |1, — 1 > are h i d d e n b y the centra l peak. 

I n the fast re laxat ion l i m i t , as i n the m i d d l e curve of F i g u r e 2, a l l 
n u c l e i experience the same s ingle -valued effective magnet ic field w h i c h 
is the B o l t z m a n n - w e i g h t e d average of the three values — H, 0, a n d + H . 
T h e m e a n i n g of this is that the three fields — H, 0, a n d + H have lost 
the i r i n d i v i d u a l identit ies . A s a consequence, the centra l peak i n the s low 
re laxat ion spectrum of F i g u r e 2 at tr ibutable to the magnet ic field of 0 is 
complete ly absent i n this fast re laxat ion l i m i t . 

A more complete analysis app l i cab le to Mossbauer exper imental 
results i n c l u d i n g t ime-dependent effects recently has been f o r m u l a t e d i n 
a very useful a n d general w a y ( 1 2 ) , a n d this method is used i n the 
development presented here. T h e details of the f o rmulat i on can be f o u n d 
i n the o r i g ina l reference, so w e w i l l on ly give a summary . 

W e w i l l assume that the 5 7 F e nucleus is c oup led to its atomic 
electrons t h r o u g h the hyperf ine interact ion , a n d that i n the ion ic system 
some r a n d o m process induces transitions between the eigenstates of the 
i on . T h i s " re laxat ion" process is assumed to be stationary Marko f f ian , so 
that i t is possible to obta in c losed-form mathemat i ca l expressions for the 
resu l t ing l ine shape us ing the so-cal led super operator f o rmal i sm. T h e 
essential result for the l ine shape as a func t i on of emit ted energy 
fLis (12), 

FM— £ 6 ,<v|i i + | f i>( /*v|u(p)| / iV)</|i l| /> (1) 
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IONIC STATE 
S = I 

•to 

HYPERFINE EFFECTIVE MAGNETIC 
FIELD AT NUCLEUS 

S = 0 

s = -I 

CASE 1= SLOW RELAXATION 

(Relaxation frequency much 
lower than the nuclear 
Larmor frequency in the 
magnetic field H.) 

CASE 2 FAST RELAXATION 

(Relaxation frequency much 
higher than the nuclear 
Larmor frequency in the 
magnetic field H.) 

CASE 3= INTERMEDIATE 

RELAXATION 

(Relaxation frequency 
comparable to the nuclear 
Larmor frequency in the 
magnetic field H.) 

Figure 2. Calculated Mossbauer transmission spectra, including the 
effects of relaxation, for an S = l non-Kramers ion having eigenstates 
|S,M S > of |I,I>, \1,0> and 1>. In these spectra, the hyperfine 

interaction is assumed to be an effective magnetic field. 

where bv is the occupat ion p r o b a b i l i t y of the i n i t i a l state |v>, p = iT 
— ifuo, A is the operator for emission (or absorpt ion) of rad ia t i on , a n d 
u(p) = (p — W — i H 0

x ) ' 1 . T h e matr ix elements of A are essential ly 
C l e b s c h - G o r d a n coefficients t imes vector spher ica l harmonics . T h e matr ix 
elements of u(p) are ca l cu lated b y i n v e r t i n g the super matr ix whose 
d imens ional i ty is (2S + l ) 2 ( 2 Z i + 1) (210 + 1), where S is the (effective) 
ionic sp in a n d Ii a n d I0 are the spins of the excited a n d ground nuc lear 
levels. T h e matr ix elements of the super H a m i l t o n i a n H 0

X are g iven b y 
(12), 

(2) 

T h e matr ix elements of the super re laxat ion matr ix W w i l l be g iven later . 
I n our ca l cu lat ion w e do not actual ly compute the needed inverse for 
every va lue of <o, but use a method (13,17) that al lows the computer 
ca l cu la t i on to be done more r a p i d l y . 
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I n our approach , w e wr i t e the H a m i l t o n i a n ^ 1 / i n the f o l l o w i n g f o r m : 

cH = Hct -f- Hmi + #hyper + i ? n + -Hrelax(0 (3) 

where 

# C f - D [s* -1- S ( S + 1 ) ] + E ( S / - S, 2 ) 

Hhyper = = AzIz&z ~f" AXIXSX ~\~ AyIySy 

H » - 4 / ( 2 7 9 - l ) [ 3 7 ^ - 7 ( 7 + 1 } + 2 ( 7 + 2 + 7 " 2 ) ] 

T h u s Hct represents the effect of the crystal l ine field o n the i on i n the 
sp in H a m i l t o n i a n approx imat ion , and Hmf arises f r om magnet ic o rder ing 
i n the Weiss molecu lar field mode l . W e are a l l o w i n g for the poss ib i l i ty 
of ferromagnetic or some other type of magnet ic o rder ing of the i o n i c 
moments. ffhyPer represents the hyperf ine interact ion between the nucleus 
a n d the electrons i n the i on . T h i s term is treated f u l l y q u a n t u m m e c h a n 
i ca l l y i n the ca lculat ion . Hn is the usua l quadrupo le interact ion between 
the nucleus a n d any exist ing electric field gradients. Because w e are 
p r i m a r i l y interested i n magnet i c effects w e w i l l set Hn = 0 i n this discus
sion. ffreiax(*) is the t e r m that causes the i on i c system to f l ip f r o m one 
of its states to another as the result of interactions w i t h its ne ighbor . 
T h i s term is not w r i t t e n exp l i c i t ly , but its effect is incorporated into the 
ca l cu la t i on b y i n c l u d i n g the re laxat ion super matr ix W . 

T h e first two terms of E q u a t i o n 3 represent the i on i c H a m i l t o n i a n , 

# i o „ = D [s> - | S(S + 1) J + E(S/ - Sy
2) + yaSz (4) 

where D a n d E are the sp in H a m i l t o n i a n parameters , a is the r educed 
magnet izat ion of the ionic sp in system i n the m e a n field approx imat ion , 
a n d S is the sp in of the ion . T h u s H0 (see E q u a t i o n 2 ) can be w r i t t e n , 

Ho == Hion Hhyper (5) 

T h e re laxat ion process associated w i t h H(t) is taken to consist of a n 
interact ion that causes the i o n to evolve i n t ime accord ing to a stationary 
Markof f ian c h a i n through its ionic energy levels Ei a n d its corresponding 
eigenstates ^ . E{ a n d ^ are determined b y ob ta in ing the eigenvalues a n d 
eigenvectors of the ionic H a m i l t o n i a n H i o n . I n our case, because w e are 
p r i m a r i l y interested i n the low-temperature region, w e have taken the 
re laxat ion mechanism to arise f r o m the " f l i p - f l o p " par t of the d i p o l e -
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21. H O Y A N D CORSON Magnetic Phase Transitions 469 

d ipo le interact ion. W e expect this energy-conserving s p i n - s p i n inter 
act ion to be the dominant mechan ism at l o w temperatures. ( T h i s is not 
complete ly correct for a n S = 1/2, d o u b l y degenerate system, w h i c h , i n 
a d d i t i o n to the C l a u s e r - B l u m e theory is discussed b y D a t t a g u p t a ( 2 2 ) . 
A t h i g h temperatures, the large n u m b e r of phonons is expected to cause 
sp in - la t t i c e re laxation to dominate . ) 

A s s u m i n g that the ion ic system is i n i t i a l l y i n state fa, the transi t ion 
p r o b a b i l i t y for the i o n to flip f r o m state fa to state fa is g iven b y 

where O is the relaxat ion rate parameter , S + a n d S. are the usua l ra i s ing 
a n d l o w e r i n g operators, respectively, a n d the n o r m a l i z e d B o l t z m a n n 
factor determines the p r o b a b i l i t y of finding a ne ighbor w i t h w h i c h to 
undergo a sp in flip. I t is important to real ize that at sufficiently l o w 
temperatures i n a magnet i ca l ly ordered sample, the transi t ion probabi l i t ies 
for flipping cannot occur s i m p l y because the n u m b e r of neighbors w i t h 
w h i c h to exchange sp in has been reduced to zero for the unfavored 
sp in orientation. 

A n important step of this ca l cu lat ion is the construct ion of the 
so-cal led super or L i o u v i l l e H a m i l t o n i a n . T h i s par t i cu lar construct ion i : 
interest ing because the eigenvalues of the resul t ing super matr ix give the 
actual energies of a l l possible radiat ions of the system. I n add i t i on , f r o m 
a theoret ical po in t of v i ew , the introduct ion of this type of operator 
results i n s i m p l i f y i n g the c o m m u t a t i o n relations needed to solve the 
t ime-dependent p r o b l e m . T h e super H a m i l t o n i a n matr ix is defined b y 

where mg a n d me refer to the nuclear g r o u n d a n d excited states, respec
t ive ly . 

T h e re laxat ion super matr ix W is def ined as ( 1 2 ) , 

(fa mg fa me\W\ fa' mg' fa' rae'). 

T o s impl i fy the notat ion let fa = /x a n d fa = v. T h e n , the matr ix 
elements of W are g iven by , 

Qij = o | < fa fa | S+i S.j + S.i S+j | fa fa > 

X exp ( - ^ / f c D / E e x p (-Et/kT) (6) 
i 

{famgfame\H0*\fa'mg'fa'me') — <famg\H0\fa'mg'> 

hj,ilff$me,me' — <faf/^e\H0\fame> $fafa'$mg,mg' 

(7) 

where is def ined i n E q u a t i o n 6. 
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W h e n construct ing the re laxat ion operator super matr ix W , i t is 
impor tant to k n o w a re lat ionship i n v o l v i n g the d iagona l elements, namely , 

( i | ^ | i ) - - Z ( i | ^ | j ) , 

where this re lat ionship fo l lows f r o m the concept of de ta i l ed balance . 

Consideration of Various Cases 

I n this section w e present m o d e l calculations s h o w i n g theoret ical 
5 7 F e Mossbauer spectra as the f o l l o w i n g parameters are v a r i e d : the sp in 
H a m i l t o n i a n parameters D a n d E , the r educed magnet izat ion a, the f o r m 
a n d strength of the hyperf ine interact ion Ax,Ay,Az,(Ax=Axx, e tc . ) , the 
ion ic sp in S, a n d re laxat ion rate parameter Q. W e consider three possible 
cases of the crystal l ine field—the h i g h l y symmetr i ca l one i n w h i c h D = 
E = 0, the ax ia l ly symmetr i c crystal l ine field where D ^ O , a n d E = 0, 
a n d finally, the rhombi c crystal l ine field where D ^ 0 a n d E ^ 0. W e 
assume that the ionic system fol lows a We i ss magnet izat ion curve as i t 
magnet i ca l ly orders w h e n the temperature is l owered be low the trans i t ion 
temperature. W e inc lude two forms for the hyperf ine interact ion , namely , 
the effective field case Ax = Ay = 0 a n d Az ^ 0, a n d the isotropic hyper 
fine interact ion Ax = Ay = Az =̂= 0. W e also consider two cases for the 
i on i c s p i n — t h e S = 1/2 K r a m e r s system a n d the S = 1 non-Kramers i on . 
A s imi lar ca l cu lat ion for S = 3 / 2 has been considered prev ious ly ( 2 3 ) . 
H o w e v e r , i n that case, the of f -diagonal elements of the electron nuclear 
magnet ic hyperf ine interact ion were neglected. 

I n our calculat ions a l l the parameters D , E , Ax, Ay, AZy a n d O are 
expressed i n energy units such that the n u m b e r eight corresponds to a 
t y p i c a l i r on Mossbauer exper imental l i n e w i d t h of 0.30 m m / s . F o r energy 
conversion purposes note that one of our units equals : 3.75 X 10" 2 m m / s , 
1.8 X 1 0 9 e V , 2.09 X 10" 5 K , 2.89 X 10" 2 1 erg, or 1.46 X 10" 5 c m " 1 . 

S = 1/2 K r a m e r s System. F o r this case the sp in H a m i l t o n i a n 
parameters D a n d E have no effect, as can be seen f r o m the f o r m of H C T . 
I n F i g u r e 3 w e consider the Kramers i o n system w i t h S = 1/2. T h e first 
c o l u m n shows the ca lcu lated Mossbauer spectra w h e n the ion ic system 
fo l lows a Weiss molecu lar field magnet izat ion curve as the temperature 
is l owered , a n d the ionic re laxat ion rate O is h e l d constant at a fa i r l y 
large va lue (here large means c o m p a r e d to the va lue of the hyperf ine 
interact ion c o u p l i n g constant as discussed i n the previous sect ion) . T h e 
second c o l u m n shows the spectra for the case of a constant smal l va lue of 
r educed magnet i zat ion o-, b u t w i t h the re laxat ion rate O decreasing b y 
several orders of magni tude . T h e t h i r d c o l u m n is s imi lar to the second 
but the system is assumed to be above its magnet ic transit ion temperature 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
1

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



21. H O Y A N D C O R S O N Magnetic Phase Transitions 471 

SPIN 1 /2 AXG=AYG=0 A Z G = - 8 0 

Figure 3. Calculated Mossbauer spectra, including the effects of re
laxation, for an S = V2 Kramers ion. The hyperfine interaction is assumed 

to be an effective magnetic field. 

a n d thus has a zero value of r educed magnet izat ion o\ T h e dashed-arrow 
p a t h connect ing the Spectra a to b to c a n d then d o w n C o l u m n 1 shows 
a possible sequence of spectra i f there is a " c r i t i c a l s l o w i n g d o w n " of the 
i o n s sp in fluctuation rate i n the transit ion reg ion as the temperature is 
l owered . 

F i g u r e 4 shows the same calculat ions as i n F i g u r e 3 except that i n 
F i g u r e 4, the hyperf ine interact ion is taken to be isotropic . There are 
two important n e w features shown i n this figure. F i r s t , notice the two 
upper curves i n C o l u m n 1. T h e pat tern actual ly narrows as the tempera 
ture is l owered be low the transit ion temperature. T h e reason for this is 
expla ined b y the second important feature, seen i n C o l u m n 3, w h i c h 
shows the spectra resul t ing f r om the isotropic hyperf ine interact ion w h e n 
<T = 0, as the re laxat ion rate O is decreased. T h e important po int is that 
for a s m a l l va lue of the re laxat ion rate parameter O, the isotropic hyper 
fine interact ion produces a spectrum i n w h i c h the total peak spac ing is 
greater t h a n the f u l l y spl i t effective magnet ic field spectrum shown at 
the bot tom of C o l u m n 1. T h i s means that even for a re lat ive ly large 
va lue for the re laxat ion rate parameter O as shown i n the first patterns i n 
C o l u m n s 1 a n d 3, the spectrum is not 'Ynotional ly n a r r o w e d " to its 
m i n i m u m value . 
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SPIN 1/2 AXG=AYG=AZG=-80 

Figure 4. Calculated Mossbauer spectra, including the effects of re
laxation, for an S = V2 Kramers ion. The hyperfine interaction is taken 

to be isotropic. 

SPIN 1 D=0 E=0 AXG=AYG=0 A Z G = - 4 4 

Figure 5. Calculated Mossbauer spectra, including the effects of re
laxation for an S = 1 Kramers ion in a highly symmetric crystalline field. 
The hyperfine interaction is assumed to be an effective magnetic field. 
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Not i c e , b y c o m p a r i n g C o l u m n s 2 a n d 3, that i t takes only a very s m a l l 
va lue of reduced magnet izat ion o- to " q u e n c h " the isotropic interact ion 
into the effective field approx imat ion . E v e n w i t h a smal l va lue of r e d u c e d 
magnet izat ion , the size of the mean-f ie ld magnet izat ion t e rm i n the tota l 
H a m i l t o n i a n is such that the terms off the d iagona l c o m i n g f r o m Ax a n d 
Ay are very smal l c ompared to the terms a long the d iagonal , a n d hence 
have l i t t le effect. 

S = 1 N o n - K r a m e r s System. F o r this case the sp in H a m i l t o n i a n 
parameters D a n d E affect the spectra greatly. I f D > 0 a n d E == 0, the 
ion ic eigenstate |S = 1, M s = 0 > has the lowest energy, a n d the states 
|1,1> a n d |1, — 1 > are degenerate. I f D < 0 a n d E = 0 the ionic energy 
l eve l d iagram is just inverted , a n d i f D ^ 0 a n d E ^ 0 the three ion ic 
energy levels are nondegenerate. 

F i g u r e 5 shows the results for a non-Kramers i o n system (S = 1) i n 
a h i g h l y symmetr ic crystal l ine field (i.e., D = E = 0) us ing the effective-
field hyperfine interact ion (Ax = Ay = 0, Az ^ 0 ) . These results look 
very s imi lar to those of F i g u r e 3 except for one important difference. 
N o t i c e that i n the s low relaxat ion l i m i t , there is a large centra l peak. A s 
discussed i n a previous section, this results f r om the ion i c eigenstate 
| S , M S > 11,0 > w h i c h possesses no magnet ic moment . 

F i g u r e 6 is s imi lar to F i g u r e 4, a n d i n C o l u m n 3 specif ically shows 
the effect of a n isotropic hyperf ine interact ion for this case of a n o n -

SPIN 1 D=0 E=0 AXG=AYG=AZG=-44 

Figure 6. Calculated Mossbauer spectra, including the effects of re
laxation, for an S = l Kramers ion in a highly symmetric crystalline field. 

The hyperfine interaction is taken to be isotropic. 
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K r a m e r s system. N o t i c e also i n C o l u m n 2 that i n the s low re laxat ion l i m i t 
w h e n o- ^ 0, there is aga in a large centra l peak i n the spectrum. 

I n F i g u r e 7, the S = 1 i on is i n an ax ia l ly symmetr ic crystal l ine field 
(i .e. , D ^ 0 , E = 0 ) . E v e n though the hyperf ine interact ion is taken to 
be isotropic , the presence of the D t e r m produces spectra that are i d e n t i 
c a l to the effective field result specif ical ly ca l cu la ted i n F i g u r e 8. T h e 
reason that F i g u r e 7 gives the same results as F i g u r e 8 is that the presence 
of the D t e rm i n the H a m i l t o n i a n produces large values d o w n the d iago 
n a l of the H a m i l t o n i a n matr ix , a n d thus the of f -diagonal elements ar i s ing 
f r o m the Ax a n d Ay terms are neg l ig ib le . 

F i g u r e 9 shows the result for an S = 1 i on i n a r h o m b i c crystal l ine 
field (i .e. , D ^ 0, E ^ 0 ) . T h e effective-field hyperf ine interact ion also 
has been assumed. Perhaps the only surpr is ing result is conta ined i n 
C o l u m n 3. N o t i c e that above the trans i t ion temperature, w h e n the 
reduced magnet izat ion a = 0, there is no effective magnet ic field at the 
nucleus independent of the va lue of the re laxat ion rate fi. T h i s result is 
at tr ibutable to the fact that for the non -Kramers S = 1 i on i n a r h o m b i c 
crysta l l ine field, the ionic energy levels are nondegenerate. I n general 
these eigenstates can be w r i t t e n u s i n g the | S , M g > notat ion as, 

W h e n the r e d u c e d magnet izat ion a is equa l to zero, the magn i tude 
of the coefficients au a2, fei, a n d b2 are a l l equal , that is to say, each of 
the states fa a n d fa conta in equa l amounts of " c i r c u l a t i o n " u p a n d 
" c i r c u l a t i o n " d o w n . T h u s , none of these states produces a n effective 
magnet i c field at the nucleus. T h i s result is sometimes k n o w n as V a n 
Vleck ' s theorem. H o w e v e r , i f the r educed magnet izat ion takes on a 
finite va lue , the magnitudes of the coefficients fli a n d a2 are not e q u a l 
( a n d l ikewise for the coefficients foi a n d b2). T h u s , under these c i r c u m 
stances the i on i c states fa a n d fa p roduce a n effective magnet ic field at 
the nucleus, a n d a spl i t hyperf ine pattern can exist. 

Further Results and Speculations 

O u r calculat ions, a l though rather compl i ca ted , s t i l l on ly treat the 
i n d i v i d u a l i o n i n a magnet ic mean-f ie ld approx imat ion . H o w then c a n 
this type of ca l cu lat ion be used to get any in format ion about c r i t i ca l 
fluctuations, since they are, b y the ir nature , associated w i t h long-range 
correlations? I n our m o d e l w e expect that the re laxat ion rate parameter 
O w o u l d be constant over a smal l range of cryogenic temperatures, 

fa 
fa 

a 1 | l , l > + a 2 | l , - l > 

b i | l , l > + b 2 | l , - l > 

|1,0> 
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SPIN 1 D -7524 E=0 AXG=AYG=AZG=-44 

Figure 7. Calculated Mossbauer spectra, including the effects of re
laxation, for anS — 1 Kramers ion in an axially symmetric crystalline field. 

The hyperfine interaction is taken to be isotropic. 

SPIN 1 D - 7 5 2 4 E=0 AXG=AYG=0 A Z G = - 4 4 

Figure 8. Calculated Mossbauer spectra, including the effects of re
laxation, for anS = l Kramers ion in an axially symmetric crystalline field. 
The hyperfine interaction is assumed to be an effective magnetic field. 
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SPIN 1 D=7524 E=1368 AXG=AYG=0 AZG=-44 

Figure 9. Calculated Mossbauer spectra, including the effects of re
laxation, for an S = I Kramers ion in a rhombic crystalline field. The 

hyperfine interaction is assumed to be an effective magnetic field. 

because Bo l tzmann- fac tor effects are exp l i c i t l y i n c l u d e d i n the ca l cu lat ion . 
H o w e v e r , near a c r i t i c a l po int , as a consequence of c r i t i c a l fluctuations, 
the sample consists of clusters of ionic spins i n w h i c h the orientations of 
the spins are m u c h more h i g h l y correlated t h a n w o u l d be the case i n the 
absence of these c r i t i ca l fluctuations. U n d e r such condit ions the spin 
system consists of h i g h l y corre lated spins. T h e l i k e l i h o o d that a n i o n , 
conta in ing a Mossbauer nucleus , w i l l find a ne ighbor s p i n w i t h w h i c h 
to exchange sp in orientations shou ld be less t h a n that g iven b y the 
n o r m a l i z e d B o l t z m a n n factor i n E q u a t i o n 6. T h i s then w o u l d result i n 
our need ing a smaller va lue of the re laxat ion rate parameter O t h a n 
w o u l d be expected i f these correlated clusters d i d not exist. Therefore , 
the existence of c r i t i c a l fluctuations w o u l d appear b y r e q u i r i n g a sharp 
r educ t i on i n the re laxat ion rate parameter Q i n order to fit the exper i 
m e n t a l spectra i n this temperature range. 

U s i n g these m o d e l spectra, i t is possible to observe the c r i t i c a l 
s l o w i n g d o w n of an ion's s p i n fluctuations b y means of Mossbauer 
spectroscopy, a n d to determine crysta l field, magnet izat ion , a n d re laxat ion 
in f o rmat i on u s i n g the re levant theoret ica l analysis. I n F i g u r e 10 w e 
present our earl ier w o r k u s i n g a sample of K 2 F e 0 4 (24). T h e determined 
values of the parameters for this case are S = 1, a n d i n our units D = 
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7524.1, E = 1368.0, a n d an isotropic magnet ic hyperf ine c o u p l i n g constant 
for the nuc lear g round state Ag = —44.67. T h e ca l ibrat i on was 0.03766 
m m / s / c h a n n e l . T h e values of D a n d E correspond to the p u b l i s h e d 
values (25) of 0.11 c m " 1 a n d 0.02 c m " 1 , respectively . T h e dots i n F i g u r e 
10 show the exper imental data a n d the l ines show the theoret ical fits. 
T h e overa l l features of the exper imenta l spectra are fitted rather w e l l . 
T o obta in such fits, the re laxat ion rate parameter was r e q u i r e d to be O 
= 700 for a l l spectra outside of the c r i t i c a l region, a n d Q = 1 at 3.6 K . 

T o fit prec ise ly our exper imental Mossbauer spectra of K 2 F e 0 4 i n 
the temperature range f rom 3.75 K to 3.56 K ( the results are not shown 
h e r e ) , i t was necessary to superimpose spectra h a v i n g several values of 
r e d u c e d magnet i zat i on <r, a n d for some spectra, two values of re laxat ion 
rate O. I n a d d i t i o n to the c r i t i c a l s l o w i n g d o w n of the ion ic sp in fluctua
tions i n this reg ion , the microscop i c p i c ture that seems to be emerg ing 
is that just above the c r i t i c a l temperature , K 2 F e 0 4 is effectively composed 
of paramagnet i c regions, w i t h a = 0, a n d also of clusters of spins h a v i n g 
a range of s m a l l values of r e d u c e d magnet izat ion <r, for example, a = 
0.002, 0.004, 0.006 ( 2 6 ) . T h e i n d i v i d u a l ions i n these sp in clusters are 
fluctuating s lowly , O = 1.0 on our scale, a n d the <r = 0 paramagnet i c 

Figure 10. Our experimental trans
mission spectra of polycrystalline 
K2Fe04 from 4.2 K to 0.16 K are 
shown as dots. The solid' curves 
show our calculated spectra based 
on the theory of Clauser and Blume. 
These curves include the effects of 
relaxation, but not the effects of - 4 - 2 0 2 4 - 4 - 2 0 

VELOCITY (mm/sec) 
2 4 

spin clusters (24). 
Journal of Magnetism and Magnetic Materials 
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regions are presumed to be fluctuating r a p i d l y . N o t e , however , for sys
tems w i t h S = 1 h a v i n g nondegenerate i on i c levels, the spectra are i n d e 
pendent of O for a = 0 (see F i g u r e 9, C o l u m n 3 ) . A s the temperature is 
l o w e r e d into the c r i t i c a l region, the spectra at tr ibutable to these s l owly 
re lax ing cluster regions b e g i n to appear as wings o n the large p a r a m a g 
net ic centra l peak. A s the temperature is l o w e r e d further , the re lat ive 
amount of paramagnet i c to s l ight ly ordered components decreases u n t i l 
at 3.6 K the paramagnet i c component complete ly disappears. A t l ower 
temperatures, instead of a paramagnet i c component , one obtains a n or
dered component that has a signif icant va lue of r educed magnet i zat ion a, 
for example , u — 0.4, w h i c h is re lax ing at a re laxat ion rate of O = 700. 
T h i s re laxat ion rate is the same as the observed va lue outside the c r i t i c a l 
reg ion . I n the c r i t i c a l reg ion , the re lat ionship of the r educed magnet i za 
t i o n measured b y Mossbauer spectroscopy to that ob ta ined f r o m b u l k 
measurements is unclear . 

A s the temperature is l owered s t i l l further , the ordered component 
increases at the expense of the s lowly re lax ing clusters u n t i l finally, on ly 
the normal ly ordered component exists i n the spectrum. It is h o p e d 
that w i t h this interpretat ion i t w i l l be possible i n the future to establ ish 
a c lear re lat ionship between measurements of this type a n d the extensive 
w o r k done o n c r i t i c a l phenomena (27 ) . F u r t h e r m o r e , i t m a y be possible 
b y future analysis to obta in quant i tat ive in format ion about the sp in 
correlat ion functions b y in terpret ing the needed reduct i on i n the re laxa
t i on rate parameter O i n the c r i t i ca l region. T h i s then begins to f o r m a 
br idge between microscopic Mossbauer measurements a n d the c r i t i ca l 
phenomenon approach . 
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22 
Tantalum-181 Mössbauer Studies of the Alkali 

Tantalates 

Ferroelectric Phase Transition in L i T a O 3 

G. W O R T M A N N , M. L Ö H N E R T , and G. K A I N D L 

Institut für Atom- und Festkörperphysik, Freie Universität Berlin, 
D-1000 Berlin 33, West Germany 

The application of the high-resolution 6.2-keV Mössbauer 
resonance of 181Ta to the study of alkali tantalates MTaO3 

(M = Li, Na, K)is reviewed. Emphasis is placed on a recent 
study of the ferroelectric phase transition in LiTaO3. In 
this case, a dramatic variation of the electric field gradient 
tensor with temperature is observed, which is closely related 
to the ferroelectric displacement. The Mössbauer results 
are compared with electric field gradient data of 7Li and 
93Nb in LiNbO3 and LiTaO3. 

nnhe 6.2-keV g a m m a transi t ion of 1 8 1 T a belongs to the f ew Mossbauer 
resonances w i t h l i fet imes T i n the microsecond reg ion . T h e h i g h resolv

i n g p o w e r of these resonances is based m a i n l y on the re lat ive size of the 
hyperf ine interact ion energy, as compared to the m i n i m a l l i n e w i d t h W0 

= 2 • h/r, or, w h a t is more relevant f r om a n exper imental po int of v i e w , 
to the ac tual ly observed l i n e w i d t h W (1,2). F o r 1 8 1 T a , the l i fe t ime of 
the 6.2-keV leve l ( T = 9.8 /*s) corresponds to W 0 = 1.34 • 10" 1 0 e V , or 
6.5 fim/s i n ve loc i ty units . A l t h o u g h the best exper imental l i n e w i d t h 
observed so far, W = 53(1) / rn i / s (3), is r ough ly one order of magni tude 
larger than WQ, the 1 8 1 T a resonance has made possible a var iety of n e w 
appl icat ions i n the field of solid-state physics (1,2,4,5). W h e n c o m p a r e d 
w i t h other narrow- l ine Mossbauer resonances, namely those i n 6 7 Z n (93 
k e V ; r = 13.5 lis) (6, 7) a n d i n 7 3 G e (13.3 k e V ; r — 6.2 (8,9), t w o 
factors m a y be ment ioned i n favor of the 1 8 1 T a resonance: (1) T h e 
relevant nuc lear parameters are extremely large, g i v i n g rise to large 
hyperf ine interact ion energies. T h i s is demonstrated b y the presently 

0065-2393/81 /0194-0481$05.00/0 
© 1981 American Chemical Society 
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observed range of isomer shifts (110 m m / s ) w h i c h is about 2000 times 
the va lue of W just g iven ( 2 ) . T h e 1 8 1 T a resonance is re lat ive ly easy to 
handle m a i n l y because of the l o w g a m m a energy. I t a l lows measurements 
at room temperature (or even u p to the m e l t i n g po int of the refractory 
metals ( J O ) ) , a n d i n most cases only a s tandard Mossbauer spectrometer 
is needed. A propor t i ona l counter can be used for the detect ion of the 
g a m m a rays, a n d the source ac t iv i ty 1 8 1 W has a convenient ha l f - l i f e of 
140 days. 

There are, however , some t a n t a l i z i n g aspects of this resonance, a 
fact w h i c h is under l ined b y the smal l n u m b e r of chemica l appl icat ions . 
A p a r t f rom a large n u m b e r of d -meta l systems, the resonance has been 
observed so far on ly i n the a l k a l i tantalates M T a 0 3 ( M = K , N a , L i ) , i n 
T a C , a n d i n the tanta lum chalcogenides (1,2,11,12). T h e first t w o 
sections of this chapter dea l w i t h special exper imental requirements for 
1 8 1 T a spectroscopy a n d some characteristics invo lved i n the analysis of 
1 8 1 T a spectra. T h e n w e report exper imental results a n d chemica l i n f o r m a 
t ion obta ined f r om 1 8 1 T a spectroscopy of the tantalates. I n the last section, 
emphasis is p u t on a recent s tudy of the ferroelectr ic phase trans i t ion i n 
L i T a 0 3 a n d on a discussion of electric field gradients observed at 7 L i , 
9 3 N b , a n d 1 8 1 T a i n the niobates a n d tantalates. 

Experimental 
As mentioned already, the 6.2-keV resonance of 1 8 1 T a can be studied 

with standard Mossbauer techniques. Since the ratio of line shift to l inewidth 
can be large, special attention must be devoted to the stability and accuracy 
of the velocity drive. This requirement is met most easily by using an electro
mechanical drive system with a sinusoidally moved source. A l l spectra shown 
here were taken in this way. It should be mentioned, however, that for 1 8 1 T a 
spectroscopy (due to large line shift-to-linewidth ratios) a region-of-interest 
spectrometer, which scans only the velocity region around the resonance, can 
be very useful. Such a spectrometer has been used in a recent temperature 
study on N a T a 0 3 (11). It should be mentioned that commercially available 
region-of-interest spectrometers, in most cases, do not meet the requirements 
for 1 8 1 T a spectroscopy. 

W h e n sweeping the whole velocity range, the data acquisition system 
should have an increased number of channels (1024 or more) , since sometimes 
the information is contained only in a few channels (see, for example, the 
spectrum of L i T a O s in Figure 2 ) . In addition, small solid angles ought to be 
used to prevent excessive geometrical broadening. 

One of the main difficulties with 1 8 1 T a spectroscopy is the preparation of 
strong sources with good single-line performance. For absorber experiments as 
reported here, the conditions are met by diffusing 1 8 1 W activity into high-purity 
single crystals of tungsten under ultra-high vacuum conditions (1,2,3). C o n 
siderable efforts have to be made to get 1 8 1 W of the highest possible specific 
activity. One way is to irradiate 9 0 % -enriched 1 8 0 W (natural abundance 0.5%) 
in the highest available thermal neutron fluxes ( 1 0 1 5 n / c m 2 s) for periods up to 
several months. Alternatively, carrier-free 1 8 1 W activity can be obtained by 
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bombarding tantalum with deuterons ( 1 8 1 T a ( d , 2n) 1 8 1 W ) and by performing 
a radiochemical separation of 1 8 1 W from the tantalum target (3 ) . W h e n the 
radiochemical work can be done in one's own laboratory, the use of cyclotron-
produced 1 8 1 W activity is preferable to neutron activation. 

Standard single-line tantalum metal absorbers are prepared from high-
purity tantalum foils (13) . The ultra-high vacuum annealing and outgassing 
procedure at temperatures up to 2300°C has been desecribed by Sauer (14) . 
The main problem is that one has to handle very thin foils of 2 -5 fim thickness. 
The preparation of absorbers of (polycrystalline) tantalum compounds wi th 
homogeneous thickness is also quite delicate. A method used is to sediment 
the finely mil led powders in a polystyrene-benzene solution on thin Mylar foils 
(for room temperature experiments). The absorbers for the high-temperature 
studies reviewed here were prepared by sedimentation of 5 m g / c m 2 L i T a 0 3 

from a benzene suspension on 0.1-mm thick beryllium discs. 
Tantalum-181 spectroscopy has to cope with a relatively low flux of the 

6.2-keV gamma rays. This is primarily attributable to the high conversion 
coefficient (a = 45 ) , the low gamma-ray energy (which limits the source 
thickness), and the long lifetime of the 1 8 1 W activity. Furthermore, the detec
tion of the 6.2-keV gamma rays is accompanied by serious background problems 
since they lie on the low-energy side of rather intense L-x-ray lines (15) . 
Using an A r - K r / C 0 2 proportional counter (16) , the peak-to-background ratio 
for the 6.2-keV line is about 1:2 with a 5 m g / c m 2 tantalum absorber. In some 
cases, especially at low count rates, an intrinsic germanium detector with good 
energy resolution can be superior to a proportional counter (15) . 

For low-temperature experiments, standard Mossbauer cryostats can be 
used. Special care, however, must be taken to avoid mechanical vibrations 
(i.e., originating from the boiling cryogenic liquids) which would destroy the 
resonance. A considerable loss (up to 6 0 % ) of the gamma flux occurs in the 
windows of the cryostat, even when rather thin M y l a r ( 5 0 / m i ) or beryllium 
(0.2 mm) windows are used. The same holds for the high-temperature experi
ments with a Mossbauer oven (17) , since the radiation has to pass through a 
considerable number of beryllium windows. 

Hyperfine Structure of 181Ta Gamma-Resonance Spectra 

T h e nuc lear parameters of the 6.2-keV resonance of 1 8 1 T a are 
s u m m a r i z e d i n T a b l e I . D u e to the large magnitudes of the nuc lear 
moments of bo th nuclear states a n d the h i g h sp in q u a n t u m numbers , I e 

= 9 / 2 a n d Ig = 7 / 2 , w i d e l y spl i t a n d rather complex hyperf ine spectra 
are obta ined i n the presence of re lat ive ly s m a l l magnet ic hyperf ine fields 
or electric field gradients (1,2,18,19). S ingle - l ine spectra can be 
expected only for perfect cub i c symmetry around the emi t t ing a n d 
absorb ing nuc le i . Distort ions of the source or absorber matr ix b y latt ice 
imper fec t i ons—introduced , for example , b y c o l d w o r k i n g ( 1 4 ) , b y 
res idua l amounts of interst i t ia l i m p u r i t y atoms (e.g., 0 2 , N 2 , or H 2 i n 
tanta lum) (5,14), or b y subst i tut ional t a n t a l u m atoms i n the tungsten 
source matr ix (3)—lead to excessive l ine broaden ing v i a smal l quadrupo le 
interactions a n d / o r fluctuations i n the isomer shift. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
2

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



484 M O S S B A U E R S P E C T R O S C O P Y A N D I T S C H E M I C A L A P P L I C A T I O N S 

Table I. Nuclear Parameters of the 6.2-keV 
Gamma Resonance of 1 8 1 T a a 

V 
-7T G r o u n d state /* = 2.35 ± 0.01 n .m. 

Q 3.5 ± 0.2 b 

— E x c i t e d state T 9.8 ± 0.6 s 

5.35 ± 0.09 n .m. 

Q 4.0 ± 0.3 b 

E l T r a n s i t i o n W0 

A < r > > 

g(9/2)/g(7/2) 

Q (9 /2) /Q (7 /2 ) 

0.0065 m m / s 

- 5 X 10" 2 f m 2 

M o m e n t ratios 1.77 ± 0 . 0 2 

1.133 db 0.010 

• See Refs. 1,2,18,19, 40, 41. 

Since this chapter deals w i t h nonmagnet ic t a n t a l u m compounds , w e 
w i l l concentrate on quadrupo lar hyperf ine spl itt ings only . D u e to the 
nuc lear sp in q u a n t u m numbers , po lycrysta l l ine 1 8 1 T a spectra y i e l d the 
magn i tude and the s ign of V z z ( the m a i n component of the electric field 
gradient tensor ) , as w e l l as the asymmetry parameter -q — (Vxx — V y y ) / 
V z z , w h i c h has a nonvanish ing va lue ( 0 < ^ < l ) i n the case of n o n -
ax ia l po in t symmetry at the tanta lum atoms. I n F i g u r e 1, computer -
s imulated 1 8 1 T a spectra are shown for various values of rj. T h e best 
exper imental example for a quadrupo le -sp l i t 1 8 1 T a spectrum w i t h -q = 0 
is s t i l l the 1 8 1 T a R e system ( 1 , 2 ) , whereas the first analysis of a q u a d r u 
po le spectrum w i t h -q ^ 0 was recent ly per f o rmed i n the case of N a T a 0 3 

(see Ref . 8 a n d F i g u r e 2 of this w o r k ) . 
D u e to the E l m u l t i p o l a r i t y of the 6.2-keV trans i t ion , the absorpt ion 

l ines exhibi t a characterist ic asymmetry , w h i c h originates f r o m a n inter 
ference between photoelectr ic absorpt ion a n d Mossbauer absorpt ion 
f o l l o w e d b y in terna l conversion. T h i s interference effect leads to absorp
t i o n spectra that can be descr ibed b y dispers ion-modi f ied L o r e n t z i a n 
fines of the f o r m 

N(v) - t f ( o o ) - £ ^ ( 1 - 2 ^ / ( 1 + ^ ) 

w i t h X{ = 2(v - Vi)/W. 
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8 7 9 106 11 5 1423 
I ' H f l—II II II I 

8 6 7 9 1011 5 1 2 3 4 14 1513 
- v 0 +v 

V e l o c i t y [ a r b i t r a r y u n i t s ] 

Figure 1. Computer-simulated 181Ta quadrupole-split spectra as a func
tion of the asymmetry parameter w. 

The bar diagrams at the top (/or 17 = 0) and at the bottom (for v = 1) represent 
the positions and relative intensities of the various transitions between the 
excited state (h = 9/2) and the ground state = 7/2). The respective sub-

quantum numbers fort\ — 0 may be found in Refs. 1 and 2. 
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Figure 2. The 181Ta Mossbauer ab
sorption spectra of the alkali tanta
lates at room temperature (11, 27). 
The centers of the quadrupole-split 
spectra are indicated by arrows. The 
LiTaOs spectrum is fitted with a cor

rection for slanting background. 
- 30 -20 -10 0 10 20 30 

VELOCITY (mm/sec) 

H e r e N(v) is the t ransmit ted intensity at a re lat ive ve loc i ty v, vt is the 
pos i t ion of the i t h l ine , W is the f u l l l i n e w i d t h at ha l f m a x i m u m , a n d Ai 
is the a m p l i t u d e of the i t h l ine . T h e parameter | determines the re lat ive 
magni tude of the dispersion term. Its magni tude varies, d e p e n d i n g on 
the absorber thickness, a round 2 £ = - 0 . 3 0 (18,19,20). T h e energies 
a n d relat ive intensities of the 19 possible l ines of a 1 8 1 T a quadrupo le -
spl it spectrum have been ca lculated as a funct ion of rj and were i n c l u d e d 
i n the fitting routine b y us ing a tabulated expansion series (21). I n this 
w a y , the quadrupo le -sp l i t spectra shown i n this w o r k were normal ly fitted 
w i t h six parameters : b a c k g r o u n d rate N(oo), h a l f - w i d t h W, an a m p l i t u d e 
factor, the isomer shift S, V z z , a n d rj. I n some cases w i t h unreso lved 
hyperf ine spl i tt ings, W is fixed to a va lue observed i n resolved spectra. 

Tantalum-181 Mossbauer Spectroscopy of the Alkali Tantalates 
LiTaOs, NaTaOs, KTaOs 

T h e crystal structure a n d ferroelectric properties of the tantalates 
M T a 0 3 ( M — L i , N a , K ) are rather different (22,23). K T a 0 3 has the 
cub i c perovskite structure ( l ike B a T i 0 3 ) , bu t does not order ferroelec-
tr i ca l ly . H o w e v e r , i t has a large electric p o l a r i z a b i l i t y ind i ca t ing that i t 
is close to the ferroelectr ic state ( b y means of u n i a x i a l pressure, for 
instance, ferroelectric o rder ing can be in t roduced i n K T a 0 3 ) . N a T a 0 3 
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has a n or thorhombic uni t c e l l at r oom temperature, w h i c h can be con
s idered as a s l ight ly distorted perovskite structure. W i t h increas ing 
temperature , it undergoes a series of s tructural phase transitions, e n d i n g 
w i t h the cub ic perovskite structure at 630°C. A l t h o u g h i t has been 
reported as anti ferroelectric i n the older l i terature , it is nowadays classi 
fied as quasiferroelectric , since i t does not possess a permanent electric 
d ipo le moment . L i T a 0 3 has t r igonal symmetry and , for convenience, is 
descr ibed b y a hexagonal un i t ce l l (see F i g u r e 3 ) . L i T a 0 3 is ferro
electric w i t h an exceptional ly h i g h C u r i e temperature ( T = 910 K ) . 
Besides the isostructural L i N b 0 3 i t is a prototype for a d isp lac ive 
ferroelectric . Its structure a n d the atomic positions w i t h i n the un i t ce l l 
have been invest igated thoroughly b e l o w a n d above T c b y x-ray a n d 
neutron scattering techniques ( 2 4 , 2 5 ) . 

Tanta lum-181 Mossbauer spectra have been observed for the tan 
talates i n the early days of this resonance ( 1 , 2 , 2 6 ) . F o r K T a 0 3 , a 
single, b u t rather b road resonance l ine ( 1 , 2 ) was observed (to detect 
a resonance effect at a l l is qui te a success i n 1 8 1 T a spectroscopy) . I n the 
cases of N a T a 0 3 a n d L i T a 0 3 , p a r t i a l l y spl i t resonance patterns centered 
around isomer shifts of —15 m m / s were observed ( 2 6 ) . Recent ly , 
N a T a 0 3 a n d L i T a 0 3 were re invest igated more thoroughly ( I I ) . I n this 
study the resolution cou ld be i m p r o v e d considerably because of better 
exper imental l inewidths , a n d consequently , m u c h larger resonance effects 
were observed. I n the case of or thorhombic N a T a 0 3 , i n par t i cu lar , i t 

a O Li b a b 

0 j a ferroelectric p a r a e l e c t n c 

O 
Figure 3. Stereographic and schematic presentation of the hexagonal 

LiTa03 structure in the (a) ferroelectric and (b) paraetectric phase. 
The ferroelectric displacements z(Ta) and z(Li) of the metal atoms with respect 
to the oxygen planes closely follow the electric polarization of LiTaOs (for 
details see Refs. 24 and 25). In the paraelectric phase the lithium atoms are 

thought to be randomly distributed on both sides of their oxygen plane. 
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was possible for the first t ime to achieve sufficient reso lut ion for extract ing 
a va lue of the asymmetry parameter rj f r om the quadrupo le -sp l i t spectrum 
(11). I n add i t i on , the temperature dependence of isomer shift a n d 
quadrupo le interact ion were s tudied i n N a T a 0 3 between 77 K a n d 700 
K ( I I , 2 7 ) . F i g u r e 2 shows 1 8 1 T a spectra of K T a 0 3 , N a T a 0 3 , a n d L i T a 0 3 

taken at room temperature. 
T h e 1 8 1 T a Mossbauer studies of L i T a 0 3 ( 30) were per f o rmed i n 

v i e w of the ferroelectric a n d nonl inear opt i ca l properties of this c o m 
p o u n d . L i T a 0 3 is isostructural w i t h the w e l l - k n o w n L i N b 0 3 ( T c = 
1470 K ) . B o t h compounds have exper ienced w i d e appl i cat ions i n laser 
spectroscopy a n d as op t i ca l storage med ia . W i t h 1 8 1 T a as the probe 
atom, L i T a 0 3 offers Mossbauer studies of a ferroelectric phase trans i t ion 
i n a pure system. M o s t of the previous Mossbauer studies of ferroelectric 
phase transitions suffered because they w e r e per f o rmed on subst i tut ional 
Mossbauer i m p u r i t y atoms ( 2 8 ) , since most ferroelectrics do not conta in 
suitable Mossbauer elements. I n add i t i on , their re lat ive ly poor reso lv ing 
p o w e r for quadrupo le interactions prevented studies w i t h s imi lar reso lu
t i o n as per formed , for instance, on magnet ic phase transitions. 

I n the b e g i n n i n g of the 1 8 1 T a Mossbauer w o r k w i t h L i T a 0 3 r e v i e w e d 
here (30), a p u z z l i n g effect was observed. I n spite of the fact that the 
space group of t r i gona l L i T a 0 3 was de termined as C 6

3 v ( 2 4 , 2 5 ) , i m p l y i n g 
a three- fo ld po int symmetry at the tanta lum atoms, the e lectr ic field 
gradient at the 1 8 1 T a nucleus , as obta ined f rom the fit of the resonance 
spectra, was f o u n d not to be ax ia l ly symmetr ic . A t room temperature , 
a l l 1 8 1 T a spectra taken f r om various absorbers y i e l d a c o u p l i n g constant 
e2qQ ( 7 / 2 ) = (9.80 ± 0.04) • 10" 7 e V a n d an asymmetry parameter 
rj = 0.09 ± 0.03. (These spectra c a n be fitted qu i te w e l l w i t h a n ax ia l ly 
symmetr i c e lectr ic field gradient , as done i n Ref . 11; in c lus i on of the 
asymmetry parameter -q, however , improves the fit of the less intense 
l i n e s ) . These results are i n excellent agreement w i t h a recent 1 8 1 T a 
nuc lear q u a d r u p o l e resonance study of L i T a 0 3 at r oom temperature a n d 
be low. T h e observation of -q 0 impl ies that the t r i f o l d symmetry of 
the oxygen octahedron ( w i t h respect to the tanta lum atom) is somewhat 
l owered b y a smal l d istort ion , w h i c h m a y occur i n a d d i t i o n to the w e l l -
k n o w n ferroelectric d isp lacement a long the c-axis. S u c h a d istort ion must 
be rather smal l , since i t has not been detected i n rather extensive x-ray 
a n d neutron di f fract ion studies. It shou ld be noted also that an asym
metry parameter of -q = 0.02 has been reported i n L i N b 0 3 on the 
n i o b i u m site f r o m a 9 3 N b study ( 4 6 ) . W e w a n t to emphasize that this 
is an important p iece of in format ion for a f u l l unders tand ing of a var ie ty 
of exper imental data , especial ly those obta ined b y R a m a n spectros
copy (31 ) . 

A discussion of the 1 8 1 T a isomer shifts i n the ( n o m i n a l l y pentavalent ) 
tantalates is hampered b y the fact that there are at present no isomer 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
2

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



2 2 . W O R T M A N N E T A L . Ferroelectric Phase Transition 489 

Table II. Compilation of 1 8 1 T a Mossbauer Data on Several 
Tantalum Compounds, Obtained at Room Temperature 

Compound 
W 

(mm/s) (mm/s) 
e2qQ(7/2)° 
(10'7 eV) V Ref. 

L i T a O , 
N a T a O s 
K T a 0 3 

2 H - T a S e 2 

T a C 

0.40(2) 
0.42(2) 
0.97(8) 
0.70(7) 
2.4 (4) 

- 1 7 . 9 5 ( 3 ) 
- 1 5 . 5 0 ( 3 ) 
- 7 . 8 1 ( 7 ) 

+80.40(5) 
+70 .8 (5) 

+9 .50(4 ) 
+3 .67(4 ) 

- 4 9 . 7 6 ( 2 5 ) 

0.09(3) 
0.47(2) 

0 

SO 
11 

1,2,11 
12 

1,2 

* W = experimental linewidth ( F W H M ) . 
b S = isomer shift relative to tantalum metal. 
c e2qQ(7/2) = quadrupole interaction energy. 
d V = asymmetry parameter. 

shift data avai lable for other (nonmeta l l i c ) tanta lum compounds w i t h 
different valence states. T h e ( n o m i n a l l y tetravalent) t a n t a l u m d ichalco -
genides (12) a n d T a C (1,2) have meta l l i c properties w i t h b a n d elec
trons of p r e d o m i n a n t l y d character (32,33). A s shown i n T a b l e I I , 
there is a large difference i n the isomer shift S between T a 4 + a n d T a 5 + 

compounds : A S s=z 90 m m / s indicates that p ( 0 ) , the s e lectron density at 
the 1 8 1 T a nucleus, is cons iderably smaller i n T a S e 2 a n d i n T a C than i n 
the tantalates. T h i s can be expla ined b y a h igher sh ie ld ing effect i n 
the T a 4 + compounds through the larger n u m b e r of l o ca l i zed tanta lum d 
electrons ( 1 , 2 ) . T h e sh ie ld ing potent ia l of tanta lum electrons i n the 
rather l o ca l i zed d b a n d of T a C a n d T a S e 2 is considered to be s imi lar 
to that of tanta lum d electrons i n covalent bonds, w h i c h are, as shown i n 
the f o l l owing , characterist ic for the tantalates. T h e difference i n S 
between tanta lum meta l (where the tanta lum atom is n o m i n a l l y penta -
va lent ) a n d metal l i c T a C or T a S e 2 can be accounted for b y the larger 
n u m b e r of s-l ike conduct ion electrons i n tanta lum meta l (34). T h e 
re lat ive ly smal l difference i n S between the tantalates a n d tanta lum 
meta l , however , points to a h i g h l y covalent character of the T a — O 
bonds, a fact w e l l k n o w n f rom other properties of the tantalates a n d 
niobates a n d closely re lated to the occurrence of ferroelectr ic i ty ( 3 5 ) . 
F o r example, theoret ical calculations (36) of the ferroelectric properties 
of L i T a 0 3 y i e l d an effective charge of + 0 . 8 on the tanta lum atom 
( instead of + 5 , as expected for a pure ly i on ic T a 5 + c o m p o u n d ) . S i m i -
l a r i l y , as w i l l be s h o w n i n another section, the electric field gradient at 
the t a n t a l u m site i n L i T a 0 3 can be exp la ined on ly b y a n effective charge 
cons iderably smaller than + 5 . 

W i t h i n the tantalates, p (0 ) decreases f r om L i T a 0 3 to N a T a 0 3 a n d 
further to K T a 0 3 . T h i s behavior can be accounted for b y a n increase 
of the T a — O b o n d length a n d b y a decrease i n covalency w h e n go ing 
f r om L i T a 0 3 to K T a 0 3 . 
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Study of the Ferroelectric Phase Transition in LiTaOs 

A s ment ioned prev ious ly , L i T a 0 3 offers the oppor tuni ty to study a 
" p u r e " ferroelectric i n its ferroelectric a n d paraelectr ic phase b y M o s s 
bauer spectroscopy. M o s t of the experiments at temperatures u p to 
1040 K (Tc = 910 K ) were per formed i n an absorber oven ( 1 7 ) , w h i c h 
c o u l d be evacuated to pressures be low 10" 5 mbar . T h e temperature was 
contro l led to w i t h i n ± 2 K . A f t e r a series of h igh-temperature measure
ments, contro l spectra taken at 300 K showed that the L i T a 0 3 absorber 
d i d not deteriorate d u r i n g heat ing . D e p e n d i n g on the strength of the 
1 8 1 W ( W ) source, the t ime for t a k i n g one spectrum ranged f r om 5 to 
20 days. 

F i g u r e 4 shows 1 8 1 T a spectra of L i T a 0 3 at various temperatures, 
w h i c h reveal a dramat i c temperature dependence of the e lectr ic q u a d r u 
po le interact ion . W i t h increas ing temperature this interact ion decreases 
r a p i d l y , a n d v i r t u a l l y vanishes a r o u n d 800 K . It then starts to increase 
aga in w i t h opposite s ign. T h e results of least-squares fits of the isomer 
shift S, the electric field gradient V z z , a n d the asymmetry parameter rj 
are g iven i n F i g u r e 5. V z z was ca l cu lated f r om the quadrupo le c o u p l i n g 
constant eQVzz b y t a k i n g Q ( 7 / 2 ) — 3.5 b a r n (37) a n d Q(9/2)/Q(7/2) 
= 1.133 (1,2). T h e potent ia l of the 1 8 1 T a resonance for h igh-reso lut ion 
hyperf ine interact ion studies is obvious f r o m F igures 4 a n d 5. O n l y the 
asymmetry parameter rj shows rather large error bars between 600 K a n d 
900 K , where the quadrupo le - sp l i t spectra are reso lved only par t ia l l y . 
A b o v e the ferroelectric phase transit ion, rj is f o u n d to be zero w i t h i n 
statist ical accuracy . It should be noted that around the zero-crossing 
of the quadrupo le interact ion at 800 K , the V z z component of the electric 
field gradient tensor actual ly changes its def init ion. Because of the 
nonax ia l interact ion , one of the p r i n c i p a l axes of the electric field gradient 
tensor can vanish , y i e l d i n g rj = 1. A t temperatures w e l l above a n d w e l l 
be l ow 800 K , however , the V z z component of the electric field gradient 
tensor v i r t u a l l y coincides w i t h the c-axis of the hexagonal u n i t c e l l 
(because of the rather smal l va lue of rj). T h i s has been veri f ied b y other 
experiments i n L i T a O g a n d L i N b 0 3 (38,39,46). T h e van ish ing of V z z 

a n d the m a x i m u m of rj i n F i g u r e 5 are not correlated w i t h the ferroelec
t r i c phase transi t ion , w h i c h actual ly occurs at a cons iderably h igher 
temperature . T h e y c a n be expla ined , as w i l l be shown later, b y the 
m u t u a l cance l lat ion of two contr ibut ions of opposite s ign to the electric 
field gradient. 

T h e on ly obvious corre lat ion of the data of F i g u r e 5 w i t h the 
ferroelectr ic phase trans i t ion at T c is , besides the v i r t u a l v a n i s h i n g of rj, 
the change i n the slope of VZZ(T) a r o u n d T c . T h e isomer shift S shows 
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1000 

300 K 

625 K 

800 K 

875 K 

923 K 

-16 -8 0 8 16 
VELOCITY [mm/s] 

Figure 4. The 181Ta absorption 
spectra of LiTaOs at various tem

peratures (30). 
Note that only the lowest spectrum is 
taken in the paraelectric phase. The 
zero-crossing and sign reversal of the 
electric quadrupole interaction at 800 K 
occur well below the ferroelectric tran

sition temperature of 910 K. 

no change i n its slope w h e n go ing t h r o u g h Tc, i n d i c a t i n g that the phase 
transi t ion is second order. 

Before d iscuss ing the more dramat i c results of the electric quadrupo le 
interact ion , a f e w comments on the temperature dependence of the 
isomer shift S i S w i l l be made . A s o r i g ina l l y reported for 1 8 1 T a i n d-
transi t ion metals ( 4 ) , the temperature - induced var ia t i on of the pos i t i on 
S of the 1 8 1 T a resonance l ine is governed b y changes i n the electron 
density at the nucleus a n d not b y the second-order D o p p l e r effect S S O D 
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Figure 5. Temperature variation of 
the mTa isomer shift S, the electric 
field gradient Yzz, and the asym
metry parameter n at mTa in 
LiTaOs. The ferroelectric transition 
temperature T c is marked by arrows. 
((%) from the Mossbauer study; (O) 

from a NQR study (29)). 

T, 1 I v • 

200 ' £00 600 ' 800 ' 1000 
T E M P E R A T U R E [ K ] 

(as w i t h a l l other g a m m a resonances: S = S i S + S S O D ) . T h e second-
order D o p p l e r shift S S O D contributes very l i t t le to the observed var ia t i on 
of S. F o r a more deta i led discussion w e refer to Refs . 4,40,41. I n the 
h igh-temperature l i m i t , S S O D is g iven for a D e b y e so l id b y — 3k/Mc i n 
ve loc i ty units , w h i c h amounts to —2.3 • 10~4 m m / s per degree for the 
1 8 1 T a resonance. T h i s contr ibut i on is of opposite s ign a n d one order of 
magni tude smaller than the observed shift i n L i T a 0 3 , ( 8 S / 8 T ) P = 35 • 
10~4 m m / s p e r degree (this va lue is obta ined b y assuming, for s imp l i c i t y , 
a l inear var ia t ion of S between 300 K a n d 700 K ) . I n K T a O s a n d N a T a 0 3 , 
s imi lar values of ( 8 S / 8 T ) P were observed (11), i n d i c a t i n g that the 
temperature var ia t ion of S ( a n d , accord ing ly , of p ( o ) ) is very s imi lar i n 
the tantalates a n d not d i rec t ly connected w i t h the ferroelectric t rans i t ion 
of L i T a 0 3 . A discussion of ( 8 S / S T ) P i n terms of a n i m p l i c i t var ia t i on of 
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Sis ( resul t ing f rom the thermal expansion of the latt ice ) a n d an expl i c i t 
var ia t i on of S i S ( resu l t ing f r om temperature - induced changes of the 
electronic structure at constant v o l u m e ) must awai t high-pressure studies 
of the tantalates, w h i c h w o u l d y i e l d the vo lume dependence of S i S . I t 
should be ment ioned that the 1 8 1 T a isomer shift exhibits a strong expl i c i t 
temperature dependence i n meta l l i c systems (4,40,41). A s imi lar be 
hav ior is also expected i n t a n t a l u m compounds . 

T o c lar i fy the or ig in of the s tr ik ing temperature - induced var ia t i on 
of the electric quadrupo le interact ion i n L i T a 0 3 , e lectr ic field gradient 
calculat ions were per formed (43) b y u s i n g the point -charge m o d e l of 
de W e t t e ( 4 2 ) . S i m i l a r calculat ions prev ious ly were a p p l i e d (44r-47) 
to exp la in 7 L i a n d 9 3 N b N M R data of L i N b 0 3 a n d L i T a 0 3 . De ta i l s of 
these calculations are g iven elsewhere ( 43 ) . It is w e l l k n o w n that the 
point -charge m o d e l is b y no means a suitable tool to calculate absolute 
values of electric field gradient i n covalent compounds . I n m a n y cases, 
however , this m o d e l can be used successfully to calculate the s ign a n d 
re lat ive change of the electric field gradient i n a system where on ly f e w 
parameters vary . L i T a 0 3 w i t h its ferroelectric phase transi t ion a n d its 
w e l l - k n o w n interatomic displacements (24,25) offers a n except ional case 
for electric field gradient calculat ions, since the exper imental 1 8 1 T a data 
( w i t h the k n o w n s ign a n d the zero-crossing of the electric field gradient ) 
p rov ide an unambiguous proof of the m o d e l calculat ions. 

T h e results of the electric field gradient calculat ions for 1 8 1 T a i n 
L i T a 0 3 i n the temperature range between 295 K a n d 940 K are shown 
i n F i g u r e 6. T h e effective charges used were taken f r o m Ref . 45, a n d a 
Sternheimer ant i sh ie ld ing factor of (1 — y 0 0 ) == 60 was used (48). I t is 
obvious f rom F i g u r e 6 that the ca lculated electric field gradient has the 
r ight s ign a n d fo l lows the exper imental data rather closely i n its re lat ive 
variat ions ; i n par t i cu lar , the zero-crossing at 800 K is r e p r o d u c e d b y the 
calculat ions. T o elucidate the effect of z ( T a ) , w h i c h is the ferroelectr ic 
d isplacement of the oxygen atoms w i t h respect to the tanta lum a tom 
(see F i g u r e 3 b ) , further calculations were per formed. F i g u r e 6 contains 
two more th in-dashed curves that were ca lcu lated w i t h the f o l l o w i n g 
two assumptions: (1 ) z(Ta) = 0 over the entire temperature range a n d 
n o r m a l latt ice expansion w i t h temperature, a n d (2 ) the u n i t ce l l does 
not exhibit thermal expansion, bu t z ( T a ) varies i n a n o r m a l w a y w i t h 
temperature. 

T h e synopsis of these calculations together w i t h the exper imental 
data l ead to the f o l l o w i n g conclusions (30,43). T h e r e are two m a i n 
contributions to the electric field gradient at 1 8 1 T a i n L i T a 0 3 : (1 ) the 
hexagonal latt ice produces a negative electric field gradient , the m a g n i 
tude of w h i c h decreases s l owly w i t h increas ing temperature due to the 
latt ice expansion. (2 ) T h e ferroelectric d isplacement z ( T a ) produces a 
pos i t ive electric field gradient , w h i c h is about t w i c e as large a n d of 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
2

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



494 M O S S B A U E R SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 
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Figure 6. Comparison of calculated and experimentally observed electric 
field gradients at mTa in LiTaOs. 

The effective charges used in this calculation were taken from Ref. 45; (O) 
represents calculated results. The additional two ( ) lines show electric 
field gradients calculated with the assumption that (1) the ferroelectric dis
placement z(Ta) and z(Li) is zero over the entire temperature range and that 

(2) no volume expansion takes place (for details see text and Figure 3). 
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opposite sign as contr ibut ion ( 1 ) . T h e magni tude of this posi t ive 
contr ibut i on fo l lows the ferroelectric d isp lacement ( a n d , w i t h that , the 
ferroelectric p o l a r i z a t i o n ) . A t 800 K , because of the characterist ic t e m 
perature dependence of z ( T a ) , contr ibut ions (1 ) a n d (2 ) cancel . A b o v e 
T c , contr ibut ion (2 ) should vanish . T h e slope of the exper imental 
electric field gradient T c , however, , indicates that there are also other 
contr ibut ions to the electric field gradient . A ferroelectr ic phase t rans i t ion 
is thought to be tr iggered b y anisotropic latt ice v ibrat ions (49 ) . S u c h 
"soft modes" a long the hexagonal o a x i s c o u l d produce a " d y n a m i c a l " 
contr ibut ion to the electric field gradient ( 5 0 ) , w h i c h w o u l d have the 
same or ig in a n d sign as contr ibut ion ( 2 ) . A more deta i led discussion of a 
d y n a m i c a l c ontr ibut i on to the electric field gradient i n L i T a 0 3 has to 
w a i t for more exper imental data above T c . 

W i t h respect to the 7 L i a n d 9 3 N b N M R studies per f o rmed on L i N b 0 3 , 
L i T a 0 3 , a n d L i N b i ^ T a ^ O s (44-47,50), the 1 8 1 T a data are of special 
importance . T h e y a l l ow a compar ison of measured a n d ca lculated electric 
field gradients i n two isostructural a n d chemica l ly very s imi lar systems 
on two different latt ice sites. I t can be conc luded , for instance, that the 
electric field gradients at n i o b i u m a n d l i t h i u m are posit ive at r o o m 
temperature. F u r t h e r m o r e , the temperature dependence of the electric 
field gradient at 9 3 N b i n L i N b 0 3 observed between 20 K a n d 820 K (38, 
46) has to be discussed relat ive to the 1 8 1 T a data i n L i T a 0 3 . W e have 
per formed point -charge calculations for the electric field gradients at 7 L i 
a n d 9 3 N b w i t h the same f o rmal i sm used for the 1 8 1 T a data. Deta i l s are 
g iven i n Ref. 43. A g a i n , absolute values of the electric field gradients are 
not to be expected, especial ly i n v i e w of the uncerta inty i n v o l v e d i n the 
Sternheimer factors a n d i n the electric quadrupo le moments (51 ) . 

F i g u r e 7 summarizes the results of point -charge calculations of the 
electric field gradients for 7 L i , 9 3 N b , a n d 1 8 1 T a i n L i N b 0 3 a n d L i T a 0 3 

(43). T h e ca lcu lated electric field gradients are p lo t ted as a funct ion of 
the effective charge at the n i o b i u m / t a n t a l u m atoms. T h e dotted l ines 
show the effective charges that correspond to the observed electric field 
gradients. T h e i r values l ie between + 1 . 5 a n d +2 .5 . T h e overa l l con 
sistency of the exper imental a n d ca lcu lated electric field gradients is 
surpr is ing ly good, especial ly w i t h respect to the l imitat ions of the po in t -
charge m o d e l a n d the uncertainties i n v o l v e d i n the ( 1 — y 0 0 ) a n d Q 
values. T h e 9 3 N b a n d 1 8 1 T a data c lear ly reflect the h i g h covalency of the 
N b — O a n d T a — O bonds, respect ively , w i t h the latter be ing s l ight ly 
more covalent, i n agreement w i t h other arguments (36,45). T h e success 
of the s imple po int -charge m o d e l i n the present calculat ions l ies, i n our 
op in ion , i n the fact that the n i o b i u m / t a n t a l u m atoms have a nearest-
ne ighbor oxygen shel l w i t h a h i g h (s ix fo ld ) coord inat ion a n d s imi lar 
bonds. I n conc lus ion , w e hope that the exper imental electric field 
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gradient data n o w avai lable i n L i N b 0 3 a n d L i T a 0 3 w i l l st imulate more 
sophist icated electric field gradient calculat ions (52,53) that m a y y i e l d 
phys i ca l l y and chemica l ly more deta i led in format ion about the electronic 
structure of these compounds. O u r point -charge m o d e l calculat ions, 
however , have a lready shown the major contr ibut ions to the electric 
field gradients i n L i N b 0 3 a n d L i T a 0 3 . 
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23 
Hydrogen Storage Materials 

G. K. SHENOY, B. D. D U N L A P , P. J. VICCARO, and D. NIARCHOS 

Argonne National Laboratory, Argonne, IL 60439 

Many intermetallic compounds of d- and f-shell elements 
reversibly absorb large amounts of hydrogen to form ternary 
hydrides at easily accessible temperatures (0°-100°C) and 
pressures (.01-1000 Torr). Such ternary hydrides have been 
considered for use in a number of energy conversion appli
cations. In this work we review the application of Möss
bauer spectroscopy to understand various physical and 
chemical properties of ternary hydrides. This microscopic 
technique helps elucidate properties such as the chemical 
nature of hydrogen and its location, the formation and sta
bility of various structural phases, and the influence of 
hydrogen absorption on the electronic and magnetic prop
erties of the host lattice. We also present results on the role 
of the surface in the mechanism of hydrogen absorption by 
the intermetallic alloy using Mössbauer conversion electron 
spectroscopy. 

H p h e study of h y d r o g e n i n metals has been a subject of scientific interest 
for m a n y years a n d has been approached b y essentially a l l the tools, 

b o t h exper imenta l a n d theoret ical , ava i lab le to materials research. U n t i l 
recently , most of this w o r k has dealt w i t h b i n a r y meta l l i c hydr ides , that 
is, phases consist ing of h y d r o g e n i n s imple metals (1,2). Recent ly there 
has been a great dea l of interest i n ternary hydr ides—phases consist ing 
of hydrogen i n intermeta l l i c compounds . T h e ternary hydr ides not only 
have m a n y interest ing p h y s i c a l propert ies , bu t also have potent ia l for 
energy appl icat ions . I n m a n y cases, the intermeta l l i c compounds revers i 
b l y absorb hydrogen w i t h a h y d r o g e n density that is comparable to that 
i n b i n a r y hydr ides , a n d often i n excess of that i n l i q u i d hydrogen . H o w 
ever, i n contrast to m a n y b inary hydr ides , the h y d r o g e n e q u i l i b r i u m 
pressure for the h y d r i d e phases is often i n the ne ighborhood of 1 a t m or 
more , even at room temperature. Consequent ly , easily at ta ined variat ions 

0065-2393/81 /0194-0501$05.25/0 
© 1981 American Chemical Society 
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502 M O S S B A U E R SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

i n the h y d r o g e n pressure c a n be used to f o r m the phase (i .e. , store the 
hydrogen ) a n d then remove i t f r o m the mater ia l as w e l l . T h e absorpt ion 
a n d desorpt ion processes proceed revers ib ly a n d r a p i d l y . A s a result , 
these materials often have been ca l l ed "hydrogen storage mater ia ls . " 

T o introduce the reader to the k i n d of materials i n v o l v e d , T a b l e I 
presents a short l ist of h y d r o g e n storage materials . A s one c a n see, a 
w i d e var iety of intermetal l i c structure types are k n o w n to absorb h y d r o 
gen a n d f o r m stable phases. T y p i c a l l y one obtains phases h a v i n g approx i 
mate ly one hydrogen atom per meta l atom i n the intermeta l l i c c o m p o u n d . 

A n u m b e r of po tent ia l appl icat ions of such materials have been 
proposed a n d demonstrated (3,4). F o r example , because of the h i g h 
hydrogen content a n d ease of absorpt ion a n d desorpt ion, a s imple 
h y d r o g e n compressor can be bu i l t . T h e storage materials can be used i n 
a hydrogen f u e l tank of an automobi le . T h e fact that the h y d r o g e n 
absorpt ion process is exothermic can be u t i l i z e d i n heat p u m p s ( 5 ) . I n 
one instance, a n entire home w i t h appl iances a n d cars has been converted 
to be operated w i t h hydrogen as the sole f u e l (6). 

A t present, the use of intermetal l i c hydr ides for p r a c t i c a l devices is 
s t i l l i n its in fancy , a l t h o u g h deve lopmenta l w o r k is u n d e r w a y . A c lear 
l i m i t a t i o n is that the basic propert ies of such hydr ides are not sufficiently 
w e l l understood to a l l o w one to engineer materials that w i l l be the most 
efficient for specific appl icat ions . A l t h o u g h a large n u m b e r of hydr ides 
n o w have been invest igated, current ly there are o n l y crude t h u m b rules 
for systematical ly unders tanding the results. T h u s , for example , the fact 
that a more stable h y d r i d e c a n be obta ined f r o m a less stable intermeta l l i c 
c o m p o u n d is expressed i n the so ca l l ed " r u l e of reversed s tab i l i ty " ( 7 ) . 
A l t h o u g h the ru le has a cer ta in v a l i d i t y , m a n y exceptions have f requent ly 
been noted (8). A n o t h e r such observation regards the re lat ionship 

T a b l e I . T y p i c a l T e r n a r y H y d r i d e s 

Structure 
Type 

Intermetallic 
x 

AB C s C l 

T i 2 N i 

C u b i c 
L a v e s (C15) 

H e x a g o n a l 
L a v e s (C14) 

P u N i 3 

1.0,1.9 

3.5 

2.0, 3.6, 4.1 
2.0, 3.6, 4.1,4.5 

4.0, 4.6 
2.0, 3.1 

1.7,2.5, 4.3 

A2B 

AB2 

AB2 

AB: 3 

(RE — N d , G d , D y , E r ) 

AB5 C a C u 6 L a N i 5 L a N i 5 H a . 6.0 
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between c e l l vo lume (or ava i lab le interst i t ia l v o l u m e ) a n d the heat of 
f ormat ion , or e q u i l i b r i u m pressure of a g iven h y d r i d e phase ( 5 , 9 ) , for 
compounds w i t h the same structure. Indeed , m a n y such rules have been 
suggested (10 ) . 

M u c h of the current research on intermeta l l i c hydr ides consists of 
measur ing the p h y s i c a l a n d c h e m i c a l propert ies of m a n y systems a n d 
a t tempt ing to find ways i n w h i c h their properties can be discussed 
systematical ly . F r o m the po in t of v i e w of appl icat ions , the re levant 
properties to be measured are the h y d r i d e phase d iagrams, the e q u i l i b 
r i u m pressures of various phases, the to ta l storage capac i ty , a n d the 
stabi l i ty of the intermetal l i c to the kinet ics of h y d r i d e format ion a n d 
decomposit ion. S u c h data are obta ined f r o m t h e r m o d y n a m i c measure
ments on b u l k samples. F r o m a standpoint of d e r i v i n g basic unders tand
i n g , one also demands in format ion such as the locat ion of h y d r o g e n i n the 
various phases, the hydrogen m o b i l i t y , a n d the effect of hydrogen on the 
mechanica l , thermal , e lectronic , a n d magnet ic properties. I n this regard , 
microscopic measurements are very useful a n d Mossbauer spectroscopy 
can supplement the in format ion der ived f r om other tools. 

I n this r ev i ew w e w i l l first brief ly discuss the w a y i n w h i c h h y d r o g e n -
intermetal l i c c o m p o u n d phase diagrams are measured. T h e n w e w i l l 
survey the p u b l i s h e d l i terature for h y d r i d e phases f o r med i n var ious 
structure types a n d the app l i ca t i on of Mossbauer spectroscopy to some 
of those systems. F i n a l l y , w e w i l l s ingle out two important investigations 
where the Mossbauer effect measurements have contr ibuted d i rec t ly : 
degradat ion of hydrogen absorb ing capac i ty b y repeated a b s o r p t i o n -
desorpt ion c y c l i n g , a n d the mechanism for the absorpt ion of h y d r o g e n 
b y the intermetal l ics . 

Phase Diagram Measurements 

T h e most important measurements i n b u l k properties are those 
d e te rmin ing the phases that are f o rmed . S u c h measurements are of 
special importance i n any deta i led invest igat ion since they prov ide the 
parameters de termin ing the u n i q u e phase of a g iven h y d r i d e . I n add i t i on , 
one can deduce the fundamenta l thermodynamic in format ion such as the 
heat a n d entropy of h y d r i d e f ormat ion for the various phases. 

S u c h measurements are s tra ight forward , i n p r i n c i p l e . A b lock d i a 
g ram of an appropr iate apparatus is s h o w n i n F i g u r e 1, consist ing p r i 
m a r i l y of a s tandard vo lume , a reactor vessel conta in ing the sample , a n d 
a n accurate pressure gauge. W i t h this the e q u i l i b r i u m pressures for 
various composit ions of h y d r o g e n i n the sample c a n be measured, c on 
s t i tut ing an isotherm. F i g u r e 2 shows an 80°C isotherm for the N d C o 3 - H 
system (11). T h e i n i t i a l increase i n pressure at l o w concentrations, x, 
corresponds to the f ormat ion of a so l id so lut ion of h y d r o g e n i n N d C o 3 . 
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Pressure — 
Transducer Recorder 

Vacuum 

/ 
/ 

^7777\ zz zz2N 

A 

3 

• Reactor 
-Heat Bath 

-Temperature 
Sensor 

Pressure Gauges 
Various Ranges 

Hydrogen 
Inlet 
Manifold 

Figure 1. Schematic of a setup for hydriding materials. The tempera
ture of the reactor can he set to any value between 77 and 900 K. The 
pressure gauges cover the range from 10~3 Torr to 150 atm. The volume 

of each part of the apparatus is known. 

A r o u n d x ~ 0.2, the isotherm shows a p la teau i n d i c a t i n g the presence 
of two phases. F i n a l l y , the f ormat ion of N d C o 3 H 2 is completed at x = 
2.0. A t h igher pressures a n d values of x, a second h y d r i d e phase 
( N d C o 3 H 4 ) is f o rmed s imi lar ly . I t shou ld be po in ted out that one c a n 
measure isotherms d u r i n g either absorpt ion or desorpt ion of hydrogen . 
B e t w e e n such measurements one often observes hysteresis, w i t h the 
e q u i l i b r i u m pressure for the desorpt ion process b e i n g l o w e r than that for 
the absorpt ion process. T h e o r i g i n of such hysteresis effects is not w e l l 
understood ( 1 2 ) . 

T h e dissociat ion pressure for a specific h y d r i d e phase is the pressure 
at w h i c h the p la teau for that phase is f o rmed . I f the h y d r o g e n p a r t i a l 
pressure is l owered b e l o w this va lue , the phase w i l l decompose w i t h r a p i d 
evo lut ion of hydrogen gas. O n c e the isotherm is w e l l established, any 
des ired h y d r i d e phase c a n be f o r m e d t h r o u g h some care fu l bookkeep ing . 
H o w e v e r , once the des ired phase is f o rm e d a n d the sample is extracted 
f r o m the reactor for other p h y s i c a l measurements, the h y d r i d e m a y 
decompose d e p e n d i n g o n the i sotherm characteristics . Procedures are 
k n o w n for po i son ing the surface of the mater ia l i n order to impede such 
a loss of h y d r o g e n f r om the sample (13). I n spite of such procedures, 
measur ing the h y d r o g e n content b y b o t h grav imetr i c a n d vo lumetr i c 
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procedures o n samples extracted f r o m the react ion vessel is rather 
impor tant i f the mater ia l is to be considered w e l l character ized . O n l y 
wel l -de f ined samples are suitable for other p h y s i c a l measurements. I t 
also should be emphas ized that the preparat ion of hydr ides w i t h o u t 
p r i o r knowledge of the phase d i a g r a m (or isotherms) f requent ly w i l l 
result i n a n i l l -de f ined , poss ibly mult iphase sample. 

F r o m the temperature dependence of the p la teau pressures one can 
o b t a i n fundamenta l thermodynamic in format ion . I n most cases the so 
ca l l ed v a n H o f t l a w is v a l i d (1,2): 

lnp = ^f[AH-TAS] 

where p is the p la teau pressure for the phase i n quest ion a n d A H a n d A S 
represent the enthalpy a n d entropy of f o rmat ion for that h y d r i d e phase, 
respectively. Since the format ion of meta l hydr ides is usua l ly exothermic, 
A f f is negative a n d the p lateau pressure increases w i t h temperature . 

Compounds of the Form ABHX 

M o s t of the k n o w n hydr ides made f r o m equiatomic b i n a r y inter -
metal l ics are l i s ted i n T a b l e I I . W h e r e k n o w n , the structure of the 
start ing c o m p o u n d as w e l l as of the meta l atoms i n the h y d r i d e phase 

H / N d C o 3 

Figure 2. Pressure-composition isotherm for the NdCos-H system at 
80°C 
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Table II. Typical Hydrides of AB Compounds 

Concentration 
Compound H Atoms/ Hydride 

Compound Structure Formula Unit Structure References 

F e T i C s C l 1.1,1.9 o.r. U 
C u T i C u T i 0.97 C u T i 15 
L a N i C r B 2.6 V 16 

3.6 ? 17 
H f C o C s C l 3.2 C r B 18 
H f N i C r B 1.0,2.6 C r B 18,19 
T h C o C r B 3.6-4.2 ? 20 
T h N i T h N i 3.6 ? 20 
Z r C o C s C l 2.5 C r B 18,21 
Z r N i C r B 2.5 C r B 18,22 

T i ( F e i . . C k ) . ) C s C l 1.0,2.0 — 23 

° In this material, a decomposition to LaH2.6 + Ni is suspected. 

are shown. T h e structure determinat ion of hydr ides us ing x-ray dif frac
t i on was reported i n most cases. T h e locat ion of hydrogen has been 
invest igated i n de ta i l on ly i n the case of F e T i hydr ides us ing neutron 
di f fract ion (24,25). Some caut ion shou ld be exercised i n invest igat ing 
hydr ides w i t h o u t a structure study. O f t e n the hydr ides of b i n a r y alloys 
decompose into e lemental hydr ides , especial ly at e levated temperatures. 
F o r example , i t is suspected that L a N i H 2 6 is ac tua l ly a mixture of L a H 2 . e 
a n d N i (16) since the l a n t h a n u m hydr ides are far more stable than the 
intermeta l l i c h y d r i d e . 

B y far the most s tudied compounds i n this class of materials are 
F e T i a n d its hydr ides . T h i s is one of the most important materials for 
p r a c t i c a l appl icat ions , judged f rom the isotherm characteristics ( F i g u r e 
3 ) , c h e m i c a l s tabi l i ty towards h y d r o g e n c y c l i n g , cost, etc. F r o m the 
i sotherm one c a n c lear ly ident i fy t w o phases. W h i l e F e T i is cub i c , 
F e T i H i . x (£ -phase) a n d F e T i H i . 9 (y -phase) are or thorhombic (14,24,25). 

Mossbauer spectra of F e T i show a single resonance l ine , as expected 
f r o m the structure. T h e a d d i t i o n of hydrogen causes a large change i n 
the isomer shi f t : the /?-phase is shi f ted b y 0.18 m m / s a n d the y-phase is 
shi f ted b y 0.42 m m / s , b o t h re lat ive to the F e T i a l loy . T h i s impl ies a 
decrease i n the electron density at the i r o n nucleus as a result of h y d r o g e n 
absorpt ion. T h e isomer shift differences, a long w i t h the quadrupo le 
interact ion present i n the or thorhombic hydr ides , have m a d e the 5 7 F e 
resonance use fu l for phase analysis studies (24,26). T h i s is i l lustrated 
i n F i g u r e 4 w h e r e the spectrum of a n inhomogeneous F e T i h y d r i d e is 
shown. T h e analysis y ie lds the subcomponents resu l t ing f r o m various 
h y d r i d e phases. 
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F e T i itself is magnet i ca l ly interest ing because i t is a P a u l i paramagnet 
w i t h no magnet ic moment o n i r o n . T h e a d d i t i o n of h y d r o g e n to a m a t e r i a l 
f requent ly can cause dramat ic changes i n the electronic structure a n d 
hence i n the magnet i c properties ( 2 7 ) . H o w e v e r , the hydr ides of F e T i 
r e m a i n P a u l i paramagnet ic . I n F i g u r e 5 w e present 5 7 F e spectra of F e T i 
a n d F e T i H i . g at 4.2 K , b o t h w i t h a n d w i t h o u t an external field of 75 k O e . 
T h e observed fields of the 5 7 F e f rom the Zeeman spl i t spectra of F e T i 
a n d F e T i H i . g are the same as the a p p l i e d field, showing the absence of 
magnet ic moment on the i r o n atom. 

B y f o r m i n g the pseudo -b inary compounds T ^ F e i . ^ C o a . ) , magnet i c 
o r d e r i n g can be i n d u c e d . T h e hydr ides of these compounds have been 
invest igated b y Mossbauer spectroscopy (23) a n d show that the C u r i e 
temperature a n d magnet ic moment of i r o n increase i n the a-phase. 

0 0.2 0.4 0.6 0.8 10 1.2 

ATOM RATIO H/( Fe + Ti) 

Inorganic Chemistry 

Figure 3. Pressure-composition isotherms at various temperatures for 
FeTi-H (67) 
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* fi y 
t / \ A 

— 1 I L 
-1 0 1 

Velocity [,T,m/s3 -

Zeitschrift fuer Physikalische Chemie 

Figure 4. Mossbauer spectrum of inhomogeneous FeTi hydrides showing 
the subspectra resulting from various hydride phases (24) 

I t should be noted that repeated absorpt ion a n d desorpt ion of 
h y d r o g e n i n F e T i results i n a finite magnet izat ion of the mater ia l . H o w 
ever, this is speci f ical ly a surface effect, a n d w i l l be discussed i n de ta i l 
i n the section on h y d r o g e n absorpt ion mechanisms. 

Compounds of the Form A 2 B H X 

A n u m b e r o f hydr ides of A2B type intermeta l l i c compounds have 
been made ( T a b l e I I I ) . A m o n g these, M g 2 N i has been c i t ed f requent ly 
i n r e g a r d to its h y d r i d e appl i cat ions . M o s t of the r e m a i n i n g compounds 
f o r m their hydr ides w i t h decomposi t ion pressures w e l l be l ow 10" 5 T o r r . 

H f 2 F e a n d H f 2 F e H 3 have been s tudied b y 5 7 F e Mossbauer spectros
copy a n d magnet izat ion measurements ( 2 9 ) . W h i l e no magnet i c moment 
is present i n H f 2 F e , the h y d r i d e has a magnet i c moment of 0.9 / i . B / F e 
atom a n d a ferromagnetic C u r i e temperature of 73 K . T h e isomer shift 
for H f 2 F e H 3 is + 0.40 m m / s re lat ive to H f 2 F e , a n d this change is 
comparab le to that observed o n h y d r i d i n g F e T i . 

Compounds of the Form A B 2 H X 

A l l of the compounds of the f o r m AB2 that have been invest igated 
have a L a v e s phase structure, either c u b i c ( M g C u 2 - t y p e ) or hexagonal 
( M g Z n 2 - t y p e ) . D e t a i l e d phase diagrams are avai lable for on ly a f ew of 
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these. F o r the RFe2H<„ systems ( R — E r , Y ) , c ompl i ca ted isotherms are 
ob ta ined that show several phases, u p to a m a x i m u m concentrat ion of 
x — 4.1 ( 3 0 ) . T h e hexagonal E r M n 2 shows a h igher concentrat ion phase 
at x — 4.6 ( 3 2 ) . F o r E u R h 2 , a h y d r i d e phase at x = 5.5 has been 
reported , a l though isotherms have not been measured ( 3 7 ) . I n general , 
the hydrogen atom-to-metal atom ratio ( H / M ) of approx imate ly 1.5 is 
a m o n g the highest avai lable , a l t h o u g h l o w e q u i l i b r i u m pressures make 
t h e m less convenient to use. 

Mossbauer spectroscopy has been used to investigate a n u m b e r of 
these materials . I n early w o r k , x -ray measurements o n some of the 

i i i i t i i i i i I i i i i i I l i 1 l 1 
-2 -I 0 +l +2 

VELOITY (MM/SEC) 

Figure 5. Spectra of FeTiHx at 4.2 K with and without external mag
netic field: (a)x = 0,H = 0; (b)x = 0,H = 75 We; (c) x = 1.9, H = 

0;(d)x = 1.9,H = 75kOe 
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Table III. Typical Hydrides of A2B Compounds 

Concentration 
Compound H Atoms/ Hydride 

Compound Structure Formula Unit Structure Refere 

M g 2 N i 4 28 
T i 2 C u 2.58,2.74 a 15 

Hf 2 T(r = F e , M n ) T i 2 N i 3 T i 2 N i 18 
H f 2 C o T i 2 N i 3.6 T i 2 N i 18 
H f 2 Z n T i 2 N i 2.04 T i 2 N i 18 
H f 2 C u M o S i 2 2.9 o.r. 18 
H f 2 N i C u A l 2 3.1 C u A l 2 18 

Z r 2 r ( r = C o , N i ) C u A l 3 4.5 6 ' 18 

° Decomposition to T i H 2 + Cu is suspected. 
6 Zr 2 T compounds decompose to ZrTBfe.s + ZrH 2 when hydrided. 

hydr ides i n d i c a t e d that a n amorphous c o m p o u n d h a d been f ormed . 
H o w e v e r , this appears to result f r o m p r e p a r i n g materials u n d e r h i g h 
hydrogen pressure ( ~ 150 a t m ) ( 3 3 ) . I n that case, the h e a t i n g asso
c iated w i t h a very r a p i d exothermic react ion , c oup led w i t h the large 
v o l u m e changes, results i n a mater ia l h a v i n g a great dea l of in terna l 
strain a n d perhaps short-range disorder. Preparat i on procedures w i t h 
pressures of a f e w atmospheres result i n we l l -de f ined compounds 
( T a b l e I V ) . 

M u c h effort has gone into studies of magnet ic propert ies of these 
materials , par t i cu lar ly for the R F e 2 compounds where b o t h rare -earth 

Table IV. Typical Hydrides of AB2 Compounds 

Concentration 
H Atoms/ 

Compound Structure Formula Unit Structure Reference 

RFe2(R = Y , D y , E r ) M g C u 2 2, 3.5 M g C u 2 80,81 
4.1 o.r. 80,81 

82 E r M n 2 M g Z n 2 4.0,4.6 M g Z n 2 

80,81 
82 

D y ^ M g C u 2 2.0, 3.4 M g C u 2 88 
( T = C o , M n , N i , F e ) 

M g C u 2 

> 4 ? 88 
L a N i 2 M g C i k 4.1-4.5 a 84,85 
G d N i 2 M g C u 2 4.35 ? 86 
E u R h 2 M g C u 2 5.5 M g C u 2 87 
Z r M n 2 M g Z n 2 3 M g Z n 2 88 
Z r V 2 M g C u 2 4.5 M g C u 2 89 
T i C r - L s M g C u 2 2.4,3.4 o.r. 40 
C a N i 2 M g C u 2 3.44 M g C u 2 41 
S c F e 2 M g Z n 2 2 M g Z n 2 42 
RT2 M g C u 2 3.2-4.9 ? 48 

(R — G d , L a ; r = 
M g C u 2 48 

R h , R u ) 

"Decomposes to LaE^ above 100°C. 
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a n d i r o n Mossbauer spectroscopy can be u s e d (44,45,46). T h e inter -
metal l i cs themselves have been the subjects of m a n y investigations i n the 
past. These are ferr imagnet ic materials , w i t h the i r o n a n d rare-earth 
magnet i c sublattices b e i n g opposite ly d irected . T h e magnet ic t rans i t ion 
temperatures Tc i n the ne ighborhood of 600 K are determined p r e d o m i 
nant ly b y F e - F e exchange, w i t h the R - F e exchange b e i n g m u c h weaker , 
a n d the R-R exchange essentially neg l ig ib le . T h e hydr ides E r F e 2 H a . show 
a general decrease i n T c as a func t i on of x u p to x ~ 3.5, i n d i c a t i n g a 
w e a k e n i n g of the F e - F e exchange interact ion. I n F i g u r e 6 w e present 
the 5 7 F e Mossbauer spectra of these hydr ides . I n this concentrat ion range, 
the 5 7 F e hyperf ine fields ind i cate a sma l l increase i n the i r o n magnet i c 

r i i i i | i i i i i 

... J l L _ I _ J _ J L . _ L _ L _ . I _ J l _ _ 
- 4 . 0 - 2 . 0 0.0 *2.0 *4.0 

VELOCITY (mm/s) 

Journal of Applied Physics 

Figure 6. 57Fe Mossbauer spectra 
of various ErFe*Hx at 4.2 K: (a) x = 
0; (b)x = 2; (c) x = 3.5; (d) x = 4.1 
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moment f r o m about 1.3 to about 1.7 /xB. A t the same t ime , a n increase 
i n the isomer shift of approx imate ly 0.15 m m / s w i t h respect to the 
u n h y d r i d e d mater ia l is observed. A l l of these results arise f r o m the 
c o m b i n e d effects of a rather large latt ice expansion ( A V / V « 1 5 % for 
R F e 2 H 2 ) p lus changes i n the electronic structure at tr ibutable to the 
add i t i on of hydrogen ; however , no deta i led unders tanding is yet a v a i l 
able (19 ) . 

I n the cases just discussed, the crysta l structure of the hydr ides 
consists of an expanded vers ion of the start ing compounds . H o w e v e r , i n 
E r F e 2 H 4 . i , a r h o m b o h e d r a l d istort ion occurs. Commensurate w i t h this , 
there is a severe reduct ion i n the i r o n magnet ic moment a n d a corre
spondent reduct ion i n Tc to about 2 K . Mossbauer spectra taken at l o w 
temperatures a n d i n external fields show that the magnet ic moment o n 
the i ron atom is about 0.2 /xB. 

T h e rare-earth site i n R F e 2 H , . has been studied b y 1 6 1 D y a n d 1 6 6 E r 
spectroscopy (33,45,46). I n the start ing materials , hyperf ine fields are 
observed to be somewhat larger than those of the free- ion, ar i s ing f r o m 
the fact that R - F e exchange fields are larger than crystal l ine electric 
fields i n the mater ia l , c oup led w i t h some contr ibut ion to the hyperf ine 
field f rom conduct ion electron po lar izat ion . W h e n hydrogen is a d d e d 
there is a decrease i n the hyperf ine field, a more pronounced t empera 
ture dependence, a n d an appearance of l ine -broaden ing effects f r o m a 
decreased electronic re laxat ion t ime. A l l of these results ind icate a 
decrease i n the R - F e exchange interact ion as h y d r o g e n is added . 

V e r y s imi lar results to those just descr ibed have been obta ined f r o m 
neutron di f fraction data (47). A d d i t i o n a l l y , the average magnet i zat ion 
o n the e r b i u m atom as de termined b y neutron di f fract ion i n E r F e 2 H 2 is 
f o u n d to be substantial ly smaller than the l oca l e r b i u m moment deter
m i n e d b y the Mossbauer data . T h i s indicates c l ear ly that the s imple 
ferr imagnet ic sp in o rder ing present i n E r F e 2 is not present i n the h y d r i d e . 
T h e most l i k e l y explanation of this is that some d i rec t i ona l disorder of 
the e r b i u m moments about the easy axis of magnet izat ion exists (47). 
S u c h an effect is f ound i n amorphous R F e 2 materials (48), where l o ca l 
defects i n the mater ia l cause r a n d o m variat ions i n the l o ca l anisotropics , 
resu l t ing i n the f ann ing of the moments i n a var iety of directions a r o u n d 
the average easy axis. I n the present case, a s imi lar effect occurs because 
of the l oca l strains ar is ing f rom the hydrogen atoms that r a n d o m l y o c c u p y 
a large n u m b e r of avai lable sites. 

T h e changes i n isomer shift o n h y d r i d i n g at b o t h the rare-earth as 
w e l l as the i r on sites i n a l l of the A B 2 compounds invest igated show a 
decrease i n the electron density at those sites. T h i s can be understood 
qua l i ta t ive ly b y assuming the hydrogen atoms to be electron acceptors 
f o r m i n g an anion i n the latt ice . T h i s idea applies to numerous rare-earth 
meta l hydr ides that have been invest igated, but as p o i n t e d out earl ier , 
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T a b l e V . V a l e n c e State of E u r o p i u m i n Some AB2 Compounds 

Cell Volume A - B Separation 
Compound (A3) (A) Valence State 

E u : S m F e 2 405.0 3.07 E u 3 + 

E u R h 2 427.1 3.12 E u 2 + <—> E u 3 + 

E u P t 2 462.1 3.21 E u 2 + 

E u A l 2 533.4 3.36 E u 2 + 

E u R h 2 H * 578.0 3.45 E u 2 + 

the latt ice size increase on h y d r i d i n g also should decrease the electron 
density at b o t h sites as observed. T h e influence of size change o n the 
isomer shift of e u r o p i u m i n E u R h 2 H - j . is rather apparent ( 3 7 ) . It is w e l l 
k n o w n that the e u r o p i u m can be either t r iva lent (4f) or d iva lent (4f) 
d e p e n d i n g on the space avai lable for the i on , the tr iva lent i o n b e i n g about 
1 0 % smal ler than the d iva lent i on . I n E u R h 2 , the e u r o p i u m shows a m b i v 
alence, a result expected on the basis of latt ice size alone ( T a b l e V ) . O n 
h y d r i d i n g w e expect the f ormat ion of a d iva lent state as observed i n 
E u R h 2 H a . (37) because of the increase i n the latt ice vo lume . 

A n interest ing observation also has been made concerning 1 6 1 D y 
isomer shifts i n the hydr ides of D y T 2 (T = M n , F e , C o , N i ) ( 3 3 ) . I n i t i a l 
h y d r i d i n g of the materials to D y T 2 H 2 causes a large change ( ~ —2 
m m / s ) i n the isomer shift re lat ive to the start ing mater ia l , after w h i c h 
l i t t le change occurs u p to D y T 2 H 4 . T h e resultant va lue for the isomer 
shift is very s imi lar to that seen i n D y H 2 a n d D y H 3 , p resumably showing 
the importance of the rare -ear th -hydrogen b o n d i n these materials . 

T h e only L a v e s phase materials s tud ied b y Mossbauer spectroscopy 
that do not conta in a rare-earth element are S c F e 2 H a ? (42,51) a n d 
YFe-jH-j. (49,50). A g a i n i n these cases, a change i n the 5 7 F e isomer shift 
comparab le w i t h that i n the R F e 2 series is observed i n h y d r i d i n g . A l s o , 
for ScFe 2 Ha. , a large increase i n the hyperf ine field of approx imate ly 6 0 % 
is observed for x = 3.2 compared to that measured i n S c F e 2 . 

H y d r i d e s have been reported for a n u m b e r of A B 3 compounds , a l l of 
w h i c h have the P u N i 3 structure (see T a b l e V I ) . Mossbauer data have 
been obta ined for E r F e 3 H ^ . (55) a n d D y F e a H * (56) u s i n g the 5 7 F e 
resonance a long w i t h that of 1 6 6 E r or 1 6 1 D y . I n this structure, the A atoms 
o c cupy two crysta l lographica l ly inequiva lent sites w h i l e the B atoms 
occupy five inequiva lent sites. 

I n the start ing materials ( E r F e 3 or D y F e 3 ) , a s ingle hyperf ine field 
for the rare-earth i o n is seen. T h i s field is near the free- ion value , a n d 
arises f r om the fact that the large exchange fields present dominate the 
crysta l field interactions i n b o t h sites. A s the hydrogen concentrat ion 
is increased, the hyperf ine field decreases r a p i d l y , w i t h the t w o sites 
b e c o m i n g dist inguishable . T h e overa l l decrease p r o b a b l y arises f r o m a 
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Table VI . Typical Hydrides of AB3 Compounds 

Compound H Atoms/ 
Compound Structure Formula Unit Structure Reference 

•BFe 3 P u N i 3 3 . 1 ( G d ) , 4 . 2 ( T b ) , 
3.0 ( D y ) 

P u N i 3 52 

(R = G d , D y , H o , 3.6 ( H o ) , 2.7 ( E r ) 
T b , E r ) 

3.6 ( H o ) , 2.7 ( E r ) 

i ? C o 3 ( # = N d , G d ) 
D y C o 3 

P u N i 3 2.4 P u N i 3 52,53 
52,53 

i ? C o 3 ( # = N d , G d ) 
D y C o 3 P u N i 3 1,1.8, ~ 3.5 P u N i 3 

52,53 
52,53 

E r C o 3 P u N i s 1.17,1.67,3.67 P u N i s 52,53 
Y N i 3 P u N i s 4 P u N i s U 
L a N i 3 P u N i s 2.8 ? 16 

5 ? 17 
C e N i 3 P u N i 3 4.1 ? 41 
C a N i 3 P u N i s 4.1 P u N i 3 41 

decrease i n the rat io of exchange-f ield to crystal - f ie ld energies, at tr ibutable 
to a w e a k e n i n g of the R - F e exchange. T h i s explanat ion, s imi lar to that 
used i n R F e 2 hydr ides , is supported b y the observat ion that the sp in 
compensat ion temperature (i.e., the temperature at w h i c h the R a n d i r o n 
sublatt ice magnetizat ions cance l ) decreases w i t h increas ing hydrogen 
content. T h e fact that the hyperf ine fields at the t w o sites decrease at 
different rates as a func t i on of hydrogen concentrat ion u n d o u b t e d l y is 
re lated to the w a y i n w h i c h the various avai lable inters t i t ia l sites are 
b e i n g o c cup ied i n the mater ia l . H o w e v e r , no deta i led s tructura l studies 
to determine the hydrogen positions are yet avai lab le . 

Because of the five inequiva lent i r o n posit ions, the 5 7 F e spectra are 
very compl i ca ted , even i n the start ing materials (57,58). I n the hydr ides , 
a real ist ic analysis of a l l sites has not been possible. H o w e v e r , the overa l l 
t r e n d is s imi lar to that of R F e 2 , namely , a s m a l l increase i n the i r o n 
hyperf ine field as the hydrogen concentrat ion increases. 

I n D y F e 3 H a . , the 1 6 1 D y isomer aga in shows a behavior l i ke that 
discussed prev ious ly for D y T 2 H s . U p o n h y d r i d i n g , a change i n the isomer 
shift of about — 2.0 m m / s is observed, re lat ive to D y F e 3 . T h e final va lue 
is near that of the e lemental hydr ides , aga in i n d i c a t i n g a pronounced 
rare -ear th -hydrogen bond . 

Compounds of the Form AB5HX 

H y d r i d e f o r m i n g compounds of the f o r m A B 3 a l l have the C a C u 5 

structure ( T a b l e V I I ) . These are a m o n g the most d iscussed mater ia ls , 
w i t h L a N i 5 H 6 b e i n g one of the first hydrogen-storage compounds . H o w 
ever, Mossbauer spectroscopy has been used v e r y l i t t l e to investigate 
these materials . Samples of G d 0 . i L a 0 . 9 N i 5 H a . (x < 6.7) a n d G d o . i L a o ^ C o s H * 
(x < 4.2) have been considered us ing the 1 5 5 G d resonance (66). T h e 
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electric field gradient is f o u n d to decrease as a func t i on of increas ing 
hydrogen concentrat ion for b o t h cases, w h i l e the magnet ic hyperf ine field 
i n Gdo.iLao.gCosHa. first increases u p to x = 3.2, then decreases aga in . 
These spectra can be used for a phase analysis of the materials . T h e 
isomer shifts show a smal l increase, but aga in finally achieve a va lue 
very near that of the e lemental hydr ides . 

Investigations also have been per formed us ing the 1 5 1 E u resonance 
i n E u N i 5 a n d e u r o p i u m doped L a N i 5 . These w i l l be discussed later w i t h 
reference to the long- term stabi l i ty of such materials under repeated 
absorpt ion-desorpt ion cycles. 

Role of Surface Layers in Hydrogen Absorption Mechanism 

T h e previous discussions i n this chapter have po in ted out the changes 
o c curr ing i n the latt ice a n d electronic structures of various intermeta l l i c 
compounds on hydrogen absorpt ion. T h e unders tanding of the behavior 
of hydr ides c lear ly demonstrates that the hydrogen is res id ing i n w e l l -
defined positions i n the latt ice after h a v i n g dissociated f r om its molecu lar 
f o rm p r i o r to its entry i n the latt ice. T h u s , the kinet ics of dissociat ion a n d 
subsequent absorpt ion are two aspects that w e have not yet addressed. 

M o s t intermetal l i c compounds ( a n d most rare-earth metals) d is inte 
grate into very fine part ic les of about 10 -40 ^ o n h y d r o g e n absorpt ion , 
thus p r o d u c i n g a large specific surface area ( t y p i c a l l y 0.3 m 2 / g ) . A l o n g 
w i t h the generation of ever-larger surface area on repeated a b s o r p t i o n -
desorpt ion cycles, the hydrogen is absorbed a n d desorbed easily. 

M o r e important is the fact that the absorpt ion-desorpt ion mechanism 
itself is a two-stage process. F i r s t l y , i n the absorpt ion process the h y d r o 
gen molecules f r om the gas phase have to break into atoms. Secondly , 
these atoms have to enter the latt ice . I n the desorpt ion process w e 
expect the atoms to combine aga in into molecules at the surface of the 
c o m p o u n d . C l e a r l y , the surface has to p l a y a major role. 

Table VII. Typical Hydrides of AB5 Compounds 

Concentration 

Compound 
Compound H Atoms/ Hydride 

Compound Structure Formula Unit Structure Reference 

L a N i 5 C a C u 5 6 C a C u B 59 
L a C o 5 C a C u 5 3.35,4.2 o.r. 60 

6 ,9 ? 61 
N d C o 5 C a C u 5 2.8 o.r. 60 
Y C o 5 C a C i 5 3 ? 62 
T h F e 5 C a C u 5 ~ 1 ? 63 
C a N i 5 C a C u 5 ~ 1,4 ? 64 

4.5,5.7 C a C u 5 41 
L a N i s . t f A l * C a C u 5 4 , 5 C a C u 5 65 
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T h e energy i n v o l v e d i n b r e a k i n g the hydrogen molecu le into atoms is 
about 4 e V a n d is expected to occur at the surface t h r o u g h its catalyt ic 
act iv i ty . It is hence interest ing to invest igate the nature of the surface 
of hydrogen-absorb ing intermetal l i c compounds . T h e absorpt ion-desorp-
t i o n kinet ics i n various materials are not ident i ca l . T h u s i t is rather di f f i 
cu l t to real ize h y d r o g e n absorpt ion b y a v i r g i n sample of F e T i . R e p e a t e d 
heat treatments (14) are essential i n order to act ivate the h y d r o g e n 
absorpt ion process. O n the other h a n d , Y F e 2 , E r F e 2 , etc. r ead i ly absorb 
h y d r o g e n w i t h no spec ia l treatment requ i red . Indeed , these differences 
i n absorpt ion kinet ics are fundam e nt a l i n nature. 

A s po in ted out earl ier, F e T i forms various meta l hydr ides . A c o m 
b i n a t i o n of A u g e r spectroscopy a n d x-ray photoelectron spectroscopy 
( X P S ) measurements have been used to examine the surface of F e T i 
subjected to numerous absorpt i on -desorpt i on cycles (67, 68, 69). Those 
results suggest a d i s p r o p o r t i o n a t e of the surface of F e T i into i r o n - r i c h 
a n d t i t a n i u m - r i c h overlayers that occurs w h e n F e T i is subjected to m a n y 
absorp t i on -desorp t i on cycles. I n F i g u r e 7 w e present a representat ion of 
such a surface. 

It was po in ted out earl ier that F e T i , w h e n subjected to m a n y absorp
t i on -desorpt i on cycles, shows an increase i n the b u l k magnet izat ion , 
a l though the v i r g i n F e T i is a P a u l i paramagnet ic (70,71). Mossbauer 
conversion electron spectroscopy of the surface of such a mater ia l shows 
a six- l ine hyperf ine pattern i n add i t i on to a l ine f rom nonmagnet ic i r o n 
( F i g u r e 8 ) . T h i s has been interpreted i n terms of the prev ious ly discussed 
p i c ture of the surface (72, 73). T h e i r o n - r i c h overlayers observed i n the 
A u g e r measurements behave l ike magnet i ca l ly ordered (or superpara
magnet i c ) i r on a n d produce the six- l ine pat tern w i t h a characterist ic 
field of 330 ± 30 k G , w h i c h is equa l to the va lue measured for i r on m e t a l 
at room temperature. These surface i r on atoms carry 2.2 / A b a n d reside i n 
a layer of about 200 A thickness, a n d they contr ibute to the observed 

Figure 7. Schematic model of the surface layer of FeTi after subjecting 
it to many hydrogen absorption-desorption cycles ((WM) Ti-rich con

taining Ti oxide; ( ) Fe-rich; ( ) FeTi) 
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Figure 8. Conversion electron spectrum of FeTi after 51 absorption-
desorption cycles showing the presence of magnetic surface layer (72) 

increase i n the b u l k magnet i zat ion of the re cyc l ed F e T i . T h e centra l 
unsp l i t l ine results f r o m electrons sampl ing deeper i n the mater ia l made 
u p of F e T i . 

These studies offer support to the interpretat ion that the i r o n - r i c h 
layer ( F i g u r e 7 ) m a y act as a cata lyt i ca l ly act ive surface responsible for 
d issoc iat ing the h y d r o g e n molecule i n the hydrogen absorpt ion process. 
T h e ideas presented here are perhaps app l i cab le to most of the hydrogen -
absorb ing materials , a n d also have been demonstrated w i t h L a N i 5 (74). 

Chemical Degradation Studies 

T h e various appl icat ions of h y d r o g e n storage materials ment ioned i n 
the in t roduct ion d e m a n d that the mater ia l be stable against numerous 
h y d r o g e n absorpt ion-desorpt ion cycles. A l r e a d y w e have cast cer ta in 
doubts about this b y p o i n t i n g out that some of the materials dissociate 
into component meta l l i c hydr ides . F e T i has been subjected to over 
17,000 absorpt ion-desorpt ion cycles a n d its integr i ty has been mainta ined . 
L a N i 5 , the other p r o m i s i n g m a t e r i a l for appl icat ions , degrades w i t h a 
n u m b e r of absorpt ion -desorpt ion cycles , a n d the most d irect evidence 
for this came f rom the Mossbauer investigations ( 7 5 ) . 
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Figure 9. Mossbauer spectra with 
151Eu resonance of (La09Eu0A) Ni4,6 

Mn0 4 : (A) starting material showing 
trivalent Eu; (B) hydrided material 
showing divalent Eu; (C) dehydrided 
after 10 absorptionr-desorption cy
cles; (D) hydrided after 1500 ab
sorption-desorption cycles; (E) de
hydrided after 1500 absorption-de
sorption cycles. The divalent Eu in 
(E) is from permanent Eu hydride 

(75). 
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T h e L a N i 5 latt ice was p r o b e d b y subst i tut ing l a n t h a n u m w i t h 
e u r o p i u m atoms. E u r o p i u m exhibits a t r iva lent state ( 4 / 6 ) i n L a N i 5 , a n d 
o n h y d r o g e n absorpt ion becomes d iva lent ( 4 / 7 ) . These t w o charge states 
c a n be d i s t inguished easily i n the Mossbauer spectra because of the large 
difference (five t imes the l i n e w i d t h ) i n the isomer shift of the t w o charge 
states ( F i g u r e 9 ) . O n r e m o v a l of h y d r o g e n f r o m L a N i 5 the t r iva lent 
state of e u r o p i u m is f u l l y recovered. T h u s the ox idat ion state of e u r o p i u m 
i n L a N i 5 can be used as a probe o f the ab i l i t y to recyc le the mater ia l . 
A f t e r approx imate ly 1500 cycles one observes that the t r iva lent state is 
s t i l l present. A l o n g w i t h such a behav ior one notices that the total 
h y d r o g e n storage capac i ty of L a N i 5 also has degraded . I t is a r g u e d that 
the degradat ion occurs w i t h the f o rmat i on of rare -earth m e t a l h y d r i d e 
a n d prec ip i ta t i on of n i c k e l meta l . T h e d iva lent e u r o p i u m resonance i n 
the 1500-times re cyc l ed m a t e r i a l t h e n represents e u r o p i u m m e t a l h y d r i d e . 
T h u s Mossbauer effect studies c a n p r o v i d e quant i ta t ive in f o rmat i on o n 
the degradat ion of the mater ia l . 
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24 
Mössbauer Studies of Battery Materials 

M . E I B S C H O T Z 

Be l l Laboratories, Murray Hill, NJ 07974 

The application of Mössbauer spectroscopy to the study 
of high energy density secondary (rechargeable) battery 
materials is reviewed. The 57Fe Mössbauer effect was used 
to study the electrochemical reaction associated with the 
insertion of a metal "guest" species (lithium) in a chalco
genide "host" lattice (VS2 or TaS2) at the cathode of a bat
tery. The Mössbauer effect gives us valuable information 
about the guest-host interaction and the change in the 
electronic properties of the host matrix. The changes of the 
microscopic properties of the hosts involved in the mecha
nism of the electrochemical reaction at the cathode as a 
function of the state of charge of the battery are examined 
and discussed. 

A s p a r t of a n increased effort to develop more efficient methods of 
M u t i l i z a t i o n of our energy resources, the study of n e w types of sec
ondary rechargeable batteries as p o w e r sources has intensif ied. T h r o u g h 
a better unders tand ing a n d improvement of establ ished battery systems, 
the range of appl icat ions can be increased, for example , i n electric vehic le 
p ropu l s i on , off-peak electric storage, solar a n d w i n d energy storage, a n d 
p o w e r e d electric energy generators, as r e v i e w e d b y C a i r n s a n d S h i m o -
take ( J ) . T h e r e are m a n y types of batteries u n d e r development , b u t i n 
this chapter w e l i m i t our discussion to l i t h i u m interca lat ion compounds 
of the trans i t ion-meta l layer dichalcogenides . T h e major impetus of the 
dichalcogenides is that they exhib i t h i g h e lectrochemical act iv i ty , h i g h 
energy density, a n d revers ib i l i ty as cathodes i n a l k a l i m e t a l cells (2,3,4). 

W e used the 5 7 F e Mossbauer effect to study the e lec trochemica l 
react ion at the cathode for a better unders tand ing of the mechan ism of 
cathodic reduct ion . T h e Mossbauer effect w i l l g ive us in fo rmat i on about 
the e lectronic s p i n conf igurat ion of i r o n subst i tuted i n this h i g h energy 
density battery cathode mater ia l Lia.FeyV1.yS2 (0 <x < 1;0 <y < 1 /2 ) 

0065-2393/81/0194-0523$05.00/0 
© 1981 American Chemical Society 
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a n d Li3.Feo.05Tao.95S2 ( 0 < x < 1 ) . I t also gives in f o rmat i on about the 
guest -host interact ion , a n d the change i n the e lectronic a n d magnet i c 
propert ies of the host matr ix . 

Structure and Properties 

T h e layer t rans i t ion-meta l d ichalcogenides have the c h e m i c a l f o r m u l a 
M X 2 , where X = S, Se, or T e , a n d M c a n be a t rans i t ion m e t a l f r o m 
G r o u p I V B , V B , or V I B ( 5 ) . H e r e w e w i l l discuss p r i m a r i l y M = V or 
T a a n d X = S. T h e structure of the compounds consists of three a t o m -
sheet-thick "sandwiches . " T h e top a n d b o t t o m sheets of the s a n d w i c h 
are compr ised of c losed-packed chalcogenide ( S ) atoms w h i l e the m i d d l e 
sheet is c ompr i sed of meta l atoms ( M ) . T h e b o n d i n g w i t h i n a s a n d w i c h 
is strong; however , between the sandwiches i t is very weak a n d usua l l y 
l a b e l e d a v a n der W a a l s b o n d i n g . Consequent ly , the sandwiches possess 
a two -d imens i ona l layered structure that is reflected i n p r o n o u n c e d 
anisotropics of the ir p h y s i c a l propert ies . I n a g iven s a n d w i c h ( o r s lab) 
the meta l a tom m a y be either oc tahedra l ly coord inated or t r igona l -pr i s -
m a t i c a l l y coord inated b y the chalcogen atoms. T h e layers can be s tacked 
one on top of another i n a regular w a y b u i l d i n g the crysta l . Since the 
inters lab forces are so weak a n d t w o m e t a l coordinations are possible , 
m a n y of the layer compounds exist i n several po lytypes . These po lytypes 
differ f r o m each other i n s tacking arrangements of the layers, a n d i n the 
m e t a l coord inat ion w i t h i n a g iven layer . W e w i l l concern ourselves 
p r i m a r i l y w i t h the s implest p o l y m o r p h , the po ly type I T , w h i c h has one 
s a n d w i c h per u n i t c e l l , has a l l M atoms octahedral ly coord inated , a n d 
has overa l l t r i g o n a l symmetry . T h e I T po ly type has the C d l 2 s tructure 
a n d is s h o w n i n F i g u r e 1. 
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Figure 2. Sites available for lithium 
between chalcogen layers in IT poly-
type ((%) octahedral hole; (O) tetra

hedral hole) 

T h e electron configurations of the G r o u p V B compounds are d\ a n d 
the materials are e lectronica l ly conduct ive . T h e anomalous p h y s i c a l 
propert ies of these chalcogenide compounds as observed i n the magnet i c 
suscept ib i l i ty data , a n d any other p h y s i c a l propert ies , are a t t r ibutab le to 
the charge-density w a v e instabi l i t ies (6). T h e M S 2 c ompounds have the 
a b i l i t y to exist i n h i g h ox idat ion states a n d to f o r m interca lat ion c o m 
pounds w i t h a l k a l i metals. I n this chapter w e l i m i t our discussion to 
l i th ium- in ter ca la ted M S 2 compounds . 

Intercalation 

T h e e lectrochemical react ion at the cathode involves a host latt ice 
( M S 2 ) i n w h i c h a guest ( l i t h i u m ) is inserted , w i t h the p r o d u c t m a i n 
t a i n i n g the basic s t ructura l features of the host. T h e interca lat ion reac
t i o n ocLi + M S 2 — L i a . M S 2 (x = 0 to 1) must be reversible t h r o u g h 
appropr ia te t h e r m a l or c h e m i c a l treatment. Since this react ion is of a 
redox type , the revers ib i l i ty of the interca lat ion react ion m a y serve as 
the basis of a n a n o d e / c a t h o d e couple for a secondary battery. T h e other 
basic requirements for solid-state cathode materials have been proposed 
b y a n u m b e r of authors (4,7,8) a n d w e sha l l not discuss t h e m here. T h e 
v a n der W a a l s gap between the layers of M S 2 c ompounds provides suffi
c ient vacant sites to a l l o w a w i d e compos i t i on range of interca lated 
l i t h i u m , u p to one l i t h i u m per m e t a l i o n , a n d also prov ides a p a t h w a y 
to fac i l i tate l i t h i u m di f fusion ( 2 , 4 ) . T h e sites ava i lab le for L i + i n the 
1 T - M S 2 structure i n the v a n der W a a l s gap are oc tahedra l a n d te t ra 
h e d r a l : one vacancy per M octahedra l sites a n d t w o per M te t rahedra l 
sites. T h e empty sites are i l lus t ra ted i n F i g u r e 2 together w i t h the t w o 
chalcogenide layers across the v a n der W a a l s gap. N e u t r o n di f f ract ion 
results ind icate that l i t h i u m ions occupy oc tahedra l sites (one per t rans i 
t i o n meta l ) i n L i V S 2 a n d L i C r S 2 ( 9 ) . L i t h i u m c a n diffuse be tween octa
h e d r a l sites on ly b y pass ing t h r o u g h one of the te trahedra l sites s u r r o u n d 
i n g the oc tahedra l sites. 

T h e \AXMS2 m a y f o r m at s ingle ternary phase or be mul t iphase as 
a func t i on of l i t h i u m content. O n e such e lec trochemica l system is L i a . T i S 2 

( 0 < x < 1 ) , w h i c h is a s ingle nonsto ichiometr ic phase for a l l x a n d is 
r e a d i l y reversible (10,11). T h e revers ib i l i ty is o p t i m i z e d w h e n n o 
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c h e m i c a l bonds are b r o k e n d u r i n g discharge, that is , w h e n ternary phases 
are f o r m e d b y a n interca lat ion react ion a n d a b r o a d range of n o n -
sto ichiometry exists. M o s t of the other layer compounds exhib i t some 
s tructura l changes of the host or phase d i sproport ionat ion for some 
l i t h i u m stoichiometrics . T h e room-temperature e lec trochemica l revers i 
b i l i t y of the V S 2 - L i V S 2 couple is i m p a i r e d b y s l ight s t ruc tura l distortions 
at intermediate l i t h i u m concentrations ( 1 2 ) . T h e revers ib i l i ty of the 
Lia .VS 2 cathode is great ly i m p r o v e d w h e n some of the v a n a d i u m is 
r ep laced b y i r o n ( 1 3 ) . T h e i m p r o v e d revers ib i l i ty is a t t r ib lutab le to the 
suppression of the d is torted intermediate phases i n the reg ion 0.3 ^ x 
£ 0.5 (13,14). 

M a g n e t i c suscept ib i l i ty da ta (14) have s h o w n that the i r o n atoms 
do not have a magnet i c moment i n the de l i th ia ted samples, b u t p a r a 
magnet i c moments appear i n f u l l y l i t h i a t e d compounds . W h e n x = 0 
(no l i t h i u m ) the i r o n is d iva lent w i t h l o w s p i n state (S = 0 ) , a n d n o 
paramagnet i c moments are observed on the v a n a d i u m atoms. F o r f u l l y 
l i t h i a t e d samples the i r o n remains d iva lent , b u t l o c a l moments appear . 
A t h i g h i r o n concentrat ion the magnet i c state of the m a t e r i a l is c o m 
p l i ca ted . 

Experimental 

Sample Preparation. The lithiated materials L i F e 1 / V 1 . y S 2 were prepared 
(12) by reacting stoichiometric quantities of L i 2 C O s , (1 — t / ) V 2 0 5 , and 
t / F e 2 0 3 at 650°C in a flow of H 2 S for 24 h , followed by grinding and refiring 
i n H 2 S for another 24 h. The l ithium ions were removed by an oxidative 
deionization reaction wi th iodine i n acetonitrile (12). 

The l T - F e t / T a ! . yS2 was prepared from stoichiometric mixtures of tanta
lum, iron, and sulfur sealed in a small quartz tube under vacuum (10 mTorr or 
less) and reacted initially for several days at 800°C. After this initial reaction, 
the samples were opened, ground, pressed into pellets at 50,000 psi , and 
resealed in the quartz tube wi th enough excess sulfur to give approximately 
1-2 atm vapor pressure at 900°C. These samples were reheated to 950°C for 
7 days, so that diffusion of the cations could occur producing essentially ho
mogeneous pellets, and later were quenched into cold water from 750°C. The 
lithiated compound Li3.Feo.05Tao.g5S2 was prepared by reacting n-butyl l i thium 
wi th I T material. The maximum amount of l ithium incorporated in the sample 
studied was x = 0.86. 

Results and Discussions 

T h e V S 2 - L i V S 2 Cathode . T h e 5 7 F e Mossbauer spectra were ob 
t a i n e d i n a s tandard transmiss ion geometry w i t h a convent iona l constant-
acce lerat ion spectrometer u s i n g a 5 7 C o i n p a l l a d i u m source. P o w d e r 
absorbers for Mossbauer effect measurements were m a d e i n a d r y argon 
atmosphere b y m i x i n g the mater ia l w i t h b o r o n n i t r ide powder . F i g u r e 3 
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Figure 3. Room-temperature 57Fe Mossbauer absorption spectra of 
LixFe0AV09Sg for x = 0 to 1. The solid line represents the sum of two 

(four forx = l/4) Lorentzian least-squares fit to the data. 
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shows the Mossbauer effect spectra of Lia.Feo.1Vo.9S2 as a func t i on of 
l i t h i u m concentrat ion ( f r o m x = 0 to 1 ) . T h e spectrum shows t w o reso
nance l ines (except x=l/4) a t t r ibutable to the electr ic field gradient 
at the i r o n nucleus. T h e asymmetry i n the l ine intensities of the spec t rum 
results f r o m n o n r a n d o m or ientat ion of smal l , s ingle -crystal platelets i n a 
p o w d e r sample. T h e spectra were a n a l y z e d b y fitting to a s u m of t w o 
L o r e n t z i a n curves of independent pos i t ion , w i d t h a n d d i p . T h e i r o n 
q u a d r u p o l e sp l i t t ing is about the same for x = 0 or 1; e2qQ/2 = —0.626 
db 0.005 m m / s for x = 0 a n d —0.614 ± 0.005 m m / s for x = l . T h e nega 
t ive s ign of the quadrupo le sp l i t t ing was in ferred f r o m the asymmetry of 
the Mossbauer effect l ine intensities. T h e Mossbauer effect spectrum for 
x = 1 /4 shows four resonances at t r ibutab le to the monoc l in i c d is tor t ion 
of the c o m p o u n d . T h i s indicates the existence of more t h a n one crysta l lo -
graph i c site for v a n a d i u m a n d explains the e lectrochemical sluggishness 
of the battery. T h e spectra for L i a F e i / 4 V 3 / 4 S 2 a n d L ia?Fei / 3 V2 / 3 S 2 as a 
func t i on of l i t h i u m concentrat ion ( f r o m x = 0 to 1) are g iven i n F i g u r e s 
4 a n d 5, respectively . 

T h e isomer shift is the shift i n the nuc lear t rans i t ion energy ref lect ing 
a per turbat i on of the nuc lear energy levels resul t ing f r o m the electrostatic 
intract ions between the nucleus a n d its e lectronic environment . I t is a 
measure of the s e lectronic charge density at the nucleus a n d is affected 
b y the valence state of the atom. T h e isomer shift values for LiaFeo.1Vo.9S2 

( w i t h x = 0 a n d x = 1) are g iven i n T a b l e I at 4.2 a n d 296 K . T h e va lue 
of 0.402 m m / s for the isomer shift at 4.2 K for x — 0 indicates that i r o n 
is F e 2 + i n the l o w - s p i n state, w h i c h is i n agreement w i t h the suscept ib i l i ty 
results. T h i s va lue is about 0.23 m m / s smal ler t h a n the isomer shift for 
l T - F e o . 1 T a o . 9 S 2 , where F e 2 + is also l o w - s p i n at l o w temperature . T h i s 
difference is re lated to the change i n the electronic conf igurat ion of the 
hosts f r o m V 4 + (3d1) a n d T a 4 + (5dx) ( 1 5 ) . T h e values of 0.730 m m / s 
for the isomer shift at 4.2 K for x = 1 indicates that the i r o n is F e 2 + i n 
the h i g h - s p i n state (S = 2 ) . T h i s va lue of the isomer shift is 0.22 m m / s 
smal ler t h a n that for F e i / 3 T a S 2 interca lated (16) h i g h - s p i n F e 2 + ( i somer 
shift = 0.95 m m / s ) , but is i n agreement w i t h other sulfide compounds 
conta in ing i r o n i n the h i g h - s p i n state (17,18). S ince the difference i n the 
isomer shift be tween l o w - a n d h i g h - s p i n i r o n i n the t a n t a l u m compounds 
(19) is the same as that observed here at x = 0 a n d x = l, i t is very 
l i k e l y that the i r o n is h i g h - s p i n at x = l. T h e magnet i c moments ob 
t a i n e d f r o m magnet i c suscept ib i l i ty data are somewhat smal ler t h a n the 
4.9 /xB expected for h i g h - s p i n F e 2 + . A t present there are some difficulties 
i n unders tand ing the o r i g in of this smal ler moment . F u t u r e experiments 
w i l l address this quest ion. 

T h e Mossbauer effect spectra i n L i r F e i / 4 V 3 / 4 S 2 show t w o resonance 
l ines for x = 0, 1/4, a n d 1/2 (see F i g u r e 4 ) . F o r x = 3 / 4 the spec trum 
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Figure 4. Room-temperature S7Fe Mossbauer absorption spectra of 
UJFemVs/tS, for x = 0 to 1 (20) 
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80 r-
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Figure 5. Room-temperature 57Fe Mossbauer absorption spectra of 
LixFei/zVt/sSt for x = 0 to 1. 
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Isomer 
T Shift'-'' 

(K) (mm/s) |e«qQ/*|» 

4.2 0.403 0.759 
296 0.297 0.626 

4.2 0.730 0.678 
296 0.592 0.614 

T a b l e I . Mossbauer Parameters f o r Lia.Feo.1Vo.9S2 Compounds (20 ) 

Compounds 

Feo.1Vo.gS2 
Feo.1Vo.gS2 
LiFeo.1Vo.9S3 

LiFe 0 . iVo .gS 2 

0 Isomer shift with respect to iron metal. 
6 The standard deviation for the isomer shift and quadrupole splitting is ±0.005 

mm/s. 
Physica 

is different. F o r x = 1 the spec trum shows m a i n l y t w o resonance l ines 
w i t h an a d d i t i o n a l sp l i t t ing on the wings of the spectrum. T h i s occurs at 
h igher i r o n concentrations a n d therefore m a y result f r o m l o c a l i r o n c lus 
t e r i n g w i t h i n the layers. T h e r e is very l i t t l e difference be tween the 
Mossbauer effect spectrum for Feo.1V0.9S2 a n d Fei / 4 V3/4S 2 ; b o t h spectra 
g ive about the same isomer shift . Therefore , the change i n i r o n concen
trat ion f r o m 0.1 to 0.25 i n V S 2 does not change the valence state of i r o n 
or the electronic nature of the mater ia l . A t l o w l i t h i u m concentrat ion 
(x < 1 /2 ) the Mossbauer effect spectra shift s l ight ly , a n d b o t h the q u a d 
rupo le sp l i t t ing a n d the isomer shift change s l ight ly . T h e isomer shift 
results are g iven i n F i g u r e 6. T h e va lue of the isomer shift for 
L i F e i / 4 V 3 / 4 S 2 is the same as that for LiFeo.1Vo.9S2, i n d i c a t i n g that increas
i n g i r o n f r o m y = 0.1 to 0.25 does not change the state of i r o n i n the 
f u l l y l i t h i a t e d mater ia l . T h e spec trum for x = 0.75 is different f r o m any 
other spectrum. I t contains l ines f r o m the spec trum w i t h x = 0.5 a n d 
l ines f r o m the spec trum w i t h x = 1. T h i s indicates that for x = 0.75 w e 
have a two-phase structure, or chemica l l y d is t inct i r o n atoms i n a c o n 
t inuous nonst io ichiometr ic phase. T h i s c o u l d be at tr ibutable to the 
existence of a first-order phase trans i t ion , for example, m e t a l to s emi 
conductor or l o w - s p i n to h i g h - s p i n F e 2 + ( 2 0 ) . T h e effect of this t rans i t i on 
o n the e lec trochemical c e l l w i l l be discussed elsewhere. 

T h e Mossbauer effect spectra i n L i a . F e i / 3 V 2 / 3 S 2 are very s i m i l a r to 
those of L i r F e i / 4 V 3 / 4 S 2 . F o r x = 0 on ly t w o resonance l ines have b e e n 
observed, w h i l e for x = 1/4, 1 /2 , a n d 3 /4 , a n a d d i t i o n a l peak appears 
a r o u n d 0.70 m m / s , a n d the peak a r o u n d —0.13 m m / s broadens. A s the 
l i t h i u m concentrat ion increases f r o m 0 to 1, the peak a r o u n d 0.70 m m / s 
increases i n intensity , i n d i c a t i n g a n increase i n the i r o n concentrat ion i n 
the h i g h - s p i n state. T h e spec t rum of the f u l l y l i t h i a t e d sample (x = 1) 
has m a i n l y t w o resonance l ines, a n d is very s imi lar to that of 
L i F e i / 4 V 3 / 4 S 2 . T h e isomer shift for x — 0 is almost i d e n t i c a l to the v a l u e 
for y = 0.1 or 1/4. Therefore , the change i n i r o n concentrat ion u p to 1 /3 
i n V S 2 does not affect the valence state of i r o n . T h e isomer shifts as a 
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0.25 0.5 0 . 7 5 

X IN L i x F e y V ^ y S e 

Figure 6. Isomer shift of the Mossbauer absorption gamma ray of 57Fe 
in LixFeyS2V1_yS2 for x = 0 to 1 and y = 0 to 1/3 expressed relative to 

metallic iron at 296 K((A)y = 0.1; (%) y = 1/4; (Q)y = l/3) 

func t i on of l i t h i u m concentrat ion, g iven i n F i g u r e 6, show that the values 
for y — 1 /3 are s imi lar to those for y = 1/4. These results ind icate that 
the i r o n i n L i a . F e i / 3 V 2 / 3 S 2 c o u l d exist i n t w o forms, F e 2 + l o w - s p i n state 
a n d F e 2 + h i g h - s p i n state. W h e n x — 1/4 a n d y •= 1 /3 w e have about 
1 0 % i r o n i n the h i g h - s p i n state, w h i c h increases g r a d u a l l y as x increases 
f r o m 0 to 1. 

T h e quadrupo le c o u p l i n g is the result of the interact ion of the nuc lear 
quadrupo le moment Q w i t h the gradient of the electric field a t t r ibutab le 
to other charges i n the crysta l . T h e nuc lear q u a d r u p o l e moment reflects 
the dev ia t i on of the nucleus f r o m spher i ca l symmetry . T h e presence of a 
nonzero field gradient at the nucleus is de te rmined p r i m a r i l y b y the 
symmetry of the d i s t r ibut i on of the electrons about the nucleus , w h i c h 
i n t u r n depends o n the symmetry of the b o n d i n g about the a t o m i n 
quest ion. T h e Mossbauer effect gives us in f o rmat i on about site s y m 
metries a n d field gradients w i t h i n a crysta l . 

T h e q u a d r u p o l e sp l i t t ing as a func t i on of l i t h i u m a n d i r o n concen
t ra t i on is g i ven i n F i g u r e 7. T h e m a i n in f o rmat i on is that for x = 0 or 
1, q u a d r u p o l e spht t ing is independent of y a n d has a va lue of 0.62 ± 0 . 1 
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m m / s ; at different l i t h i u m concentrations the q u a d r u p o l e sp l i t t ing de 
pends o n y. T h e r e is a m i n i m u m a r o u n d x = 0.6 w i t h the q u a d r u p o l e 
s p l i t t i n g ~ 0.41 m m / s for F e 2 + i n the l o w - s p i n state. T h e q u a d r u p o l e 
sp l i t t ing for F e 2 * i n the h i g h - s p i n state is a lmost independent of the 
l i t h i u m concentrat ion. These results correlate w e l l w i t h the observed 
sha l l ow m a x i m u m at x = 0.4r-0.5 i n the c/a latt ice parameter rat io (12). 

T h e T a S 2 - L i T a S 2 Cathode . T h e l T - F e / T a i . „S 2 is a l ayered c o m 
p o u n d w i t h the C d l 2 structure (19,21), a n d for t / - » 0 , has a meta l l i c 
character that supports b o t h incommensurate a n d commensurate charge 
density w a v e instabi l i t ies (6,22). I r o n is essential ly r a n d o m l y d i s t r i b u t e d 
o n oc tahedra l ly coord inated t a n t a l u m sites, a n d no evidence of i r o n 
o rder ing is seen for y < 1/3. D o p i n g r a p i d l y destroys the commensurate 
charge density wave , b u t the incommensurate w a v e is present to y ~ 0.1, 
as ev idenced b y the existence of sharp satell ite d i f fract ion peaks. F o r 
y > 0.1 the peaks become diffuse. E l e c t r i c a l res ist iv i ty increases r a p i d l y , 
b o t h w i t h increas ing x a n d decreasing temperature . 

T h e magnet i c suscept ib i l i ty a n d M o s s b a u e r isomer shift (21) i n 
1 T - F e 1 / T a i _ 1 / S 2 (y < 1 /3) demonstrated the presence of a d y n a m i c 
l o w - s p i n - h i g h - s p i n t rans i t ion of F e 2 + w i t h increas ing T . I t was estab
l i s h e d that the i r o n was present solely as F e 2 + , that its magnet i c electrons 
were l o ca l i zed , a n d that the l o w - s p i n - h i g h - s p i n energy gap was m o d u 
la ted s ignif icantly as a func t i on of T b y a restr ict ive interact ion w i t h the 
l o c a l latt ice environment . A s a result of this interact ion , the m e a n dis
p lacement coordinate of l o c a l i o n m o t i o n is m o d u l a t e d i n a d is t inct ive 
manner as a t h e r m a l p o p u l a t i o n of h i g h - s p i n levels takes p lace . F i g -

& o • A 

J I I I I 1 
0 0.26 0.6 0.75 1 

XIHU xFt yV wS 2 

Figure 7. Quadrupole splitting in LixFeyVi.ySf forx = 0tol and y = 
0 to 1/3 ((A; y = 0.1; C M) y = 114; (O, D) y = l/3) 
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| | | | I 

- 2 - 1 0 1 2 
V E L O C I T Y (mm/sec) 

Figure 8. Room-temperature 57Fe Mossbauer absorption spectra of 
Lio.86Fe0.o5Ta0.95S2 (top) and Fe0.05Ta0,95S2 (bottom,) 

l i r e 8 shows the Mossbauer effect spectra of lT-Feo.05Tao.95S2 a n d 
Lio.8eFeo.05Tao.95S2. T h e spec t rum for x = 0 shows t w o resonance l ines 
s i m i l a r to i ron-subst i tuted V S 2 . A t r o o m temperature |l /2e 2 o;( )| = 0 . 5 6 
± 0.01 m m / s a n d the isomer shift — 0.56 ± 0.01 m m / s , w h i c h corre
sponds to F e 2 + i n a n intermediate state. T h e i r o n atoms fluctuate be tween 
the l o w - a n d h i g h - s p i n state faster t h a n the inverse of the spectral 
spl i t t ings i n v o l v e d (10" 7 s). I n l T - F e j , T a i _ j , S 2 (y < 1 / 3 ) , each i r o n 
a t o m must r a p i d l y change its e lectronic state so that the Mossbauer 
spec t rum is t i m e averaged a n d on ly one set of resonance l ines is seen. 
D e t a i l s of the d y n a m i c l o w - s p i n - h i g h - s p i n F e 2 + i n l T - F e y T a i _ 1 / S 2 ( 0 < 
y < 1 /3 ) are g iven elsewhere (19). T h e Mossbauer effect spec t rum of 
Lio.86Feo.05Tao.95S2, w h i c h is different f r o m the spec t rum w i t h o u t l i t h i u m , 
shows t w o sets of q u a d r u p o l e sp l i t t ing resonance l ines . T h e t w o m a i n 
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resonance l ines that correspond to one quadrupo le sp l i t t ing account for 
about 8 0 % of the spectrum area. T h e quadrupo le spl i tt ings ( Q S ) a n d 
isomer shifts ( I S ) are : Q S ( 1 ) — 0.90 ± 0.01 m m / s , Q S ( 2 ) — 1.42 db 
0.01 m m / s , I S ( 1 ) — 0 . 7 7 m m / s , a n d I S ( 2 ) — 0.75 db 0.01 m m / s . T h e 
t w o different types of i r on correspond to F e 2 + i n the h i g h - s p i n state. T h e 
isomer shift va lue of 0.77 m m / s is i n agreement w i t h the va lue p r e d i c t e d 
for F e 2 + i n the h i g h - s p i n state ( 1 9 ) . T h e s l ight ly smal ler va lue for the 
isomer shift of 0.75 m m / s p r o b a b l y results f r o m the absence of some 
l i t h i u m , since the m a x i m u m amount of l i t h i u m i n the sample is x = 0.86. 
F o r x = 0.5 the spectrum is s l ight ly more complex because of the d y 
n a m i c l o w - s p i n - h i g h - s p i n states i n the c o m p o u n d . T h e spectrum essen
t i a l l y shows t w o sets of resonance l ines w i t h some i r o n i n the l o w - s p i n 
a n d some i n the h i g h - s p i n state. F o r a better unders tand ing of the 
cathod ic react ion i n Li^FeyTai _ ^ 2 , more spectra as a func t i on of x are 
necessary a n d are i n the process of b e i n g obta ined . These isomer shift 
results reflect a change i n the electronic structure of the host f r o m T a 4 + 

(5(2*) to T a 3 + (5cZ 2), a n d a n increase i n i on i c i ty as the l i t h i u m content 
increases f r om 0 to 1. T h e y also reflect the valence change of i r o n a n d 
ind i re c t l y that of t a n t a l u m as a func t i on of the state of charge of the 
battery. 

T h e K F e S 2 - L i K F e S 2 Cathode . Jacobson, W h i t t i n g a m , a n d R i c h (23 ) 
have s h o w n that M j , F e S 2 c ompounds ( M = K , R b , C s for y = 1, a n d M 
= Sr, B a for t/ = l / 2 ) are e lectrochemical ly act ive, reversible cathode 
materials i n a nonaqueous l i t h i u m e lectrochemica l ce l l . T h e reactions of 
these compounds w i t h l i t h i u m are more complex t h a n those observed 
for the M S 2 systems descr ibed prev ious ly . T h e L i r K F e S 2 ( 0 < x < 1) 
system has been s tudied i n s i tu b y Jacobson a n d M c C a n d l i s h us ing the 
Mossbauer effect, a n d their results w i l l be s u m m a r i z e d ( 2 4 ) . T h e struc
ture of K F e S 2 is monoc l in i c a n d consists of inf inite chains of edge-shared 
F e S 4 tetrahedra. K + ions occupy in tercha in sites, b u t vacant sites are 
ava i lab le for l i t h i u m incorporat ion . T h e corresponding reduct i on at the 
cathode is f r o m F e 3 + to F e 2 + . T h e react ion is not a s imple interca lat ion 
react ion as i n LixMS2 d i chalcogenides : i t is more complex a n d involves a 
change of K F e S 2 to s tructura l ly different phases. T h e Mossbauer effect 
spectrum of L i a ? K F e S 2 for x = 0 consists of a quadrupo le spl i t doub le t 
( 2 5 ) . W h e n 0 < x < 1 the spectra are complex ; for example , w h e n x = 
0.5 the spectrum was ana lyzed w i t h four quadrupo le doublets ( 24 ) . T h e 
appearance of n e w i r o n sites at intermediate compos i t i on was associated 
either w i t h chemica l l y d ist inct i r o n atoms i n a continuous, nonsto ichio -
metr ic -phase L i a . K F e S 2 , or w i t h the presence of d is t inct s t ructura l phases 
of L i a ? K F e S 2 w i t h s l ight ly different composit ions. T h e e lectrochemica l 
react ion suggested at the cathode (23) has been conf i rmed b y the M o s s 
bauer effect data ( 2 4 ) . 
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Conclusions 

T h e overv iew discussed here shows that the Mossbauer effect is a 
p o w e r f u l too l i n the study of h i g h energy density secondary battery 
materials . I t c a n be a p p l i e d successfully to obta in in f o rmat i on about 
the e lec trochemica l react ion at the cathode, guest -host interactions, s truc
t u r a l changes, symmetry of the environment , a n d the change i n elec
t ron i c a n d magnet i c propert ies of the host matr ix . T h e Mossbauer effect 
isomer shift results for L i J F e y V i . y S 2 (0 < x < 1; 0 < y < 1 /3 ) show 
that the valence state of i r o n , a n d ind i re c t l y that of v a n a d i u m , changes 
as a func t i on of the state of charge of the battery. These results reflect a 
change i n the electronic structure of the host f r o m V 4 + ( 3 d 1 ) to V 3 + ( 3 d 2 ) 
a n d a n increase i n i on i c i ty as the l i t h i u m content increases f r o m 0 to 1. 
T h e Mossbauer effect results ind icate that the i r o n is d iva lent F e 2 + a n d 
changes f r o m l o w - s p i n to h i g h - s p i n at a certa in concentrat ion of l i t h i u m . 
I r o n does not part i c ipate i n the e lectrochemica l react ion , b u t reflects the 
change i n the electronic structure of the host. 
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25 
Mössbauer Studies of Colloidal Catalyst 

Solutions Used in Metallization of Plastics 

R. L . COHEN 

Be l l Laboratories, Murray Hill, N J 07974 

The electronics industry uses a colloidal catalyst containing 
tin and palladium to make printed wiring boards and flexi
ble circuits. This chapter reviews an extensive series of 
reports in which the chemistry of formation and stabiliza
tion of the colloid, and its interactions with the surface 
being treated, were elucidated. These studies were carried 
out mainly by Mössbauer spectroscopy of the 119Sn, with 
additional information being gained from centrifugation 
and Rutherford backscattering analyses. Definition of the 
chemical processes occurring has allowed an improved 
procedure to be invented. 

A T o s t scientists are b y this t ime f a m i l i a r w i t h the use of Mossbauer 
spectroscopy to study hyperf ine interactions i n solids, w i t h the u l t i 

mate goals b e i n g the i m p r o v e d unders tand ing of magnet i sm a n d elec
t ron ic b o n d i n g i n solids. M o s t of these experiments are carr i ed out o n 
re lat ive ly pure a n d care fu l ly p repared samples. I n recent years M o s s 
bauer spectroscopy has become more w i d e l y used for "mater ia ls sc ience" 
research, a n d also for studies of intermediate products i n m a n u f a c t u r i n g 
processes. T h i s vo lume contains a n u m b e r of discussions of research i n 
these areas, w i t h spec ia l v igor demonstrated i n studies of steels a n d coal . 
A characterist ic of most of these studies is that the materials i n v o l v e d 
are usua l ly not the pure , homogeneous, single-phase samples used i n the 
basic research measurements. I n fact, this complex i ty or heterogeneity 
is f requent ly the basis of the technolog ica l ly interest ing propert ies . 

F o r such materials the f o l l o w i n g features of Mossbauer spectroscopy 
make i t a p a r t i c u l a r l y useful t oo l : 

1. Since the resonance absorpt ion is a p u r e l y nuc lear process, 
its existence is inherent ly independent of the properties of 
the host (e.g., symmetry , meta l l i c charac ter ) , w h i c h some
times interfere w i t h the use of other resonance techniques. 

0065-2393/81 /0194-0539$05.00/0 
© 1981 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
5

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 
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2. T h e nuc lear energy leve l perturbat ions observable u s i n g 
the Mossbauer effect arise only f r o m the first f e w nearest-
ne ighbor shells of a n ion . T h u s , short-range order, over 
as l i t t le as 10-15 A , is adequate to p rov ide sharp Mossbauer 
spectra. G lassy materials , d i sordered al loys, a n d very finely 
d i v i d e d samples can a l l p roduce wel l -de f ined spectra. 

3. Sample preparat ion is usua l ly very s imple—sing le crystals 
n o r m a l l y are not necessary, a n d no spec ia l p o l i s h i n g or 
surface treatment is r equ i red . P o w d e r samples can be 
u t i l i z e d readi ly . 

4. T h e existence of chemica l ly , c rysta l lographica l ly , or m a g 
net i ca l ly inequiva lent sites is general ly revealed b y the 
appearance of d ist inct components , ar i s ing f r o m the d i f 
ferent sites, i n the Mossbauer spectrum. 

5. A l t h o u g h the technique is i n p r i n c i p l e l i m i t e d to s t u d y i n g 
n u c l e i i n solids, i t is possible to investigate d isso lved mole 
cules a n d complexes b y f reez ing the solutions a n d m a k i n g 
measurements on the resu l t ing so l id . 

6. It is possible to incorporate the radioact ive source atoms 
i n the mater ia l to be s tud ied a n d thus combine the a d v a n 
tages of radioact ive tracer experiments w i t h those of the 
Mossbauer technique . Samples conta in ing as f ew as a p 
prox imate ly 1 0 1 2 probe atoms thus can be s tudied . 

7. Since nuc lear energy levels i n the range i n v o l v e d here are 
so n a r r o w a n d sharply defined, g a m m a rays f r o m any 
nucleus (e.g., 5 7 F e ) can be reabsorbed on ly b y n u c l e i of 
the same type, since any other isotope w i l l have absorpt ion 
energies ( corresponding to excited states) i n a different 
energy region. T h u s , experiments are absolute ly specific 
to the par t i cu lar isotope i n v o l v e d , a n d no cross-interference 
f r o m other isotopes or elements ever arises. 

8. T h e dependence of the recoil - free f ract ion o n the proper 
ties of the host latt ice a l lows invest igat ion of the D e b y e 
temperature a n d anharmonic b i n d i n g forces v i a the t e m 
perature dependence of the resonance intensity . 

T h e signif icance of some of these points is c lear i n the f o l l o w i n g 
discussion, w h i c h reviews extensive research on c o l l o i d a l catalysts used 
i n the electronics industry . So far as w e are aware , the papers c i t ed here 
are the only Mossbauer spectroscopy measurements i n this field, a n d 
(except for one br ie f subsequent paper that served to conf irm the results 
of the Mossbauer measurements) are the only p u b l i s h e d studies of these 
materials . 

Colloidal Catalyst Systems 
A f ew years ago, w e l earned that the entire electronics indus t ry was 

m a k i n g p r i n t e d w i r i n g boards ( the insu la t ing panels w i t h copper con 
ductor patterns, on w h i c h integrated c ircuits a n d components are 
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m o u n t e d ) u s i n g a process c a l l e d "sensi t izat ion a n d electroless p l a t i n g . " 
W i t h this process, i t is possible to p u t a n adherent coat ing of m e t a l o n 
plast ic . T h e meta l can be depos i ted o n " through-ho les" to connect c on 
ductors on different sides of the pane l , or c a n be used to b u i l d u p the 
entire pattern . T h e same process also is used w i d e l y i n automobi le a n d 
app l iance factories to meta l l i ze p last ic t r i m parts. T h e process as seen 
b y the p l a n t manager conta ined bas i ca l ly three steps: sensit izat ion, 
accelerat ion, a n d electroless p l a t i n g , as s h o w n i n F i g u r e 1. T h e last step, 
electroless p l a t i n g , was re lat ive ly w e l l unders tood : T h e so lut ion consisted 
( t y p i c a l l y ) of copper ions, a c omplex ing agent ( E D T A ) , a r e d u c i n g 
agent ( f o r m a l d e h y d e ) , a n d a strongly a lka l ine aqueous electrolyte 
( K O H ) . T h e r e d u c i n g agent concentrat ion was adjusted to m a k e the 
so lut ion metastable to the reduc t i on of copper ions to copper meta l . 
T h e n the in t roduc t i on of a cata lyt i c surface (e.g., copper meta l ) leads to 
the depos i t ion of meta l l i c copper on the surface. T h e untreated p last i c 
surface w i l l not in i t iate copper deposi t ion. T h e purpose of the sens i t iz ing 
step was then , presumably , to l o a d the p last i c surface to be m e t a l l i z e d 
w i t h cata lyt i c mater ia l . T h e purpose of the accelerat ion step was not at 
a l l c lear, b u t i t made the i n i t i a l copper depos i t ion occur m u c h more 
r a p i d l y (hence the n a m e ) . 

T h i s process came into c o m m e r c i a l use i n about 1962, a n d b y 1972 
w h e n w e started this research, i t was b e i n g used to manufacture hundreds 
of mi l l i ons of dol lars of p roduc t each year. N o research art ic le d iscuss ing 
the ac t ion of the sensitizer a n d accelerator baths h a d ever been p u b 
l i shed . A n u m b e r of patents cover ing compos i t i on of the baths h a d been 
issued, b u t they were i n severe confl ict i n the microscop ic models they 
presented for the c h e m i c a l reactions occurr ing . T h e c o m m o n elements 
a m o n g these descriptions were that the sensitizers were made u s i n g 
S n C l 2 , P d C l 2 , a n d H C I , a n d that the accelerator conta ined fluoboric a c i d 
or some other strong a c i d or a l k a l i . T h e proposed m o d e l w h i c h l ooked the 
best ( J ) was that the S n 2 + r e d u c e d the P d 2 + ions to the meta l l i c state, 

PLASTIC \ 

r 1—, T 
J 

/ / 

J 

COPPER 
LAYER ^ J 7 

J 

SENSITIZE ACCELERATE PLATE 
( H B F 4 ) 

Figure I . Basic steps in metallizing plastics by electroless plating. 
Rinses have been omitted. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
5

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



542 M O S S B A U E R SPECTROSCOPY A N D ITS C H E M I C A L A P P L I C A T I O N S 

f o r m i n g a c o l l o i d a l p a l l a d i u m catalyst that was adsorbed on the p las t i c 
surface. A r g u m e n t s presented against this m o d e l , a n d i n favor of a t i n -
p a l l a d i u m complex m o d e l , were that the sensitizer so lut ion d i d not scatter 
l i g h t (no T y n d a l l effect) a n d that i t c o u l d not be separated centr i fuga l ly . 

W e set out to trace the c h e m i c a l processes o c c u r r i n g i n m a k i n g the 
sensitizer so lut ion. A l t h o u g h the reactions took p lace i n a l i q u i d phase, 
i t was possible to s tudy t h e m v i a Mossbauer spectroscopy of the 1 1 9 S n , 
i f the solutions were f rozen r a p i d l y so as to re ta in the t i n ions c omplexed 
as they wTere i n the l i q u i d . ( I t is not obvious that this is poss ib le—one 
must look for a system that freezes into a "g lassy" state, r e m a i n i n g a 
s ingle phase, rather t h a n phase separat ing into h y d r a t e d salts a n d a 
f rozen pure electrolyte ( 2 ) . ) I n this sensitizer w o r k , w e f o u n d that the 
H C 1 - H 2 0 electrolyte was itself a good g lass - forming system, a n d d i d 
not need g lass- forming addi t ives . W e started out w i t h a so lut ion of S n 2 + 

i n H C 1 , a n d then a d d e d the P d 2 + ions, also i n H C 1 . W e took samples of 
the solutions at various t imes after the i n i t i a l m i x i n g , a n d froze those 
samples to 78 K to stop the react ion a n d to so l id i fy the solutions for the 
Mossbauer study. F i g u r e 2 shows the results of the experiments ( 3 ) . 
T h e t i n is i n i t i a l l y present as ch lor ine - complexed S n 2 + ( F i g u r e 2 A ) . I m 
mediate ly u p o n the a d d i t i o n of the p a l l a d i u m so lut ion , the spec t rum of 
the t i n changes to that of F i g u r e 2 B . O b v i o u s l y , the t i n has somehow 
c o m b i n e d w i t h the p a l l a d i u m ions. T h e isomer shift a n d large q u a d r u 
po le sp l i t t ing of the t i n l ines are consistent w i t h those expected for a 
7r -bonding complex . T h e t i n so lut ion has changed f r o m b e i n g essential ly 
colorless to a n intense r e d - b r o w n . A f t e r a f e w minutes , the so lut ion 
co lor changes further , t o w a r d a gray ish or greenish b r o w n . T h e M o s s 
bauer spectrum shows that the l ines of the i n t i a l t i n - p a l l a d i u m complex 
disappear , a n d are rep laced b y three n e w lines ( F i g u r e 2 C ) . I n i t i a l l y , 
on ly one of these l ines can be exp la ined r e a d i l y — t h e l ine at 0.5 m m / s 
( w h i c h arises f r o m ch lor ine - complexed S n 4 + ) , w h i c h has apparent ly been 
re turned to the electrolyte as the e n d produc t of a redox react ion w h i c h 
has reduced the p a l l a d i u m ions. T h e o r i g i n of the other t w o l ines c a n 
be de termined f r o m a c o m b i n a t i o n of ox idat ive coagulat ion , w h i c h is 
i rrevers ib le , a n d very intense centr i fugat ion , w h i c h is able to concentrate 
the c o l l o i d a l part ic les w i t h o u t coagulat ion . E a r l i e r reports that the mate 
r i a l c o u l d not be separated centr i fuga l ly d i d not ant ic ipate the extra
o r d i n a r i l y fine part i c le size at ta ined i n this c o l l o i d a l system—acce lera
tions of 100,000 G f or 24 h are requ i red . F i g u r e 2 D shows the spec trum 
of the centr i fuga l ly separated part ic les . T h e centr i fuga l separation makes 
i t c lear that the t i n is present i n the electrolyte, as d isso lved ch lor ine -
complexed S n 4 + , a n d i n t w o forms i n the centr i fuged part i c l es—one w i t h 
a l ine near 1.6 m m / s , the other w i t h a l ine near 3 m m / s . I f a n u n c e n t r i -
f u g e d suspension of the part ic les is o x i d i z e d b y exposure to a i r , the l ine 
near 3 m m / s decreases i n intensity , the l ine at 1.6 m m / s stays at the 
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Figure 2. 119Sn Mossbauer spectra tracing the chemical reactions in the 
successive steps of manufacture of the palladium-tin colloidal catalyst 

system (3, A). Spectra taken in frozen solutions. 
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i \ \ \ l I I 1 J 1 1 L_ 
- 2 0 2 4 6 8 

S O U R C E V E L O C I T Y ( m m / s e c ) 

Journal of the Electrochemical Society 

Figure 3. Spectra of oxidatively coagulated colloidal catalysts: (A) chlo
rine-complexed Sn4+; (B) palladium-tin alloy (3) 

same intensity , a n d a d d i t i o n a l S n 4 + appears. Sudden ly , just as the l ine 
at 3 m m / s disappears, the part ic les coagulate, a n d the suspension 
changes f r o m a dark l i q u i d to a colorless l i q u i d w i t h a s m a l l amount of 
spongy b lack mater ia l at the bo t t om of the tube . T h e coagulate n o w 
shows on ly the 1 .6-mm/s l ine ( F i g u r e 3 B ) a n d the so lut ion on ly S n 4 + 

( F i g u r e 3 A ) . C l e a r l y , the t i n species that p r o d u c e d the l ine at 3 m m / s 
was ac t ing as the c o l l o i d stabi l izer , p revent ing the coagulat ion . T h e 
prec ip i tate , its spec trum u n c h a n g e d f r o m that w h e n i t was suspended, 
c a n be ident i f ied b y b o t h Mossbauer spectroscopy a n d x-ray d i f f ract ion 
as a n a l l oy of about Sno.15Pdo.s5. O n e c a n n o w reconstruct the c o l l o i d 
f o rmat ion process: T h e t i n a n d p a l l a d i u m combine i n i t i a l l y to f o r m a 
po lynuc l ear complex , w h i c h is unstable . T h i s decomposes v i a a redox 
react ion , p r o d u c i n g meta l l i c p a l l a d i u m , a n d r e t u r n i n g S n 4 + to the electro
lyte . Some amount of t i n is r e d u c e d also a n d is i n c l u d e d i n the meta l l i c 
p a l l a d i u m to make the p a l l a d i u m - t i n a l loy . 

T h e role of the d iva lent t i n as a s tabi l izer n o w c a n be examined . 
B o t h i n the c o m m e r c i a l catalyst preparat i on a n d i n our i n i t i a l exper i 
ments, w e used a n amount of S n 2 + substant ia l ly i n excess of that needed 
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to reduce the p a l l a d i u m f rom P d 2 + to Pd° ( m e t a l l i c ) . I f the mo lar rat io 
of S n 2 + / P d 2 + i n the i n i t i a l so lut ion is less t h a n 1.5, no stable c o l l o i d is 
f o r m e d — t h e p a l l a d i u m ions are i n d e e d reduced , b u t they coagulate a n d 
f o r m a prec ip i tate immediate ly . T h i s aga in emphasizes the role of the 
S n 2 + as a s t a b i l i z i n g species. Since the S n 2 + w o u l d be present i n the so lu 
t i on as S n C l 3 " complexes, a n d since these complexes are k n o w n to f o r m 
strong t i n - p a l l a d i u m bonds, one c o u l d even guess that the s t a b i l i z i n g 
m e c h a n i s m was that the S n C l 3 ~ complexes were adsorbed onto the p a l 
l a d i u m - t i n a l l oy part ic les u n t i l the surface was covered w i t h a mono layer 
of complexes. I f there were not enough S n 2 + to coat the surface, the 
part ic les w o u l d coagulate. If there were some S n 2 + present, one c o u l d 
imag ine that the p a l l a d i u m part ic les w o u l d agglomerate u n t i l the sur
face h a d decreased to m a t c h the amount of S n 2 + ava i lab le , at w h i c h p o i n t 
the g r o w t h w o u l d stop. T h i s immed ia te ly suggests that the c o l l o i d 
part i c le size c o u l d be contro l led b y adjust ing the amount of ava i lab le 
S n 2 + , a n d that turns out to be the case. 

W e made col lo ids us ing ratios of S n / P d = 3, a n d S n / P d = ~ 2.5. 
F r o m the sedimentat ion rate i n centr i fugat ion , the latter so lut ion was i n 
fact de termined to conta in a larger par t i c l e size d i s t r ibut i on of the 
p a l l a d i u m a l loy part ic les . W e also s tud ied the Mossbauer spectra of the 
centr i fuga l ly separated part ic les , a n d ob ta ined the results s h o w n i n 
F i g u r e s 4 B ( S n / P d = 3) a n d 4 C ( S n / P d = ^ 2.5) . T h e spectra of the 
t w o sets of part ic les look s imi lar , b u t the S n 2 + s t a b i l i z i n g l ine is re lat ive ly 
weaker i n the sample w i t h the larger part i c le size, as w o u l d be expected, 
since the part i c le s u r f a c e / v o l u m e rat io is smal ler . 

W e also can ver i fy this m o d e l quant i tat ive ly . Sed imentat ion rate 
data y i e l d a m e a n size of about 30 A d iameter for the part ic les i n F i g u r e 
4 B . I f the a l loy cores conta in approx imate ly 15 at. % Sn , each par t i c l e 
w o u l d conta in about 100 t i n atoms. If the S n C l 3 " complexes each cover 
a n area of about 16 A 2 ( 4 ) , about 200 complexes w o u l d be r e q u i r e d for 
monolayer coverage of the part i c le . T h e spec t rum shows rough ly e q u a l 
intensities for the t w o components , w h i c h is pret ty good agreement 
cons ider ing that the / va lue is not k n o w n for the s t a b i l i z i n g complex . 
T h u s , the somewhat speculat ive nature of the proposed m o d e l has been 
borne out b o t h b y the p r e d i c t i o n of part i c le size dependence on t i n c o n 
centrat ion, a n d b y the quant i tat ive determinat ion that the amount of the 
adsorbed t i n complex corresponds rough ly to mono layer coverage. W e 
also ver i f ied that the c o l l o i d a l materials w e were p r e p a r i n g were s imi lar 
to those i n the c o m m e r c i a l ( p ropr i e tary ) sensitizer systems b y cent r i -
f u g i n g the latter a n d observing that the spectra of those part ic les w e r e 
s imi lar to those of the m o d e l systems w e h a d examined . 

I t is w o r t h w h i l e to po in t out that the Mossbauer technique was 
p a r t i c u l a r l y use fu l i n these experiments because i t gave us we l l -de f ined 
spectra even f r o m monolayers a n d very s m a l l part ic les , a n d a l l o w e d 
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SOURCE VELOCITY mm/sec 

Chemical Physics Letters 

Figure 4. Spectra of centrifugally separated particles from colloidal 
catalysts with different surface /volume ratios (4) 

determinat ion of the valence state of the t i n . T h e a b i l i t y to mon i tor 
reactions proceed ing i n the so lut ion v i a the f rozen-so lut ion technique 
also was v i t a l . T h i s a p p r o a c h has been used on ly i n a f e w chemistry 
studies to date, a n d p r o b a b l y c o u l d be a p p l i e d more w i d e l y . 

A f t e r this success i n d i scover ing the compos i t i on of the catalyst so lu 
t ions, w e t u r n e d to s t u d y i n g the accelerat ion step. Since w e h a d estab
l i s h e d that the sensitizer conta ined p a l l a d i u m a l l oy part ic les , a n d since 
p a l l a d i u m is a n excel lent catalyst, i t seemed obvious that the p last i c 
surface was adsorb ing p a l l a d i u m part ic les , a n d that those were the 
cata lyt i c sites i n the copper p l a t i n g b a t h . B u t w h a t was the role of the 
accelerator? 

W e undertook a n e w series of experiments i n w h i c h the Mossbauer 
technique ( to t e l l us about the t i n chemis t ry ) was c o m b i n e d w i t h R u t h 
erford backscatter ing (5 ) to t e l l us about the e lemental compos i t i on of 
layers on the surface at var ious points i n the process. C l e a v e d graphi te 
was used as a substrate i n these experiments, b o t h for its convenience 
a n d s imple surface chemistry . A more complete p i c ture of the p r o d u c 
t i o n process is g i ven i n F i g u r e 5, w h i c h also shows the conclusions of 
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25. C O H E N Colloidal Catalyst Solutions 547 

the research ( 6 ) . T h e backscatter spec trum ( F i g u r e 6 ) shows that after 
the accelerator step, most of the t i n has been removed , b u t the a m o u n t 
of p a l l a d i u m has r e m a i n e d r o u g h l y the same. B o t h the backscatter a n d 
M o s s b a u e r spectra have been n o r m a l i z e d so that the presence of a 
p a r t i c u l a r e lement or phase is p r o p o r t i o n a l to the he ight of the corre
spond ing peak i n the spectrum. T h u s , w e c a n see f r o m the backscatter 
spec t rum that the m a i n role of the accelerator step is to remove t i n f r o m 
the sur face—the p a l l a d i u m concentrat ion is unchanged . T h e backscatter 
spec trum after the sensit izat ion a n d rinse step shows that far more t i n 
is o n the surface t h a n w e w o u l d have expected f r o m the m o d e l a b o v e — 
the p a l l a d i u m - t i n a l l oy cores conta ined on ly about 1 5 % t i n , a n d even 
i f the surface pass ivat ing layer were re ta ined w h e n the c o l l o i d a l p a r -

Figure 5. Schematic of surface chemistry processes occurring in sensiti
zation and acceleration steps 
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Figure 6. Rutherford hackscatter spectra of surfaces after sensitization, 
acceleration, and short electroless plating treatments (7) 

t i d e s were adsorbed , the surface layer shou ld have 2 - 3 t imes as m u c h 
p a l l a d i u m as t i n . I n fact, the surface layer has about ha l f as m u c h 
p a l l a d i u m as t i n . 

T h e Mossbauer spectra show that this extra t i n is present as S n 4 + , 
s h o w n b y the strong absorpt ion l ine at zero ve loc i ty . I n fact, after the 
sensit izat ion step, the t i n l ine f r o m the p a l l a d i u m - t i n a l l oy is a lmost 
inv i s ib l e on the shoulder of the l ine f r o m S n 4 + . T h e accelerator so lut ion 
removes most of the S n 4 + ( m i d d l e spec trum i n F i g u r e 7, note change i n 
sca le ) , a n d leaves the t i n i n the p a l l a d i u m - t i n a l l oy as the d o m i n a n t 
species. W h e r e d i d the extra t i n come from? 

T h e k e y to unders tand ing these phenomena is the rea l i za t i on that 
the sensitizer b a t h contains a large amount of d isso lved S n 4 + . T h i s comes 
f r o m impur i t i es i n the S n C l 2 used to make the sensitizer, the redox 
react ion b y w h i c h the p a l l a d i u m is reduced , a n d a i r ox idat ion of d i s 
so lved S n 2 + d u r i n g use of the ba th . T h e S n 4 + is d isso lved stably i n the 
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25. C O H E N Colloidal Catalyst Solutions 549 

strong H C I electrolyte, b e i n g complexed w i t h ch lor ine ions. I n the w a t e r 
r inse after the sensit izat ion step, however , the S n 4 + is h y d r o l y z e d a n d 
i m m e d i a t e l y prec ip i ta ted as stannic hydrox ide . T h e amount of stannic 
hydrox ide f o r m e d i n the r inse step is enough to f o r m a layer about 
100-200 A th ick . T h i s apparent ly acts as a pass ivat ing layer cover ing 
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Figure 7. Mossbauer spectra of surfaces at successive stages in process 
sequence, as in Figure 6 (7) 
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Figure 8. Rutherford backscatter spectra showing relative palladium 
and tin concentrations on sensitized surfaces (top) with no acceleration, 
(middle) after standard acceleration treatment, ana (bottom) new sequence 

using HCI rinse (8) 

the p a l l a d i u m - t i n part ic les , a n d the role of the accelerator step is to 
remove this stannic hydrox ide layer , expos ing the adsorbed part ic les so 
that they can catalyze depos i t ion of copper f r o m the electroless so lut ion. 
T h u s , the purpose of the accelerat ion step is to remove a m a t e r i a l that 
was on ly inadvertent ly deposi ted on the surface. 

W i t h this microscopic unders tand ing of the chemistry , i t is possible 
to redes ign the process to e l iminate the accelerat ion step (7,8). W e 
expected that i f the sensitizer so lut ion were w a s h e d off the surface w i t h 
H C I instead of water , the hydro lys is of the S n 4 + a n d stannic h y d r o x i d e 
prec ip i ta t i on w o u l d not occur. ( A w a t e r rinse after the H C I is s t i l l 
necessary to prevent carryover of H C I into the a lka l ine electroless so lu -
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t ion . ) F i g u r e 8 shows that this a p p r o a c h is very successful—the res idua l 
t i n r e m a i n i n g after the H C I rinse is even l o w e r t h a n that ach ieved b y the 
acce lerat ion step. T h e atomic rat io of P d / S n is i n fact about 4, a p p r o x i 
mate ly w h a t w o u l d have been expected f r o m the c o l l o i d m o d e l just 
discussed. Surfaces p r o d u c e d u s i n g the H C I rinse are more effective 
catalysts for the depos i t ion of copper f r o m the p l a t i n g so lut ion than those 
made b y the s tandard process. A d d i t i o n a l l y , the H C I is far cheaper a n d 
less toxic than the f luoboric a c i d usua l ly used i n the acceleration step. 

I t is w o r t h emphas i z ing that this advance was a direct consequence 
of the microscopic unders tand ing of the process, obta ined t h r o u g h the 
research descr ibed here. O v e r the ten years that the process h a d been 
i n c o m m e r c i a l use, a w i d e var ie ty of materials a n d process were used 
for accelerat ion, a n d m a n y patents were i s sued—but no one thought of 
the s imple expedient of the H C I rinse, because no one k n e w w h a t was 
h a p p e n i n g on the surface. 

Conclusions 

I have discussed an a p p l i c a t i o n of Mossbauer spectroscopy to mate 
rials science problems. Mater ia l s used i n the rea l w o r l d , a n d processes 
used to manufacture them, are i n m a n y cases very poor ly understood. 
S t u d y i n g these materials can be very diff icult , because of their c o m 
plex i ty a n d ( i n m a n y cases) poor ly contro l led or ig in . B u t many poor ly 
understood phenomena are susceptible to attack w i t h n e w tools a n d 
knowledge . I n some cases, as exempl i f ied b y the c o l l o i d studies c i t e d 
here, the appl ied-sc ience study m a y become the gateway to interest ing 
n e w areas of basic science research. 
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26 
Characterization of Mixed-Metal Catalysts by 

Iron-57 and Ruthenium-99 Mössbauer 

Spectroscopy 

M . L. GOOD1, M. D. PATIL, J. T . DONNER, and C. P. MADHUSUDAHAN2 

Division of Engineering Research, Louisiana State University, 
Baton Rouge, LA 70803 

Iron-57 and 99Ru Mössbauer spectroscopy have been used 
to assess the chemical composition of an iron-ruthenium 
bimetallic catalyst system as a function of preparation and 
treatment. Supplementary data from ESCA spectroscopy 
and x-ray powder diffraction made it possible to completely 
characterize the material from the initial salt mixture 
through a hydrogen reduction and a subsequent calcination 
step. RuCl3 • xH2O and FeSOh • xH2O were mixed in a 1:2 
mole ratio in the solid state, slurried with a small amount of 
water, and evaporated to dryness. The product contained 
a mixture of iron(II) and iron(III) salts and some anhydrous 
RuCl3. This material was reduced under flowing H2 at 
400°C for 4 h. Surprisingly, the "reduced" product con
tained ruthenium metal, RuO2, bulk γ-Fe2O3 (some FeS), 
and a fraction of small-particle paramagnetic γ-Fe2O3. After 
calcination the product was unchanged except for the loss 
of the FeS and an increase in the average particle size. The 
study indicates the special application of 99Ru Mössbauer 
spectroscopy to such solid-state problems and the extra 
versatility gained by "double Mössbauer labeling." 

r p h e complete p h y s i c a l a n d c h e m i c a l descr ipt ion of heterogeneous 
meta l l i c catalysts a n d the relat ionship between the i r properties a n d 

their catalyt ic ac t iv i ty has become the goal of numerous groups of invest i -

1 Current address: Universal Oral Products, Inc., Des Plaines, IL 60016. 
* Current address: Englehard Industries Division, Menlo Park, Edison, NJ 08817. 

0065-2393/81 /0194-0553$05.00/0 
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gators. T h e overa l l theme of their w o r k is to unders tand better the 
interre lat ionships a m o n g electronic structures, p h y s i c a l characterist ics , 
a n d catalyt ic ac t iv i ty so that more effective catalysts can be des igned 
rather than discovered. Since most heterogeneous catalyst systems are 
complex solid-state mixtures of meta l a n d support , the complete descr ip 
t i o n i n bo th chemica l a n d p h y s i c a l terms is very diff icult, i f not imposs ib le 
to achieve. H o w e v e r , d u r i n g the past decade n e w p h y s i c a l tools have 
become avai lable to probe these materials , a n d our deta i led knowledge 
of the ir molecular a n d solid-state structures is i m p r o v i n g at a r a p i d rate. 
E l e c t r o n microscopy has become a rout ine tool ( j o in ing the l ong avai lable 
x-ray di f fract ion techniques ) for accessing the p h y s i c a l state of hetero
geneous catalysts, a n d the improvement i n resolut ion d o w n to a f e w 
angstroms has m a d e i t possible to "see" even smal l clusters of meta l atoms 
h i g h l y dispersed o n a support mater ia l ( 1 , 2 ) . N e w a n d i m p r o v e d 
spectroscopic techniques , par t i cu lar ly E S C A , A u g e r , a n d magnet ic reso
nance methods, are n o w used rout ine ly for p r o b i n g the e lectronic 
properties a n d e lemental composi t ion of the surface a n d b u l k of supported 
a n d mixed -meta l catalysts (3,4,5). A re lat ive ly recent a dd i t i on to this 
arsenal of p h y s i c a l methods is Mossbauer spectroscopy, w h i c h c a n p r o 
v i d e u n i q u e in format ion i n special cases i n v o l v i n g a meta l h a v i n g a 
nucleus that is Mossbauer active. T h e u t i l i t y of this method has 
progressed to the po int where Mossbauer spectroscopy is i n c l u d e d i n any 
general discussion of spectroscopic methods for eva luat ing heterogeneous 
catalyst systems (6). I n those cases w h e r e i t is app l i cab le , this technique 
has several advantages for heterogeneous catalyst character izat ion . I t is 
bas ica l ly a solid-state measurement w h i c h i n the transmission mode can 
penetrate so l id substrates that are opaque to energies i n the o p t i c a l or 
v i b r a t i o n a l spectral ranges, a n d i n the backscatter mode c a n p r o v i d e 
in format ion about surface species. T h e method provides chemica l specia-
t i o n in fo rmat ion t h r o u g h " f ingerpr int " spectra, a n d structural a n d par t i c l e 
size in format ion b y analysis of quadrupo le sp l i t t ing parameters a n d 
magnet i c spectra. U s e d i n con junct ion w i t h other methods such as E S C A , 
x-ray, a n d e lectron di f fract ion, Mossbauer spectroscopy can p r o v i d e 
def init ive c h e m i c a l a n d p h y s i c a l parameters for heterogeneous catalyst 
systems, bo th supported a n d unsupported . P a r t i c u l a r l y signif icant meas
urements can be made i n those f e w cases where mixed -meta l catalysts 
conta in more t h a n one Mossbauer -act ive nuc l ide . T h i s chapter reports 
the results of such a case where an unsuppor ted catalyst system of i r o n 
a n d r u t h e n i u m was character ized as a func t i on of catalyst treatment. 

Bimetallic Catalyst Systems—The Special Case of Ruthenium—Iron 

U n t i l qu i t e recent ly , most b imeta l l i c or a l loy catalysts have been 
b u l k materials w i t h l o w surface areas, usua l ly f o rmulated as pressed 
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powders , wires , or foils. H o w e v e r , the ever increas ing need for more 
efficient a n d more selective catalysts has s t imulated a n u m b e r of studies 
of b imeta l l i c materials of h i g h surface area dispersed on a var iety of 
supports. Mossbauer spectroscopy has been especial ly effective i n deter
m i n i n g the chemica l states of these dispersed materials w h e r e other 
techniques prov ide only l i m i t e d in format ion . I l lustrat ive examples are 
the p l a t i n u m - i r o n alloys on graphite ( 7 ) ; the p a l l a d i u m - i r o n alloys o n 
a l u m i n a ( 8 , 9 ) ; the r u t h e n i u m - i r o n alloys o n s i l i ca ( 1 0 ) ; a n d the n i c k e l -
i r on alloys on s i l i ca (11,12,13). I n each case, on ly i r o n Mossbauer 
spectroscopy was carr ied out, a n d the c h e m i c a l state of the second m e t a l 
was in ferred f r o m the i ron data or determined b y other, usual ly less 
def init ive, methods. T h e Mossbauer data p r o v i d e d a dd i t i ona l in format ion 
of catalyt ic significance b y exh ib i t ing superparamagnet ic spectra associ
ated w i t h the very smal l partic les dispersed on the supports. A n analysis 
of this feature of the various spectra a l l owed the determinat ion of the 
part i c le sizes of the active catalyst materials . T h e success of these 
studies, a n d par t i cu lar ly the in format ion obta ined f r o m just the i r o n 
Mossbauer spectra for the r u t h e n i u m - i r o n system, suggested that s imi lar 
studies where b o t h metals were susceptible to Mossbauer spectral analysis 
m i g h t be quite product ive a n d indeed , m i g h t have the potent ia l to 
e l iminate certain ambiguit ies left b y the fact that so far only the i r o n i n 
the b imeta l l i c mixtures has been studied . 

Several classic studies us ing other Mossbauer-act ive n u c l e i to study 
alloys have been reported, a l though i n general these have been d i rec ted 
t o w a r d unders tanding the electronic effects i n pure meta l l i c alloys instead 
of f o l l o w i n g the c h e m i c a l a n d p h y s i c a l changes that occur d u r i n g the 
preparat ion a n d m a n i p u l a t i o n of catalyst materials . T h e electronic a n d 
magnet ic properties of the high-pressure hexagonal phase of i r on ( c -
phase) have been probed b y a l l o y i n g i r on w i t h r u t h e n i u m a n d o s m i u m , 
a n d observing the i r o n Mossbauer spectra (14,15,16). S i m i l a r studies to 
observe in terna l hyperf ine fields a n d al loy electronic structures have been 
carr ied out on i r o n - r h o d i u m alloys (17,18) a n d other ferromagnet ic 
alloys (19,20). A f e w systems have been invest igated b y p r o b i n g w i t h 
other Mossbauer nuc le i . I r o n - p l a t i n u m alloys have been studied b o t h 
i n transmission a n d backscatter experiments us ing the 99 -keV trans i t ion 
i n 1 9 5 P t (21,22,23). T h e results of these studies have p r o v i d e d the 
necessary data for construct ing a n d eva luat ing theoret ica l models of the 
electronic structure of these al loys at the atomic leve l , a n d have a l l o w e d 
the deduct i on of the mechanism of transferred hyperf ine fields i n these 
materials . O n e s imi lar study has been reported us ing the 73 -keV M o s s 
bauer l ine i n 1 9 3 I r for observing the hyperf ine field i n i r o n - p l a t i n u m -
i r i d i u m alloys (24). These reports ind icate the potent ia l u t i l i t y of the 
Mossbauer effect i n p r o b i n g the chemistry , magnet ic properties , a n d 
par t i c l e structure of "doub le - labe led" b imeta l l i c systems. 
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T h e p r o v e n u t i l i t y of the " R u Mossbauer probe for assessing the 
complex chemistry of a var ie ty of r u t h e n i u m compounds (25) a n d for 
descr ib ing the chemica l transformations that accompany various treat
ments of r u t h e n i u m species on catalyt ic supports (26 -29) w o u l d ind i cate 
that i t m a y be a nuc l ide of choice for examin ing b imeta l l i c catalysts i n 
general . T h i s is qu i te fortuitous since b o t h i r o n a n d r u t h e n i u m are k n o w n 
to be effective F i s c h e r - T r o p s c h catalysts ( 3 0 ) , a n d the ir b i m e t a l l i c 
systems exhib i t interest ing selectivity i n hydrocarbon p r o d u c t i o n f r o m 
C O / H 2 (10,31) a n d i n n i trogen fixation (32). T h u s w e have b e g u n a 
systematic study of i r o n - r u t h e n i u m b imeta l l i c catalyst systems, b o t h 
supported a n d unsupported . T h i s chapter represents the first complete 
study of a n unsuppor ted system where b o t h 5 7 F e a n d " R u Mossbauer 
spectroscopy have been a p p l i e d to the same samples. Supplementary 
in format ion f rom E S C A spectroscopy a n d x-ray di f fract ion has made i t 
possible to define complete ly the solid-state reactions that accompany the 
p h y s i c a l a n d chemica l treatment of the b imeta l l i c materials . P r e l i m i n a r y 
results of a s imi lar study on the b i m e t a l l i c system on a zeol ite support 
have been reported separately (33). 

Details of the Acquisition and Interpretation of 
"Ru Mossbauer Spectra 

T h e exper imental condit ions necessary for the co l lect ion of good-
qua l i ty 5 7 F e Mossbauer data a n d methods for their subsequent in terpre 
tat ion are n o w w e l l k n o w n a n d easily accessible i n the p r i m a r y a n d 
secondary l i terature. T h u s no deta i led b a c k g r o u n d mater ia l o n this 
technique w i l l be presented. H o w e v e r , s imi lar in fo rmat ion for the " R u 
system is not read i ly avai lable , a n d a substantial out l ine of the p r o b l e m 
w i l l be presented here for the readers' convenience. A r e v i e w of " R u 
a n d 1 0 1 R u Mossbauer spectroscopy t h r o u g h 1973 is avai lab le , a n d is 
r e commended read ing for the serious experimental ist ( 2 5 ) . 

T h e 90 -keV Mossbauer transit ion i n " R u was first d iscovered b y 
K i s t n e r a n d co-workers w h o reported the spectrum for a m e t a l absorber 
at 85 K (34). These workers observed a s ingle- l ine resonance of 0.37-
m m / s l i n e w i d t h w i t h a ca lcu lated l i f e t ime for the 90 -keV l eve l of 8 X 
10" 9 s as a l ower l i m i t . T h i s va lue c ompared favorab ly w i t h the w e l l -
k n o w n value for the 14-keV Mossbauer l eve l i n 5 7 F e . Subsequent w o r k 
us ing the delayed-co inc idence m e t h o d p r o d u c e d a l i fe t ime va lue of (20 
± 1) X 10" 9 s (35). F u r t h e r experiments at l i q u i d - h e l i u m temperature 
( b o t h source a n d absorber) p r o v i d e d deta i l ed in format ion about the 
nuc lear parameters of the Mossbauer t rans i t ion (36,37). A n i r o n -
r u t h e n i u m a l loy exhib i ted a wel l - reso lved , 18-line, magnet ic hyperf ine 
spectrum that was u n i q u e l y fit b y a m o d e l assuming a m i x e d d i p o l e -
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quadrupo le ( M 1 - E 2 ) t rans i t ion f r om I = 3 / 2 to I — 5 /2 . F u r t h e r 
analysis p r o d u c e d a va lue of —0.19 db 0.05 for the magnet ic g-factor 
( g i ) of the 90 -keV state a n d a va lue of 2.7 db 0.6 for the E 2 / M 1 m i x i n g 
rat io S2, w i t h the assignment of a negative s ign to the m i x i n g parameter 8. 
A close examinat ion of the quadrupo le - sp l i t spectra of ruthenocene 
[ R u ( C 5 H 5 ) 2 ] a n d r u t h e n i u m d iox ide ( R u 0 2 ) ind i ca ted that the observed 
doublet was a consequence of the dominence of the nuc lear quadrupo le 
moment of the excited 3 / 2 state, w i t h a va lue of Qi/Qo > 3. These 
ear ly studies b y K i s t n e r a n d co-workers p r o v i d e d the necessary nuclear 
parameters a n d the veri f icat ion of large c h e m i c a l isomer shifts for n o n -
meta l l i c absorbers that l e d to the explo i tat ion of " R u Mossbauer spectra 
to e luc idate the complex chemistry of r u t h e n i u m systems. T h u s b o t h 
u n i q u e compounds a n d var ious mixtures of c h e m i c a l interest c a n be 
addressed. 

E x p e r i m e n t a l l y , good-qual i ty " R u Mossbauer spectra are diff icult 
a n d expensive to obta in . T h e 16-day " R h precursor of the excited state 
of " R u was first p r o d u c e d b y 1 0 - M e V pro ton bombardment of meta l l i c 
r u t h e n i u m i n the cyc lotron . Sources can be prepared f rom n a t u r a l 
r u t h e n i u m (12 .7% " R u ) or f r o m meta l enr i ched w i t h " R u ( > 9 8 % 
" R u ) . T h e natura l meta l sources are on ly usable be tween t w o a n d six 
weeks after b o m b a r d m e n t because of short- a n d l ong - l i ved 1 0 1 R h con 
taminants . H i g h specific ac t iv i ty sources h a v i n g longer useful l ives can 
be prepared f r om an enr i ched target b y chemica l ly separat ing the result 
i n g " R h a n d co -prec ip i tat ing i t w i t h a smal l amount of na tura l r u t h e n i u m 
m e t a l ( 3 6 , 3 7 ) . W h e r e r u t h e n i u m meta l serves as the host latt ice , single 
resonance l inewidths close to the natura l l i n e w i d t h have been achieved , 
a l though the meta l has a hexagonal crysta l structure. T h e ac tua l p r e p a 
ra t i on of the source is somewhat of a n art rather t h a n a science, a n d 
q u a l i t y has been a var iab le f r om source to source, even f r o m the same 
vendor . I n every case, the h igh-energy ( 9 0 - k e V ) M o s s b a u e r trans i t ion 
a n d the l o w D e b y e - W a l l e r factors for most r u t h e n i u m compounds (as 
c o m p a r e d to r u t h e n i u m meta l ) have made i t necessary to ob ta in " R u 
Mossbauer spectra at l o w temperatures, pre ferably h a v i n g b o t h the 
source a n d absorber coo led to 4.2 K . T h e l i fet ime of the excited state 
of " R u a n d the magni tude of the c h e m i c a l isomer shifts are comparable 
to those of 5 7 F e , thus m a k i n g i t possible to u t i l i ze 5 7 F e instrumentat ion 
w i t h o u t modi f i cat ion , except for the g a m m a detector w h i c h must b e 
o p t i m i z e d for the h igher energy 90 -keV x-ray. M o s t workers have used 
large glass or m e t a l l i q u i d - h e l i u m D e w a r s , w h e r e the spectrometer 
ve loc i ty dr ive motor is m o u n t e d ver t i ca l ly o n top of the D e w a r a n d 
attached to the source v i a a l o n g dr ive r o d extending into the l i q u i d -
h e l i u m b a t h (36-39). F o r most reported spectra, a N a l ( T l ) s c int i l la t ion 
detector has been used ( a 3 -mm th i ck crysta l is o p t i m a l ) to assay the 
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90-keV g a m m a rays, a l though a g e r m a n i u m - l i t h i u m dr i f t ed detector c a n 
prov ide i m p r o v e d resolut ion ( 2 6 ) . V e l o c i t y ca l ibra t i on is p r o v i d e d i n 
the usua l w a y , either u s i n g a n 5 7 F e source a n d pure i r o n f o i l absorbers 
or us ing laser inter ferometry for absolute ve loc i ty measurements ( 4 0 ) . 
A l l isomer shift values have been reported w i t h respect to meta l l i c 
r u t h e n i u m , a l though this mater ia l is subject to some unreso lved q u a d r u 
po le sp l i t t ing . C o h e n a n d K a l v i u s (41) a n d the N a t i o n a l Research 
C o u n c i l A d H o c P a n e l on Mossbauer D a t a (42) have re commended the 
use of K 4 [ R u ( C N ) 6 ] • 3 H 2 0 as a n isomer shift s tandard. T h i s cyan ide 
complex has the advantage of a symmetr i c r u t h e n i u m site that prov ides 
a s ingle, n a r r o w l ine just s l ight ly broader t h a n the natura l l i n e w i d t h ; 
however , i t suffers f r o m a l o w recoil - free f ract ion that requires l o n g r u n 
t imes to p rov ide data w i t h suitable statistics. T y p i c a l " R u Mossbauer 
spectra are of overa l l poorer q u a l i t y than analogous 5 7 F e spectra because 
of the smaller recoil - free f ract ion a n d the need for large samples (i .e. , 
50-100 m g of r u t h e n i u m per c m 2 are t y p i c a l l y r e q u i r e d for adequate 
signal-to-noise ratios i n the observed s p e c t r u m ) . 

T h e re lat ive ly large isomer shifts c ompared to the observed l inewidths 
reported for " R u Mossbauer spectra i m p l i e d that the techn ique should 
have significant potent ia l for p r o v i d i n g c h e m i c a l in format ion about 
r u t h e n i u m systems. T h i s was a n exc i t ing prospect i n v i e w of the complex 
chemistry of r u t h e n i u m , a n element w h i c h exhibits f o r m a l ox idat ion 
states f r om zero to posit ive eight i n a large var iety of compounds a n d 
w h i c h has a tendency to f o rm mul t inuc lear complexes w i t h mixed -meta l 
ox idat ion states, m e t a l - m e t a l bonds, a n d b r i d g i n g l igands . T h e m e c h a 
nisms of complex r u t h e n i u m reactions a n d the structure of r u t h e n i u m 
complexes have taxed the skil ls a n d ins ight of numerous r u t h e n i u m 
chemists since the early experiments on the mater ia l i n the latter par t 
of the last century . T h u s there was an a lready establ ished c l ientele for 
the app l i ca t i on of " R u Mossbauer spectroscopy to chemica l problems. 
K i s t n e r a n d co-workers (36,37) p r o v i d e d the first corre lat ion of " R u 
Mossbauer parameters w i t h c h e m i c a l b o n d i n g b y re la t ing the doublet 
sp l i t t ing i n R u 0 2 a n d ruthenocene to the s ign a n d magni tude of the 
electric field gradient at the r u t h e n i u m nucleus i n these t w o compounds . 
T h e double t spec trum reported for these compounds is t y p i c a l for ru the 
n i u m spectra of systems expected to have quadrupo le interact ion i n the 
absence of magnet ic hyperf ine interactions. E a c h component of the 
doublet consists of an unreso lved t r ip le t w h i c h is a consequence of the 
I = 3 / 2 -> I = 5 / 2 t rans i t ion , where the large Q 3 / 2 / Q 5 / 2 a l lows the 
s imple quadrupo le sp l i t t ing of the excited I = 3 / 2 state to predominate . 
F o r spectra of this type, the isomer shift usual ly is reported as the center 
of the doublet , a n d the doublet sp l i t t ing is re ferred to as A E Q . T h i s s imple 
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26. G O O D E T A L . Mixed-Metal Catalysts 559 

extract ion of Mossbauer parameters is over -s impl i f ied for very precise 
values (43,44,45), bu t is qui te p r a c t i c a l for rout ine chemica l analysis 
a n d fingerprinting of par t i cu lar r u t h e n i u m species. 

Isomer shift trends i n several series of r u t h e n i u m compounds have 
been reported . T h e first extensive study b y W a g n e r , Mossbauer , a n d 
co-workers (46) i n d i c a t e d that a monatomic increase i n isomer shift 
o c curred w i t h increas ing ox idat ion number . T h i s ind i ca ted a posi t ive 
nuc lear factor ( A R 2 / R ) for " R u based on the assumption that the 
s-electron density at the r u t h e n i u m nucleus increased as the d-electron 
sh ie ld ing was reduced w i t h increas ing ox idat ion states. T h i s assumption 
was further substantiated b y C l a u s e n , Prados , a n d G o o d (38) w h o 
ca lcu lated the total charge density at the r u t h e n i u m nucleus u s i n g 
restr icted H a r t r e e - F o c k w a v e functions of the s-electron density at the 
nucleus for specific ox idat ion states. B o t h of these studies identi f ied 
more subtle chemica l effects b y observ ing that the electron d e r e a l i z a t i o n 
effected b y certain l igands such as n i t rosy l ( N O + ) c o u l d be semi -quant i -
tat ive ly descr ibed b y c o m p a r i n g isomer shifts w i t h i n a homologous series 
of compounds . T h i s concept has been explo i ted further b y re la t ing the 
isomer shifts i n a series of r u t h e n i u m ( I I ) pentaamines ( [ R u ( N H 3 ) 5 X ] ± n 

where X = N O + , C O , S 0 2 , N 2 , pyraz ine , C H 3 C N , C 6 H 5 C N , p y r i d i n e , a n d 
N H 3 ) to the relat ive a- a n d 7r-bonding capabi l i t ies of the s ixth l i g a n d 
(47). T h e u t i l i t y of the " R u Mossbauer parameters for descr ib ing 
c h e m i c a l b o n d i n g a n d structure i n s imple r u t h e n i u m complexes can best 
be i l lustrated b y examin ing the values obta ined for a series of ruthe 
n i u m ( I I ) - c y a n i d e complexes (48). These parameters are : (1 ) K 4 [ R u -
( C N ) e ] ; IS = - 0 . 2 5 m m / s ; A E Q = 0.0 m m / s ; (2 ) K 2 [ R u ( C N ) 5 N O ] • 
2 H 2 0 ; IS = +0 .03 m m / s ; A E Q = 0.49 m m / s ; a n d (3 ) K 4 [ R u ( C N ) 5 N 0 2 ] 
• 2 H 2 0 ; IS = - 0 . 4 0 m m / s ; A E Q = 0.35 m m / s . F i r s t , the isomer shift for 
the hexacyano complex is s ignif icantly larger than the comparable va lue 
for the r u t h e n i u m ( I I ) - h e x a a m i n e (46,47,49), —0.25 vs. —0.92 m m / s , 
i n d i c a t i n g the effective d e r e a l i z a t i o n of two d-electrons f rom the t2g

6 

l eve l of r u t h e n i u m ( I I ) into the cyanide orbitals . N o t e that the isomer 
shifts decrease i n the order of l i g a n d subst i tut ion as N O + > C N ' > N 0 2 ~ , 
a n d the quadrupo le sp l i t t ing is greater for N O + than for N 0 2 " . T h e large 
increase i n isomer shift for N O + ( f r om —0.25 to + 0 . 0 3 m m / s ) results 
f r o m the large, extra Tr -de local izat ion of d-electrons f r o m the t2g

6 conf igu
rat ion into the ? r * o rb i ta l of N O + . T h e decrease of the isomer shift i n 
the N 0 2 " case ( f r om —0.25 to —0.40 m m / s ) is at tr ibutable to the fact 
that N 0 2 ~ is a poor 7 r -de loca l i zat ing l i g a n d as compared to C N " . T h e 
A E q values indicate the symmetry of the electric field gradient about the 
r u t h e n i u m nucleus i n each case, that is , A E Q = 0.0 for the symmetr i c 
e lectronic conf igurat ion i n R u ( C N ) 6

4 " ; a n d A E Q for [ R u ( C N ) 5 N O ] 2 + > 
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A E q for [ R u ( C N ) 5 N 0 2 ] 4 + because of larger d is tort ion caused b y greater 
d e r e a l i z a t i o n i n the R u — N O b o n d as c o m p a r e d to the R u — N 0 2 entity . 
T h i s type of analysis has n o w been a p p l i e d to m a n y s imple r u t h e n i u m 
complexes a n d to some b inuc lear systems (50,51). T h e success of the 
" R u spectral parameters i n e luc idat ing such chemica l b o n d i n g prob lems 
has l e d to the use of the technique to define chemica l species i n v o l v e d 
i n solid-state catalysts, as ment ioned earl ier i n this chapter. T h e p r o b l e m 
out l ined here is yet another instance of the u n i q u e contr ibut ion to be 
made b y Mossbauer spectroscopy to the unders tanding of r u t h e n i u m 
chemistry , bo th i n complex molecu lar systems a n d i n catalyt ic materials . 

Experimental 

Materials. Ferrous sulfate (hydrated) was purchased from Fischer Sci
entific Co. and ruthenium trichloride trihydrate from Engelhard Industries. 
Hydrogen gas was obtained from Matheson (grade = 99.9%). All materials 
were used without subsequent purification. 

Preparation of the Catalyst Material. Ruthenium trichloride trihydrate 
and ferrous sulfate (hydrated) were mixed in a 1:2 mole ratio in the solid state. 
A few drops of sulfuric acid and a few grains of ascorbic acid (to maintain the 
ferrous state by oxidation retardation) were added to the mixture. A minimum 
amount of distilled water was added to prepare a reasonable slurry, and the 
ingredients were thoroughly mixed. The mixture was heated in a porcelain 
dish on a steam bath for 2 h with constant stirring. The residue was filtered, 
washed with water, and dried in a vacuum desiccator at a pressure of approxi
mately 10"3 torr for 5 h. A small sample of the resulting material was removed 
for analysis and designated Fe-Ru (initial). 

The remainder of the Fe-Ru (initial) material was placed in a porcelain 
boat and reduced in flowing hydrogen at 400°C for 4 h. During reduction, 
copious amounts of white fumes were evolved. The reduced sample was cooled 
to room temperature in a stream of hydrogen. Again a small sample was re
moved for analysis. This reduced residue was designated Fe-Ru (reduced). 

The larger portion of the Fe-Ru (reduced) sample was exposed to air at 
room temperature for 24 h. A small sample was removed for analysis and 
designated as Fe-Ru (exposed). The remainder of the material was heated to 
400°C in air for 4 h. The sample was cooled slowly to room temperature and 
designated as Fe-Ru (calcined). 

Physical Methods. The ruthenium and iron Mossbauer spectra were 
obtained with an Austin Science Associates Mossbauer spectrometer operating 
in the constant-acceleration mode. Calibration of the spectrometer was accom
plished by laser interferometery using the Austin Science Associates ruby laser 
system (38, 40). Isomer shifts for ruthenium were referenced to the single-line 
resonance of pure (99.9%) ruthenium metal powder. An NBS-certified iron 
foil was used for the reference standard for the iron isomer shift. 

The physical arrangement of the Mossbauer spectrometer and the Kontes/ 
Martin glass liquid-helium Dewar for studying ruthenium catalyst samples has 
been described previously (26). Sample and absorber were immersed in the 
liquid helium at 4.2 K. For the results reported here, a scintillation detector 
with a 3-mm thick Harshaw Nal (Tl ) crystal was used. The ruthenium source 
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26. G O O D E T A L . Mixed-Metal Catalysts 561 

was approximately 8 m C i of 16-day " R h contained in a host lattice of ruthe
nium metal. The source was prepared by the N e w England Nuclear Corp. of 
Boston, M A by separating the " R h activity from an enriched " R u target that 
had been proton bombarded in the Oak Ridge National Laboratory cyclotron. 
The " R h activity was subsequently coprecipitated with 8 m g of natural r u 
thenium metal and annealed at 1000°C in hydrogen for 20 min . The source, 
as received, exhibited a linewidth of 0.22-0.25 mm/s for a natural ruthenium 
metal absorber. 

The iron Mossbauer data were collected with the source at room tempera
ture and the absorber at liquid-nitrogen (77 K ) temperature. Corrections for 
second-order Doppler shifts were not made. The source was 54.3 m C i of 5 7 C o 
in a host lattice of rhodium metal purchased from the Spire Corp., Bedford, 
M A . This source exhibited a l inewidth of 0.28 mm/s for a K 4 F e ( C N ) 6 • 3 H 2 0 
absorber. Data reduction for both the iron and ruthenium spectra was carried 
out by a conventional least-squares Lorentzian line shape program on a D E C 
P D P - 1 0 or Perk in -Elmer Interdata 8/32 computer. 

The x-ray photoelectron spectra were taken on a PHI-548 E S C A / A E S 
spectrometer. Powder samples were pressed onto a pure indium foil , and 
spectra were scanned with the neutralizer (zero kinetic energy electrons) on. 
The samples were sputtered with argon ions, and the indium peaks were used 
as internal reference standards for the assignment of sample binding energies. 

X-ray powder diffraction spectra were taken on a Phil l ips ' diffractometer 
equipped with an X R G - 3 0 0 0 x-ray generator and an A P D - 3 5 0 0 data controller 
and processor. The scan rate was 2°/min. 

Average surface areas for the catalyst particles in the power samples were 
determined using the gas-adsorption method. A continuous gas flow on a 
Perk in -E lmer Shell Mode l 212D spectrometer was used. Measurements were 
made in triplicate for each sample and the B E T equation was used for the 
average surface area calculation (52) . 

Results and Discussion 

T h e intent of this study was to evaluate our ab i l i t y to character ize 
i n deta i l the chemica l ( a n d phys i ca l ) transformations that accompany 
the various preparat ive steps i n f o rmulat ing a b u l k b imeta l l i c catalyst. 
T h e choice of the par t i cu lar start ing materials was somewhat arb i t rary , 
other than the fact that w e w a n t e d to investigate a defined i r o n - r u t h e 
n i u m system. T h e rationale for the par t i cu lar meta l salts used was based 
on our previous experience w i t h R u C l 3 • * H 2 0 o n a l u m i n a a n d s i l i ca 
supports ( 26 ) , a n d the fact that ox idat i on - reduc t i on reactions of F e S 0 4 

• x H 2 0 on zeolites h a d been invest igated extensively b y other workers 
( 5 3 ) . I t has been recognized that the anions associated w i t h the m e t a l 
i n the i n i t i a l m i x c a n inf luence the final products ( 54 ) , a n d future studies 
are p l a n n e d where the chemica l transformations are moni tored as a 
funct ion of i n i t i a l an i on ( s ) present. T h e ac tua l treatment procedures 
were chosen to correspond to those used prev ious ly i n our laboratory 
for the ox idat i on - reduc t i on of supported r u t h e n i u m catalysts on a l u m i n a , 
s i l i ca , a n d zeolites (26,28). Products at each stage of treatment were 
character ized as f u l l y as possible , as out l ined later. R u t h e n i u m - 9 9 a n d 
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5 7 F e Mossbauer spectra w e r e obta ined for each sample, and the results 
are g iven i n Tables I a n d I I a n d F i g u r e s 1-5. E S C A spectra for a l l 
samples, b o t h as removed f r om the react ion sequence a n d after extensive 
sputter ing w i t h argon ions (to probe the b u l k properties of the mater ia l s ) , 
are shown i n F i g u r e 6 a n d 7. X - r a y di f fract ion patterns for the i n d i v i d u a l 
samples are d i sp layed i n F i g u r e 8. 

F e - R u ( I n i t i a l ) . T h e Mossbauer data for this sample indicates 
that it contains a mixture of i r on ( I I I ) a n d i ron ( I I ) a n d a r u t h e n i u m 
entity w i t h a n isomer shift of —0.61 m m / s a n d a A E Q va lue of 0.69 m m / s . 

Table I. Iron-57 Mossbauer Parameters of Iron-Ruthenium 
Bimetallic Catalysts 

Sample* 

F e - R u 
( in i t ia l ) 

Absorption Lines" 

P e a k 1 2.63 ± 0.01 

P e a k 2 
P e a k 3 

0.97 
0.00: 

0.01 
0.01 

F e - R u P e a k 1 
(reduced) 

P e a k 2 

P e a k 3 
P e a k 4 
P e a k 5 
P e a k 6 

P e a k 7 
P e a k 8 
P e a k 9 
P e a k 10 
P e a k 11 

8.39 ± 0.02 

4.85 ± 0.02 

2.56 ± 0.03 
1.32 =b 0.02 
0.49 db 0.02 

-0.27 ± 0.02 

-1.22 ± 0.02 
-2.60 ± 0.03 
-3.92 ± 0.03 
-4.71 ± 0.02 
-8.22 ± 0.02 

F e - R u 
(calcined) 

P e a k 1 8.49 ± 0.02 

P e a k 2 
P e a k 3 
P e a k 4 
P e a k 5 

4.89 ± 0.02 
1.37 db 0.05 
0.45 ± 0.02 

- 0 . 1 2 ± 0.02 

Comments0 

F e 2 + I S = 1.32 
2.63 =b 0.01 

0.01; AEQ = 

F e 3 + IS — 0.49 ± 0.01; AEQ — 
0.97 ± 0.01 

y -FesOa (magnetic) I S = 0 . 0 7 : 
0.02; H I — 522 k G 

F e S (magnetic) I S — 0.50 db 
0.02; H I = 281 k G 

y - F e 2 0 3 (supermagnetic) 
IS = 0.11 ± 0 . 0 2 ; 
AEQ = 0.76 ± 0.02 

y - F e 2 0 3 (magnetic I S = 0.09 : 
0.02; H I = 525 k G 

y - F e 2 0 3 (supermagnetic) 
I S = 0.16 =b 0.02; AEQ = 
0.57 ± 0.02 

P e a k 6 - 1 . 2 4 ± 0.03 
P e a k 7 - 4 . 7 0 db 0.02 
P e a k 8 - 8 . 3 0 =b 0.02 

° See text for preparative conditions. 
6 Error estimates are from computer least̂ squares fits to Lorentzian lines. Pre

cision (reproducibility) from two mirror-image spectra is ± 0.04 mm/s. 
0 IS == Isomer shift in mm/s; Ai£Q = quadrupole splitting in mm/s; HI = inter

nal field in kG calculated from Mossbauer magnetic splitting. 
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Table II. Ruthenium-99 Mossbauer Parameters of 
Iron—Ruthenium Bimetallic Catalysts 

Sample* 
Isomer Shift* 

(mm/s) 
Linewidth 

(mm/s) 

F e - R u P e a k l - 0 . 2 7 ± 0.01 0.38 0.01 
( in i t ia l ) P e a k 2 - 0 . 9 6 ± 0.01 0.38 0.01 

F e - R u P e a k l 0.01 ± 0.01 0.21 0.01 
(reduced) P e a k 2 - 0 . 4 8 ± 0.01 0.39 0.02 

F e - R u P e a k l 0.01 ± 0.01 0.22 0.01 
(exposed) P e a k 2 - 0 . 4 9 ± 0.01 0.36 0.02 

F e - R u P e a k l - 0 . 0 2 ± 0.01 0.24 ± 0.01 
(calcined) P e a k 2 - 0 . 4 8 ± 0.01 0.39 ± 0.02 

R u (metal) 0.00 ± 0.00 0.21 0.01 

R u 0 2 P e a k 1 0.02 ± 0.01 0.38 0.01 
P e a k 2 - 0 . 4 9 ± 0.01 0.38 ± 0.01 

/ ? - R u C l 3 - 0 . 6 7 ± 0.05 0.35 ± 0.05 A # Q — 0.79 ± 0.05 
a See text for preparative conditions. 
b Error estimates are from computer least-squares fits to Lorentzian lines, 

cision (reproducibility) from two mirror-image spectra is ± 0.04 mm/s. 
Pre-

A n alternative assignment for the r u t h e n i u m spectrum w o u l d be t w o 
r u t h e n i u m species, bo th w i t h no quadrupo le sp l i t t ing a n d an isomer shift 
of —0.27 a n d —0.96 m m / s , respectively. T h e E S C A spectra of the 
sample ind icate that bo th chlor ide a n d sulfate are present i n the surface 
a n d b u l k of the sample. T h u s the r u t h e n i u m entity ( ies) present c o u l d 
be a r u t h e n i u m ( I I I ) - c h l o r i d e c o m p o u n d or a mixture of the hexahal ide 
complexes of r u t h e n i u m ( I I ) a n d r u t h e n i u m ( I V ) . T h e isomer shift 
v a l u e ( s ) are compat ib le w i t h either of these two possibi l i t ies ( 2 5 ) . 
H o w e v e r , the mater ia l is inso luble i n water a n d a lcohol , w h i c h is charac
teristic of the insoluble , anhydrous tr ihal ides such as « -RuCl 3 . W e do 
not have Mossbauer parameters for « - R u C l 3 for comparison, but the values 
for / ? - R u C l 3 are shown i n T a b l e I I a n d i n F i g u r e 2. T h e x-ray di f fract ion 
pattern shown i n F i g u r e 8 is inconc lus ive for F e - R u ( i n i t i a l ) since no 
definit ive assignments c o u l d be made. T h u s , the most probab le c h e m i c a l 
composi t ion of the d r i e d F e - R u ( i n i t i a l ) sample is a mix ture of i r o n ( I I ) 
a n d i r o n ( I I I ) salts, p r o b a b l y m i x e d chlorides a n d sulfates, a n d a n 
anhydrous R u C l 3 species. 

F e - R u (Reduced). T h e chemica l character of the sample changed 
drast ica l ly after the F e - R u ( i n i t i a l ) was reduced i n hydrogen at 400°C, 
as is ind i ca ted i n the Mossbauer a n d E S C A spectra. A first t r ia l for the 
data analysis of the 5 7 F e Mossbauer spectra fit the data to eight l ines as 
s h o w n i n F i g u r e 3. H o w e v e r , the fit was not par t i cu lar ly good a n d other 
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s m a l l unreso lved peaks are c lear ly v is ib le . A rerun of these data reso lved 
the spectrum into 11 lines w i t h the peak positions l i s ted i n T a b l e I . T h e 
data c ou ld be sorted into two six- l ine magnet ic spectra a n d a p a r a m a g 
net ic doublet . T h e lower intensity s ix- l ine doublet w i t h an interna l field 
of 281 k G is most p r o b a b l y F e S ( 5 6 , 5 7 ) . T h i s assignment is substantiated 
b y the E S C A data w h i c h exhib i t two sul fur peaks on the surface of the 
reduced sample, one w h i c h can be assigned to sulfate a n d the other to 
sulfide ( 58 ) . A f t e r sputter ing only the sulfide peak remains, i n d i c a t i n g 
the presence of a sulfide i n the bu lk . 

T h e more intense s ix- l ine spectrum was first thought to be a - F e 2 0 3 

w i t h the center doublet representing a fract ion of smal l partic les that are 
paramagnet i c (11, 56). N o conf igurat ion c o u l d be obta ined f r o m the x-ray 
di f fract ion data since they conta ined on ly a s m a l l n u m b e r of resonance 
peaks, i n d i c a t i n g very smal l part i c le sizes. Gas absorpt ion measurements 
conf i rmed this fact b y s h o w i n g that the average par t i c l e size was about 
300 A or less as ca lculated f rom the surface area of 18.6 m 2 / g - H o w e v e r , 
the x-ray di f fract ion pattern for the ca l c ined samples, as discussed later , 
i n d i c a t e d the presence of y - F e 2 0 3 rather t h a n « - F e 2 0 3 . 

T h e " R u Mossbauer spectrum for the reduced sample was p a r t i c u 
la r l y interest ing i n that the r u t h e n i u m salt i n the i n i t i a l sample d i d not 
reduce a l l the w a y to r u t h e n i u m meta l as h a d been observed prev ious ly 
for r u t h e n i u m tr i ch lor ide supported on s i l i ca a n d a l u m i n a or a r u t h e n i u m 
cat ion exchanged onto a Y - t y p e zeolite (26,28). T h e r u t h e n i u m spectrum 
c o u l d be ana lyzed as t w o signals, one rather intense peak at a p p r o x i 
mate ly zero ve loc i ty (as compared to a r u t h e n i u m m e t a l s tandard) a n d 

100.00 

i 98.00 

g 96.00 f 

^ 94.00 
z 
UJ 

5 92.00 f 
Q. 

-4.0 -3.0 -2.0 -1.0 0 1.0 2.0 3.0 4.0 

DOPPLER VELOCITY IN MM /SEC 

Figure 1. Iron-57 Mossbauer spectrum of Fe-Ru (initial) 
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loaoo 

i 99.90 
" Y z ^ 7 ' ' * • • • • ' v " (A 99.80 A / 1 99.70 

99.00 FE-RU 
»-
z 
s 

99.50 \ f y (INITIAL) 
g 99.40 

-3.0 -2.0 -1.0 0 1.0 2.0 34 

OOPPLER VELOCITY IN MM/SEC 

•» * 4i + + + + + + * * 

-5.0 -4 .0 -3.0 -2.0 -1.0 0 1.0 2.0 3.0 4.0 5.0 
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Figure 2. Ruthenium-99 Mossbauer spectrum of Fe-Ru (initial) 

a doublet w i t h parameters characterist ic of R u 0 2 . N o t e that one ha l f of 
the R u 0 2 doublet is b u r i e d i n the more intense m e t a l peak. T h u s i t 
appears that the c h e m i c a l compos i t ion of the reduced sample is b u l k 
y - F e 2 0 3 , smal l -part i c le paramagnet i c y - F e 2 0 3 , F e S ( s m a l l c o m p o n e n t ) , 
r u t h e n i u m meta l , a n d R u 0 2 . T h i s assignment is further corroborated b y 
the Mossbauer a n d x-ray data c i ted later for the ca l c ined sample. 

F e - R u ( E x p o s e d ) . Prev ious w o r k on r e d u c e d r u t h e n i u m m e t a l 
d ispersed o n a zeol ite support i n d i c a t e d that the m a t e r i a l was qu i te 
react ive a n d changed c h e m i c a l compos i t ion o n exposure to a ir , even at 
r o o m temperature ( 2 8 ) . T o test the react iv i ty of the mixed -meta l system, 
the F e - R u ( reduced ) sample was exposed to a ir at r o o m temperature . 
T h e Mossbauer a n d E S C A spectra ind i ca ted that the sample compos i t ion 
d i d not change f r o m that reported earl ier for the reduced sample. A g a i n 
this behavior is qu i te different f r o m that observed for r u t h e n i u m alone o n 
a support system. 
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F e - R u ( C a l c i n e d ) . T h e 5 7 F e a n d " R u Mossbauer parameters for 
the ca l c ined sample are g iven i n the Tab les a n d i n F i g u r e s 3 a n d 5. T h e 
m a i n differences between these spectra a n d those for the r e d u c e d sample 
are the absence of the F e S pat tern a n d the more c l ear ly reso lved peaks 
for y - F e 2 0 3 . N o t e that the paramagnet i c f rac t ion of the i r o n oxide 
remains . T h e treatment w i t h oxygen apparent ly transforms any F e S to 
y - F e 2 0 3 a n d produces part ic les of larger sizes. T h e average surface area 
of the F e - R u ( ca l c ined ) part ic les was r e d u c e d to 6 m 2 / g , w h i c h corre
sponds to a n average par t i c l e size of 900 A . T h e E S C A spectra substan-

I 1 H H T 1 ' 1 

-12.0 -10J0 -&0 -OX -4.0 -2.0 0 2.0 4.0 6.0 8.0 10.0 12.C 

DOPPLER VELOCITY IN MM/SEC 

Figure 3. Iron-57 Mossbauer spectra for Fe-Ru (reduced) and Fe-Ru 
(calcined). (Spectrum for iron foil is shown for comparison.) 
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\FeS 

+ + + + + + + + + 
-4-—+—4— 

4 . + + + + * 4 . + 4 . 

-12.0 -10.0 -8.0 -6.0 -4.0 -2.0 0 2.0 4.0 6.0 8.0 10.0 12.0 

OOPPLER VELOCITY IN MM/SEC 

Figure 4. Iron-57 Mossbauer spectrum of Fe-Ru (reduced) rerun with 
11 resolved lines. (Note that most of the magnetically split spectrum for 
FeS can be resolved although it is a minor component of the total spec

trum.) 

t ia ted the loss of F e S since the sputtered samples i n F i g u r e 7 show no 
sulfide peaks i n the b u l k sample. 

I t is interest ing that the " R u Mossbauer spectra are unchanged b y 
the ca lc inat ion . T h e spectra s t i l l can be assigned to a mixture of 
r u t h e n i u m meta l a n d R u 0 2 . These assignments of the chemica l species 
of the b imeta l l i c mater ia l are enhanced b y the observed x-ray di f fract ion 
p o w d e r patterns. Since the average part i c l e sizes were increased, the 
p o w d e r pattern is n o w c lear ly assignable as shown i n F i g u r e 8. Peaks 
corresponding to r u t h e n i u m meta l , R u 0 2 , a n d y - F e 2 0 3 are c lear ly v is ib le . 
T h e assignment of y - F e 2 0 3 is par t i cu lar ly significant since the Mossbauer 
parameters c o u l d have been assigned to the more c o m m o n « - F e 2 0 3 (56). 
H o w e v e r , the x-ray peaks c o u l d not be fit to those reported for a - F e 2 0 3 

but d i d correspond w e l l to those reported for y - F e 2 0 3 ( 5 9 ) . 

Summary 

T h e data out l ined i n this chapter c lear ly indicate the u t i l i t y of 
Mossbauer spectroscopy as a probe for assessing the c h e m i c a l compos i t ion 
of solid-state catalyst materials a n d for f o l l o w i n g their solid-state reactions. 
T h e a b i l i t y to "doub le l a b e l " a b imeta l l i c system is p a r t i c u l a r l y effective. 
T h e advantage of supplementary data such as E S C A spectra a n d x -ray 
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*— » » + + *— + 
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Figure 5. Ruthenium-99 Mossbauer spectra for Fe-Ru (reduced) and 
Fe-Ru (calcined). (Spectrum for pure Ru02 is shown for comparison.) 
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300 250 2O0 60 
BINDING ENERGY (tV) 

Figure 6. ESC A spectra for Fe-Ru 
samples as a function of treatment 

A L L SAMPLES ARE 
SPUTTERED FOR TEN 

MINUTES 

F E - R U (CALCINED) 

FE-RU(EXPOSED) 

B/NCHNG ENERGY (eV) 

Figure 7. ESC A spectra for Fe-Ru 
samples as a function of treatment. 
(Samples were first sputtered with 
argon ions for 10 min to remove sur

face contamination.) 
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Figure 8. X-ray powder patterns for the Fe-Ru samples as a function of 
treatment 

dif fract ion parameters i n p r o v i d i n g complementary details for the c o m 
plete character izat ion of such solid-state systems also has been d e m 
onstrated. 

T h e ac tua l c h e m i c a l nature of this p a r t i c u l a r i r o n - r u t h e n i u m b i 
meta l l i c system is most interest ing i n l i g h t of prev ious ly reported 
in format ion for re lated systems. T h e overa l l react ion scheme can be 
s u m m a r i z e d as f o l l ows : 

steam bath 
F e n S 0 4 + R u m ^ C l 3 - z H 2 0 > F e 1 1 , F e 1 1 1 + R u n i C l 3 ( a n h ) 

100°C in air 

H 2 400°C 

4 h 

O 2-400°C 
R u , R u 0 2 , y - F e 2 0 3 < R u , R u 0 2 , y - F e 2 0 3 (FeS) 

4 h 
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T h e r e is no evidence for the format ion of a n i r o n - r u t h e n i u m al loy d u r i n g 
the reduc t i on step as has been reported for other samples that have been 
prepared f rom m i x e d i r o n - r u t h e n i u m metals at elevated temperatures 
(14,15,16) or f rom the reduct ion of mixed -meta l salts (10,31,32). A l s o , 
there is no evidence of reduct ion of i r o n to the meta l l i c state a l though 
some r u t h e n i u m is reduced to the meta l . T h e reduc t i on step c o u l d 
i n c l u d e a disproport ionat ion react ion of the r u t h e n i u m ( I I I ) species to 
form r u t h e n i u m ( 0 ) a n d r u t h e n i u m ( I V ) w i t h the concurrent ox idat ion of 
the i ron ( I I ) species to F e 2 0 3 . T h e determinat ion of the mechanism of 
this par t i cu lar solid-state react ion presents qu i te a chal lenge. I n an effort 
to understand the deta i led chemistry , future w o r k is p l a n n e d i n evaluat
i n g the role of the anions used, the determinat ion of reduct i on products 
f o rmed at temperatures above 400°C, the effect of other procedures such 
as h y d r a z i n e reduct ion , a n d the propert ies of s ingle -metal salt systems. 
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27 
Mössbauer and Magnetic Studies of 

Bifunctional Medium-Pore Zeolite-Iron 

Catalysts Used in Synthesis Gas Conversion 

CARY LO—Physics Department, Pennsylvania State University, University 
Park, PA 16802 

K. R. P. M. R A O 1 and L . N. MULAY 2—Department of Materials Science 
and Engineering, 136 Materials Research Laboratory, Pennsylvania 
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V. U . S. RAO, R. T. OBERMYER3, and R. J. GORMLEY—Pittsburgh 
Energy Technology Center, U.S. Department of Energy, 
P.O. Box 10940, Pittsburgh, PA 15236 

Medium-pore (diameter ~ 6 Å) zeolites such as ZSM-5 and 
Silicalite impregnated with Group VIII metals provide 
selective catalytic pathways for the conversion of coal
derived synthesis gas to gasoline or olefins. Mössbauer and 
magnetic studies on these catalysts containing iron or iron 
plus cobalt are reported. The zeolites were impregnated 
with metal nitrate solutions, reduced, and carbided to yield 
the active catalyst. The freshly impregnated samples 
showed Fe3+ type spectra. The ZSM-5 (14.7% Fe) and 
Silicalite (13.6% Fe) samples exposed to H2 (450°C) showed 
an approximate 85% reduction to the metallic state. The 
carbided ZSM-5 (14.7% Fe) revealed a spectrum of Hagg 
carbide (Fe5C2), an active component of the catalyst. The 
used catalysts showed mixtures of Hagg carbide (Fe5C2) 
and cementite (Fe3C). It is suggested that the selectivity of 
ZSM-5 (5.6% Fe, 4.5% Co) resulted from iron-cobalt alloy 
formation. 
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574 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

l he interest of M u l a y ' s group ( P e n n State U n i v e r s i t y ) i n this c h a l -
-•- l e n g i n g area of catalysis research s temmed f r o m his ear l ier bas ic 

research (1-4) o n superparamagnet ic dispersions of a - F e 2 0 3 . T h i s d i s 
pers ion was obta ined b y a n o v e l technique , w h i c h consisted of i n t r o 
d u c i n g vapors of F e ( C O ) 5 [ m a x i m u m d imens i on ~ 9 A ] in to the cage 
structure of L inde -13X zeol ite , v i a its aperture of about 10 A . T h e super-
paramagnet i sm of the dispersions was e luc ida ted b y magnet i za t i on 
measurements as a func t i on of the field (H) a n d temperature (T) as w e l l 
as b y 5 7 F e Mossbauer spectroscopy. T h e techno log i ca l interest of 
V . U . S. Rao's group ( P i t t s b u r g h E n e r g y Techno logy C e n t e r ) centered 
a r o u n d m a k i n g re lat ive ly more efficient z e o l i t e - S i l i c a l i t e - b a s e d catalysts 
for synthesis gas conversion. T h e o v e r l a p p i n g of the interests of these 
t w o research groups has l e d to a f r u i t f u l co l laborat ion , w h i c h exemplifies 
in terd i s c ip l inary as w e l l as in terorganizat iona l efforts be tween a f edera l 
a n d a univers i ty laboratory . 

T h e cata lyt i c convers ion of coa l -der ived synthesis gas ( C O + H 2 ) 
to gasol ine-range hydrocarbons a n d olefins u s i n g b i f u n c t i o n a l zeo l i te 
catalysts (5-7) is of m u c h interest today. T h e m e d i u m - p o r e (d iameter ^ 
6 A ) zeol i te Z S M - 5 i n c o m b i n a t i o n w i t h i r o n (5,6) or w i t h i r o n - c o b a l t 
(7) was s h o w n to y i e l d a h i g h f ract ion of aromatics i n the produc t , 
resu l t ing i n a favorable octane n u m b e r ( > 80). I t was i n d i c a t e d (7) 
that the b i m e t a l l i c i r o n - c o b a l t on Z S M - 5 c o u l d alter the p r o d u c t selec
t i v i t y , m a i n l y i n r e d u c i n g the shift convers ion of C O + H 2 0 to C 0 2 f r o m 
the h i g h shift y ie lds of i r o n o n Z S M - 5 . T h e aromatics i n the p r o d u c t 
decreased b y the a d d i t i o n of cobal t to the zeol ite (7). 

I n contrast to Z S M - 5 , S i l i ca l i t e lacks a l u m i n u m , a l t h o u g h the t w o 
appear to possess s imi lar c rysta l structures (8,9). T h e y crysta l l i ze w i t h 
the o r thorhombic space group P n m a or Pn2ia w i t h a = 20.1 A ; b = 19.9 
A ; c = 13.4 A . T h e f ramework structure consists of five-membered r ings 
of S i ( A l ) - 0 te trahedra . T h e pore structure ( F i g u r e 1) consists of in ter -

Elliptical 10-ring 
straight channel 

(5.7 % x 5.1 1) 

10-ring 
zig-zag 
channel 
(dia 5.4, 

Near-circular 

Figure 1. Possible model of the pore structure of ZSM-5 and Silicalite 
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27. L O E T A L . Medium-Pore Zeolite-Iron Catalysts 575 

Table I . Comparison of ZSM -5 and Silicalite 

Composition 

Ion Exchange 
properties 

Crystal Structure 

Pore Structure 

Sorption of H20 

Thermal Stability 

ZSM-5 

Na , (A10 2 ) . (S i0 2 ) ioo - . 
x = 1 to 25 

Present 
E X C H C a l c i n e 

N a + > N H 4
+ > H + _ 

Orthorhombic 
a = 20.1 A 
b = 19.9 A 
c = 13.3 A 

Stra ight channels a long b-axis . 
Z i g - z a g along a-axis . 
Pore diameter = 6 A . 

L o w for h igh s i l i con content 

Increases w i t h s i l i con content 

Silicalite 

S i 0 2 

x = 0 

Absent 

Orthorhombic 
a = 20.06 A 
6 = 19.80 A 
c = 13.36 A 

Same as Z S M - 5 

L o w 

H i g h 

sect ing channels def ined b y ten rings of oxygen atoms. T h e e l l i p t i c a l 
straight channels of cross section 5.7 A X 5.1 A a long the &-axis a n d the 
c i r c u l a r z i g z a g channels of d iameter 5.4 A interconnect the straight 
channels . 

W h i l e the s i l i c o n / a l u m i n u m rat io i n Z S M - 5 can be v a r i e d f r o m 3 to 
over 100, S i l i ca l i te has essentially no a l u m i n u m . H e n c e i t appears that 
S i l i ca l i te is the l i m i t i n g f o r m of Z S M - 5 w h e n the a l u m i n u m concentrat ion 
is van i sh ing ly smal l . A compar ison of the propert ies of Z S M - 5 a n d 
Si l i ca l i te is s h o w n i n T a b l e I . 

O w i n g to the absence of cations that can be exchanged w i t h protons, 
S i l i ca l i t e has no ac id i ty , w h i l e H Z S M - 5 is a h i g h l y a c id i c zeol ite . Recent 
investigations (7 ) have shown that the difference i n select ivity for syn 
thesis gas convers ion b y Z S M - 5 ( i r o n ) a n d Si l i ca l i te ( i r o n ) catalysts 
results f r o m the prev ious ly ment ioned difference i n ac id i ty . T h e m a i n 
influence was on the p r o d u c t i o n of aromatics a n d olefins; the former 
were dominant w i t h the ac id i c Z S M - 5 ( i r o n ) catalyst a n d the latter w i t h 
the nonac id i c S i l i ca l i te ( i r o n ) catalyst. 

Mossbauer a n d magnet i c investigations, descr ibed i n this chapter , 
were c onduc ted to determine the state of i r o n a n d i r o n - c o b a l t i n the 
zeol i te catalyst at different stages of catalyst preparat ion a n d use. A m o n g 
the several aims of the invest igat ion were the determinat ion of: 

1. the valence state of the trans i t ion m e t a l i n the freshly 
impregnated state; 

2. the extent of r educ t i on on exposure to H 2 ; 
3. the act ive cata lyt i c species after c a r b i d i n g w i t h synthesis 

gas; 
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576 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

4. the species present i n the used catalyst ; a n d 
5. i n the case of i r o n - c o b a l t , the possible f o rmat i on of b i 

meta l l i c or a l l oy clusters a n d the i r influence o n the selec
t i v i t y of the catalyst. 

Experimental 

Preparation of Samples. Z S M - 5 and Silicalite were prepared using 
methods described i n the literature (10,11). X-ray powder diffraction pat
terns revealed no phases other than Z S M - 5 or Silicalite. The metal component 
was introduced by gradually adding the metal nitrate solution to the zeolite 
unti l incipient wetness was reached. The impregnation wi th the metal (Fe or 
F e + Co) nitrate solution was carried out for 1 h under vacuum to enable the 
nitrate solution to enter the pore of the zeolite. The material is dried initially 
wi th constant stirring over a boil ing water bath, and further dried in air at 
110°C for 12 h . The amount of iron and cobalt in the samples was determined 
by standard wet chemical techniques and atomic absorption. 

The zeolite impregnated with iron or iron plus cobalt was reduced i n flow
ing H 2 at 450°C for 24 h . It was then carbided in flowing synthesis gas at 250°C 
for 24 h to yield the active catalyst. The catalysts were tested (7) for synthesis 
gas conversion i n both a fixed-bed microreactor and a Berty (continuous-flow 
stirred-tank) reactor. For catalytic testing, these steps on the metal-impreg
nated zeolite were all carried out in the reactor. For Mossbauer studies, al l the 
samples except the used catalysts were prepared separately under the condi
tions just described. In the ensuing discussion such samples w i l l be described 
variously as (a) freshly impregnated, (b) reduced, (c) carbided, and (d) used 
catalysts. The last mentioned was taken from the reactor after its use for periods 
lasting from one to three weeks under synthesis gas under temperatures ranging 
from 280° to 320°C. X-ray diffraction studies were carried out on the samples 
after steps (a) and (d ) . 

Characterization Techniques. The apparatus used for Mossbauer spec
troscopy and magnetic measurements is described separately under the corre
sponding sections. 

Results and Discussion 

Mossbauer Studies . T h e Mossbauer spectra of catalysts l i s ted i n 
T a b l e I I were recorded u t i l i z i n g a convent iona l constant-acceleration 
spectrometer made b y N u c l e a r Science a n d E n g i n e e r i n g C o r p o r a t i o n 
a n d N u c l e a r D a t a N D - 1 0 0 m u l t i c h a n n e l analyzer i n M C S mode . T h e 
spectra were ca l ibra ted w i t h a s tandard N B S i r o n f o i l . T h e parabo l i c 
b a c k g r o u n d observed i n the spectra arose f r o m the geometry of the 
Mossbauer setup. A least-squares p r o g r a m fitting, i n progress, has jus t i 
fied our interpretations. T h e spectra were recorded at r o o m temperature 
u s i n g a n 8 0 - m C i 5 7 C o i n R h matr ix . T h e spectra were ana lyzed , i n gen
era l , on the basis of the studies o n carbides b y R a u p p a n d Delgass ( 1 2 ) . 

T h e Mossbauer spectra of the different catalysts were recorded at 
var ious stages; namely , ( a ) after impregnat i on w i t h F e ( N 0 3 ) 3 ; ( b ) o n 
r e d u c t i o n i n H 2 at 450°C for 2 4 h ; ( c ) o n c a r b i d i n g i n 1:1 H 2 / C O s y n -
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27. L O E T A L . Medium-Pore Zeolite-Iron Catalysts 577 

thesis gas at 250°C for 2 4 h ; a n d ( d ) finally after u t i l i z a t i o n of the 
catalyst i n the convers ion of the synthesis gas to gasoline-range h y d r o 
carbons. T h e spectra have revea led the existence of various phases, 
f o r m e d at different stages, a n d have g i v e n clues to the nature of the 
act ive c omponent ( s ) responsible for the efficient convers ion of synthesis 
gas into gasoline. 

T h e spectrum of a fresh catalyst , i n general , consisted of a doub le t 
w i t h a n isomer shift of about + 0 . 3 5 m m / s a n d a quadrupo le sp l i t t ing of 
about 0.75 m m / s , w h i c h ind icate that the valence state of i r o n i n the 
start ing mater ia l is F e 3 + . A t y p i c a l spec t rum for a fresh catalyst of 
S i l i ca l i te impregnated w i t h 13 .6% i r o n u s i n g F e ( N 0 3 ) 3 is s h o w n i n 
F i g u r e 2. 

A s discussed i n a later section, the magnet i zat ion ( M ) vs. magnet i c 
field (H) measurements on the fresh catalyst gave a magnet i c moment 
of about 5.96 /x B , w h i c h further conf i rmed that the i r o n i o n is i n a h i g h -
s p i n F e 3 + state. I t shou ld be noted that the magn i tude of the q u a d r u p o l e 
sp l i t t ing a n d isomer shift s ignif icantly d e p e n d u p o n the nature of the 
support used a n d the size of the i r o n partic les ( 1 3 ) . 

T h e spec trum of a r educed catalyst consisted of a s ix- l ine pat te rn 
corresponding most ly to i r o n meta l , i n a d d i t i o n to i n d i c a t i n g the presence 
of a s m a l l quant i ty of a n oxide, i f the catalyst conta ined only i r o n , o n 

« 3 

* 4 l 3 1 1 1 H5 1 J 1 1 3 ' ^ 
DOPPLER VELOCITY (am/sec.) 

Figure 2. Mossbauer spectrum of Silicalite impregnated with 13.6% 
iron using Fe(NOs)s 
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T a b l e I I . S u m m a r y of Mossbauer 

Sample No. Sample State 

M l Z S M - 5 (14.7% Fe ) Reduced 

M 2 Z S M - 5 (14.7% Fe ) C a r b i d e d 

M 3 Z S M - 5 (14.7% Fe ) U s e d 

M 4 Z S M - 5 (5 .4% F e + 1.3 % C o ) Reduced 

M 5 Z S M - 5 (5 .4% F e + 1.3 % C o ) C a r b i d e d 

M 6 Z S M - 5 (5 .4% F e + 4 . 5 % C o ) U s e d 

M 7 S i l i c a l i t e (13.6% Fe ) F r e s h 

M 8 S i l i c a l i t e (13.6% F e ) U s e d 

M 9 S i l i c a l i t e (4 .4% F e + 3 % C o ) R e d u c e d 

M 1 0 S i l i c a l i t e (4 .4% F e + 3 % Co) U s e d 

the one h a n d ; whereas the spectrum of a catalyst consist ing of b o t h i r o n 
a n d cobalt c l ear ly i n d i c a t e d the f o rmat ion of a n i r o n - c o b a l t a l l oy on re 
duc t i on , on the other h a n d . T h e spectrum of r e d u c e d Z S M - 5 conta in ing 
14 .7% i ron , s h o w n i n F i g u r e 3 A , essentially corresponds to that of m e t a l 
l i c i r o n . H o w e v e r , there is a s m a l l amount of u n r e d u c e d i r o n i n the f o r m 
of a n oxide, p r o b a b l y a - F e 2 0 3 . T h e reduc t i on i n this case is about 8 5 % . 
T h i s is also conf i rmed b y the magnet i zat ion measurements, w h i c h i n d i 
cated a n approx imate 1 5 % l o w e r i n g i n the observed saturat ion m a g 
net i zat ion of i r on . 

T h e spec trum of r e d u c e d Z S M - 5 conta in ing 5 .4% i r o n a n d 1.3% 
cobalt , s h o w n i n F i g u r e 3 B , revealed a s ix- l ine pat tern corresponding to 
a n average in te rna l magnet i c field of about 340 k O e , a n d indicates the 
f o rmat ion of a n i r o n - c o b a l t a l loy . 

A t y p i c a l spectrum of r e d u c e d S i l i ca l i te c onta in ing 4 .4% i r o n a n d 
3 .0% cobalt is s h o w n i n F i g u r e 4. T h e spec t rum consists of a w e l l -
def ined s ix- l ine pat tern corresponding to a n in terna l magnet i c field of 
345 db 3 k O e , w h i c h is m u c h larger t h a n the 330-kOe field expected for 
meta l l i c i r on . Second, the isomer shift observed is 0.18 m m / s w i t h respect 
to i r o n meta l , w h i c h indicates that the e lectron density at the i r o n nuc leus 
is smal ler i n the i r o n - c o b a l t a l l oy t h a n i n i r o n meta l . T h i s decrease i n 
the e lectron density i n the i r o n - c o b a l t a l l oy is consistent w i t h the exper i 
m e n t a l results reported b y V a n der W o u d e a n d Sawatsky (14). T h e for 
m a t i o n of a n i r o n - c o b a l t a l l oy is supported further b y the magnet i za t i on 
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27. LO ET A L . Medium-Pore Zeolite-Iron Catalysts 579 

Resul ts of V a r i o u s C a t a l y s t s 

Remarks 

I r o n meta l and s m a l l amount of an oxide ( a - F e 2 0 3 ) 

F e 5 C 2 and F e 3 C 

F e 5 C 2 , F e 3 C , and F e 3 0 4 

F e 5 C 2 has been r e l a t i v e l y reduced as compared to t h a t i n Sample N o . 2 

I r o n - c o b a l t a l l oy 

F e 5 C 2 , F e 3 C 7 and a strong doublet 

I r o n - c o b a l t a l l oy 

C o b a l t seems to have inh ib i t ed the format ion of carbides. 

Strong doublet corresponding to F e 3 + 

F e 5 C 2 and F e 3 C 

I r o n - c o b a l t a l l o y 
F e 5 C 2 , F e 3 C , and a strong doublet. F e 5 C 2 and F e 3 C are considerably 

s m a l l compared to those observed i n Sample 8. Presence of cobalt 
seems to have inh ib i t ed the f ormat ion of carbides. 

measurements on this catalyst, w h i c h ind i ca ted a magnet ic moment inter 
mediate between the moments corresponding to i r o n a n d cobalt . 

T h e spectra of c a r b i d e d catalysts consist of superposi t ion of at least 
t w o apparent s ix- l ine patterns corresponding to at least two different 
i r o n - c a r b o n phases. A t y p i c a l spectrum of c a r b i d e d Z S M - 5 w i t h 14 .7% 
is s h o w n i n F i g u r e 5 A . T h i s spectrum represents the presence of H a g g 
carb ide ( F e 5 C 2 ) a n d cementite ( F e 3 C ) . T h e former has three i n e q u i v a 
lent i r o n sites, whereas the latter has on ly one. T h e poss ib i l i ty of the 
presence of s m a l l quantit ies of less stable e' a n d c carbides ( F e 2 2 C a n d 
F e 2 C ) cannot be r u l e d out. A doublet due to F e 3 + was not apparent i n 
F i g u r e 5 A ; further low-temperature studies are i n progress to d iscern any 
superparamagnet ic behavior . 

T h e spec trum of c a r b i d e d Z S M - 5 conta in ing 5.4% i r o n a n d 1.3% 
cobalt , s h o w n i n F i g u r e 5 B , indicates the presence of b o t h F e 5 C 2 a n d 
F e 3 C i n a d d i t i o n to a strong doublet . A p p a r e n t l y fewer carbides have 
been f o r m e d i n this catalyst than i n those conta in ing no cobalt ; i t appears 
that the presence of cobalt has somewhat i n h i b i t e d the f ormat ion of car 
bides . T h e doublet m a y be at tr ibutable p a r t l y to superparamagnet ic 
behavior . S i m i l a r spectra also have been observed i n the case of S i l i ca l i t e -
based catalysts as w e l l . F u r t h e r low-temperature studies are under w a y 
to ident i fy the nature of the doublet . 

T h e spectra of used catalysts are i n general very c ompl i ca ted a n d 
seem to consist of three or more magnet i ca l ly sp l i t hyperf ine spectra. A 
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A 

Fe- meta l 

°< - F e 2 0 3 

-1 0 -8 -6 -4 -2 0 2 4 b 8 10 

DOPPLLR VLLOCITY (mm/sec.) 

„„ _ M CHANNEL NUMBER s 

g> ee se.ee tee.ee ise.ro aro.ee 2se.ee 3ee.ee 3se.ee 4ea.ee 4se.ee sea.ee sse.oe ect? i 

-2 0 2 
DOPPLER VELOCITY (ran/sec.) 

Figure 3. Mossbauer spectrum of reduced Z S M - 5 (A) 14.7 Fe and (B) 

5.4% Fe,1.3% Co 
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eog.ee 

i i i J i i i i ?r 
DOPPLER VELOCITY (••/••c.) 

Figure 4. Mossbauer spectrum of reduced Silicalite (4.4% Fe, 3% Co) 

t y p i c a l spectrum of used Z S M - 5 w i t h 14 .7% i r o n is s h o w n i n F i g u r e 6. 
T h i s spectrum can be exp la ined i n terms of the presence of H a g g carb ide , 
cementite , a n d F e 3 0 4 . I t is noteworthy that the cementite content has 
re la t ive ly increased at the expense of the H a g g carb ide i n the used 
catalyst as c o m p a r e d to that f o u n d i n the c a r b i d e d catalyst. (See the 
l ines m a r k e d b y arrows i n F i g u r e 5 A a n d F i g u r e 6.) 

T h e spectrum of used Z S M - 5 w i t h 5 .6% i r o n a n d 4 . 5 % cobalt s h o w n 
i n F i g u r e 7 consisted of a s ix- l ine pat tern corresponding to a n i n t e r n a l 
magnet i c field of 344 zb 3 k O e a n d a n isomer shift of + 0 . 1 5 m m / s w i t h 
respect to i r o n meta l , a n d appears to ind icate the f o rmat ion of a n i r o n -
cobal t a l loy . I t is to be noted that the carbides , w h i c h were present i n 
the case of used Z S M - 5 conta in ing only i r o n , are surpr i s ing ly absent i n 
this case. O n c e aga in , the presence of a large amount of cobalt appears 
to i n h i b i t the f o rmat ion of carbides i n these samples. T h e x-ray p o w d e r 
patterns showed the presence of a bcc i r o n - c o b a l t a l l oy phase i n a d d i t i o n 
to the Z S M - 5 phase. 

T h e spectrum of used S i l i ca l i t e conta in ing 13 .6% i r o n is s h o w n i n 
F i g u r e 8. I t consists of b o t h H a g g carb ide a n d cementite a n d is s i m i l a r 
to that observed for Z S M - 5 w i t h 14 .7% i r o n , except that this spec t rum 
does not indicate the presence of any oxide. T h e spectrum of used 
S i l i ca l i t e conta in ing b o t h 5 % i r o n a n d 5 % cobalt is s h o w n i n F i g u r e 9. 
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a 
a ° 

150.00 200.08 2S0.B0 380.00 358.60 408.08 4S0.06 660.00 656.60 

i 5 r 
OPPLER VELOCITY ( am/sec . ) 

1 1 1 n T 1 i r w 
D O m i l VELOCITY ( H / M C . ) 

Figure 5. Mossbauer spectrum of carbided ZSM-5 (A) 14.7% Fe and 
(B)5.4% Fe,1.3% Co 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
7

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



27. L O E T A L . Medium-Pore Zeolite-Iron Catalysts 583 

s 

DOPPLER VELOCITY (on/sec.) 

Figure 6. Mossbauer spectrum of used ZSM-5 (14.7% Fe) 

DOPPLER VELOCITY (mm/sec.) 

Figure 7. Mossbauer spectrum of used ZSM-5 (5.4% Fe, 4.5% Co) 
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CHANNEL NUMBER 3sa.ee 4se.ee see.ee ee$.o 

DOPPLER VELOCITY («•»/••<:.) 

Figure 8. Mossbauer spectrum of used Silicalite (13.6% Fe) 

iee.ee 15e.ee 2ee, 

A 1 5 r 
DOPPLER VELOCITY (on/acc.) 

Figure 9. Mossbauer spectrum of used Silicalite (4.4% Fe, 3% Co) 
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27. L O E T A L . Medium-Pore Zeolite-Iron Catalysts 585 

T h i s spectrum also contains H a g g carb ide a n d cementite i n a d d i t i o n to a 
strong doublet . H o w e v e r , the re lat ive amounts of H a g g carb ide a n d 
cementite present i n this catalyst appear to be cons iderably less t h a n 
those i n the catalyst conta in ing only i ron . T h u s , the presence of cobal t 
appears to h inder the f ormat ion of carbides i n the S i l i ca l i te -based cata 
lysts as w e l l . P r e l i m i n a r y low-temperature studies have shown that the 
centra l doublet is par t ly a result of superparamagnet ic behav ior of a 
magnet i c phase. 

T h e stick d iagrams on various Mossbauer spectra s h o w n are the a p 
prox imate l ine posit ions for H a g g ( F e 5 C 2 ) a n d cementite ( F e 3 C ) phases 
a n d are d r a w n on the basis of R a u p p a n d Delgass ' results ( 12 ) . 

T h e observat ion that the c a r b i d e d Z S M - 5 conta in ing only i r o n has 
re lat ive ly more H a g g carb ide c o m p a r e d to cementite , a n d that the used 
catalyst has, i n contrast, re lat ive ly more cementite t h a n H a g g carb ide , 
suggests that the H a g g carb ide has been converted into cementite d u r i n g 
the course of the react ion. Since synthesis gas conversion is exothermic , 
i t is possible that l o ca l hot spots on the catalyst resulted i n the convers ion 
of the act ive H a g g carb ide to the re lat ive ly inact ive cementite phase. 
T h i s c o u l d p a r t l y be the reason for the reduct ion i n ac t iv i ty of these 
catalysts, a m o u n t i n g to about a 3 0 % decrease over a p e r i o d of 2-weeks 
exposure to synthesis gas at 280°C. 

Magnetic Measurements. T h e magnet i zat ion a n d suscept ib i l i ty 
measurements were per f o rmed us ing the F a r a d a y technique (15,16,17) 
i n the temperature range 78 to 1000 K a n d a p p l i e d fields u p to 20 k O e . A 
C a h n R H electrobalance was used for these measurements. 

T h e freshly impregnated zeolites i n d i c a t e d the presence of F e 3 + 

species f r o m an analysis of the paramagnet i c suscept ib i l i ty , w h i c h s h o w e d 
a n effective moment of about 5.96 B o h r magnetons. 

T h e magnet i zat ion studies on the r educed samples of Z S M - 5 ( 1 4 . 7 % 
F e ) a n d S i l i ca l i te ( 13 .6% F e ) ind icate that i r o n is i n the meta l l i c state 
w i t h 8 6 % a n d 8 5 % reduct ion , respectively . T h e magnet i zat ion vs. t e m 
perature curves for Z S M - 5 ( 1 1 . 1 % F e ) are s h o w n i n F i g u r e 10. T h e 
c a r b i d e d sample of Z S M - 5 ( 1 1 . 1 % F e ) appears to be the h i g h C u r i e 
po in t f o r m (18) of the H a g g carb ide w i t h T c — 540 K . T h e used sample 
of Z S M - 5 ( 1 1 . 1 % F e ) exh ib i ted a magnet ic t rans i t ion w i t h T C = 6 5 0 K , 
w h i c h corresponds to the hep phase of ( F e 2 C ) . T h e magnet i c t rans i t ion 
of cementite ( F e 3 C ) was masked i n the M vs. T curve s h o w n i n F i g u r e 
10 since Tc of F e 3 C is about 490 K , w e l l b e l o w that of the hep carb ide . 
T h e hep phase of F e 2 C is cons idered to be stable (18) b e l o w 470 K i n a n 
atmosphere of synthesis gas. Its presence i n the used sample m a y i n d i 
cate that i t was f o rme d w h i l e the catalyst was coo led after the react ion. 

T h e magnet izat ion data ( F i g u r e 11) on Z S M - 5 ( 5 . 6 % F e , 4 . 5 % C o ) 
show that the reduced , c a r b i d e d , a n d used samples have large magnet i c 
moments (1.94, 2.04, a n d 2.61 fiB per t rans i t ion meta l a tom, respect ively , 
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TEMPERATURE , °C 

Figure 10. Magnetization (Bohr magnetons/iron atom) as a function of 
temperature for ZSM-5 (11.1% Fe) ( H = 6300 gauss; (T) reduced; (A) 

carbided; (O) used) 

0 150 300 450 600 

TEMPERATURE . *C 

Figure 11. Magnetization as a function of temperature for ZSM-5 (5.6% 
Fe, 4.5% Co). The Bohr magneton number represents the weighted 
average of the two components present. ( H = 6300 gauss; ( V ) reduced; 

(A) carbided; (O) used) 
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Table III. Product Compositions from the Catalysts ZSM-5 (11.1% 
Fe) and ZSM-5 (5.6% Fe, 4 .5% Co) in a Berty Reactor, 
Showing the Influence of Cobalt Addition to the Catalyst 0 

Catalyst 

ZSM-5 
ZSM-5 (5.6% Fe, 

(11.1% Fe) 4.5% Co) 

Temperature 300 280 
C O Convers ion , % 68.2 37.8 
H 2 Convers ion , % 38.7 41.3 
Space V e l o c i t y 1500 1400 

Product Composition (%) 
C 0 2 52.0 9.8 
H 2 0 19.4 51.8 
C N n + Oxygenates 28.6 38.4 

Hydrocarbon and Oxygenate Composition (%) 
C i - C 4 hydrocarbons 83.1 74.3 
C 5 + and Oxygenates 16.9 25.7 

Composition of C5-\- and Oxygenates (%) 
A r o m a t i c s 72 10 
Olefins 3 46 
Saturates 24 37 
Oxygenates 1 7 
% Gaso l ine range ( B P < 204°C) 75 94 
Research octane N o . 96 81 

0 Process condition: H 2 / C O = 2, P = 21 bar. 

at r o o m temperature ) a n d h i g h C u r i e points ( > 9 0 0 ° C ) , w h i c h cannot 
be accounted for o n the basis of i n d i v i d u a l i r o n a n d cobal t part ic les . T h e 
magnet i c data ind i ca te the compos i t i on to be that of a n i r o n - c o b a l t 
a l l oy ( 1 9 ) , suppor t ing the conclusions d e r i v e d f r o m the Mossbauer 
analysis . H e n c e , one can conc lude that the difference i n select ivity be 
tween Z S M - 5 ( 1 1 . 1 % F e ) a n d Z S M - 5 ( 5 . 6 % F e , 4 . 5 % C o ) catalysts 
(see T a b l e I I I ) arises f r o m the presence of b i m e t a l l i c t rans i t ion-meta l 
clusters i n the latter, w i t h consequent changes i n the average n u m b e r of 
3d electrons per t rans i t ion meta l atom. T h e M vs. T curve ( F i g u r e 11) 
of the c a r b i d e d sample of Z S M - 5 ( 5 . 6 % F e , 4 . 5 % C o ) i n d i c a t e d a n i r r e 
vers ib le f o rmat ion of a second phase w i t h a h igher moment above a 
temperature of 450°C . T h i s phase has not yet been ident i f ied . 

Conclusions 

A compar ison of the spectra of c a r b i d e d a n d used Z S M - 5 w i t h i r o n 
to those w i t h b o t h i r o n a n d cobalt , a n d the ir re lat ive y ie lds of aromatics 
(see T a b l e I I I ) i n the convers ion process, a n d a n overa l l cons iderat ion 
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of a l l spectra a n d magnet i c measurements indicate that : ( a ) the p laus ib l e 
act ive phase t a k i n g par t i n the convers ion of the synthesis gas b y 
i ron - conta in ing Z S M - 5 a n d S i l i ca l i te is the H a g g carb ide w h i c h is con 
ver ted into cementite d u r i n g the cata lyt i c react ion ; ( b ) the difference i n 
select iv ity be tween Z S M - 5 ( F e ) a n d Z S M - 5 ( F e - f C o ) arises f r o m a l l oy 
f o rmat ion i n the latter w i t h changes i n 3d e lectron concentrat ion ; a n d 
( c ) the increase i n cobalt concentrat ion i n Z S M - 5 ( F e + C o ) results i n 
decreasing carb ide format ion . T h i s suggests that the i r o n - c o b a l t a l l oy 
phase m a y itself be the act ive species i n coba l t - r i ch catalyst composit ions. 
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28 
Mössbauer Spectroscopic Investigations of 

Oxidation Catalysts 

FRANK J. BERRY 

Department of Chemistry, University of Birmingham, England 

Catalytically active tin-antimony oxides of composition 
Sn1-xSbxO2 were investigated by 119Sn and 121Sb Mössbauer 
spectroscopy. Short period calcination of the coprecipitated 
materials at 600°C gives blue solids containing tin(IV), anti
mony(V), and antimony(III) in oxide environments. Heat
ing for longer periods or at higher temperatures when x > 
0.20 gives the segregation of an additional antimony oxide 
phase. When x < 0.10, antimony enters the tin(IV) oxide 
lattice as antimony(V), but no evidence is found for the 
formation of either tin(II) or antimony(III). A mechanism 
for charge compensation involving the delocalization of 
electrons into low-energy conduction bands is proposed. 
Mixed oxide catalysts are unaltered by the adsorption of 
acids or bases, whereas reaction of tin-antimony oxides 
with hydrogen or their use in the catalytic oxidation of 
olefins is accompanied by the reduction of antimony(V) to 
antimony(III). The Mössbauer parameters are related to 
the fundamental properties of the materials and their cata
lytic character. 

' " "phe cata lyt i c propert ies of m i x e d oxides have been k n o w n for m a n y 
years, a n d several systems have been deve loped c o m m e r c i a l l y for the 

selective ox idat ion a n d a m m o x i d a t i o n of olefins ( I ) . D e s p i t e the i n d u s 
t r i a l a n d economic significance of these mater ia ls , surpr i s ing ly f ew detai ls 
of the i r p h y s i c a l a n d c h e m i c a l properties have been establ ished, a n d 
consequently there is a sparsity of data b y w h i c h the i r f u n d a m e n t a l 
propert ies m a y be re lated to the i r cata lyt i c character. 

A l t h o u g h the recent deve lopment of spectroscopic techniques has 
been of considerable importance i n the e luc idat i on of cata lyt i c p h e 
nomena , the operat ing condit ions of some of these techniques are far 

0065-2393/81 /0194-0589$05.00/0 
© 1981 American Chemical Society 
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f r o m those of a c tua l cata lyt i c processes, a n d samples are f requent ly 
r e q u i r e d i n a spec ia l ly p r e p a r e d f o rm. Mossbauer spectroscopy is , i n 
p r i n c i p l e , a technique that is most favorable for invest igat ing ca ta ly t i ca l ly 
act ive materials . T h e m e t h o d is able to examine authent ic catalysts u n d e r 
real ist ic condit ions a n d is h i g h l y sensitive to c h e m i c a l , s t ructura l , a n d 
magnet i c changes. A d d i t i o n a l l y , the technique is able to sense these 
changes whether they occur on the surface of a b u l k so l id (2 ) or w i t h i n 
supported , ca ta ly t i ca l ly act ive s m a l l part ic les ( 3 ) . Moreover , m a n y inor 
ganic mixed-ox ide catalysts conta in p- or d-block elements that are 
Mossbauer act ive a n d that are amenable to invest igat ion b y convent iona l 
transmission-mode Mossbauer spectroscopy. 

A l t h o u g h the cata lyt i c propert ies of t i n - a n t i m o n y oxides i n the selec
t ive ox idat ion , oxidat ive dehydrogenat ion , a n d a m m o x i d a t i o n of h y d r o 
carbons have p r o v o k e d several investigations, there seems to be l i t t l e 
u n a n i m i t y as to the nature of the act ive sites a n d whether or not any 
changes i n ox idat ion state a n d latt ice structure accompany the adsorpt ion 
a n d cata lyt i c processes ( 1 ) . T h e importance of Mossbauer spectroscopy 
to the s tudy of this catalyst arises f r o m the amenab i l i t y of b o t h t i n a n d 
ant imony to Mossbauer invest igat ion a n d the a b i l i t y of the technique 
to probe features of catalyt ic relevance such as the phase compos i t ion , 
the cat ionic ox idat ion states, the environments of the cations, the charge 
compensat ion mechanism, a n d the d is tort ion of the host t i n ( I V ) oxide 
latt ice b y the dopant ant imony atoms. A l t h o u g h a f e w Mossbauer studies 
(4,5,6) of rut i le - type materials have i n c l u d e d t i n - a n t i m o n y oxides, the 
inconsistencies i n data reflect the need for systematic investigations of 
materials of k n o w n composit ions w h e n p r e p a r e d b y wel l -de f ined methods 
under contro l l ed condit ions . 

These cata ly t i ca l ly act ive materials often have been p r e p a r e d b y 
coprec ip i ta t ion techniques, a n d an i n i t i a l s tudy (7) has s h o w n that c on 
vent i ona l transmission-mode Mossbauer spectroscopy is a po tent ia l ly 
p o w e r f u l means b y w h i c h such catalysts m a y be invest igated. T h i s w o r k 
describes h o w 1 1 9 S n a n d 1 2 1 S b Mossbauer studies of ca ta ly t i ca l ly act ive 
t i n - a n t i m o n y oxides have been used to invest igate : 

1. the f o rmat ion of the catalyst b y the dehydra t i on of a ge l 
a n d the re lat ionship between the catalyst, its compos i t ion , 
a n d its pretreatment ; 

2. the p h y s i c a l a n d c h e m i c a l propert ies of the catalyst that 
are amenable to invest igat ion b y Mossbauer spectroscopy; 

3. the effect of adsorpt ion on the catalyst a n d its use i n cata 
l y t i c reactions; 

4. the corre lat ion between the p h y s i c a l a n d c h e m i c a l proper 
ties of the catalyst a n d the cata lyt i c character of the 
mater ia l . 
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Experimental 

Preparation of Samples. Tin-ant imony oxides of the type S n ^ ^ h p C ^ 
(x = 0.00-1.00) were prepared by coprecipitation techniques from the simul
taneous addition of anhydrous t i n ( I V ) chloride and antimony(V) chloride to 
ammonium hydroxide solution. The filtered and washed white precipitates 
were dried at 120°C, ground to constant particle size, and heated at 600°C i n 
air for 16 h . Some materials also were heated for longer periods and/or at 
higher temperatures in sealed tubes. 

Samples of t in ( IV) oxide, t in-antimony oxide, and t in-molybdenum oxide 
were treated by: (a) pyridine at 200°C or acetic acid at 150°C unti l a steady 
rate of adsorption and desorption was obtained; (b) a 1 0 % hydrogen/90% 
nitrogen gas mixture at 480°C; (c) a 5% butene /10% oxygen/85% nitrogen 
gas mixture at 400°C. 

Mossbauer Spectroscopy. Tin-119 Mossbauer spectra were recorded at 
77 K using a conventional constant-acceleration spectrometer wi th a C a 1 1 9 w S n 0 3 

source and samples containing 10 m g S n / c m 2 . The drive velocity was cal i 
brated with a 5 7 C o / R h source and iron foil . A l l the 1 1 9 S n Mossbauer spectra 
were computer-fitted (8 ) . Spectra of t i n ( I V ) oxide were recorded at frequent 
intervals and used as a standard to which the chemical isomer shift data have 
been referred. 

Antimony-121 Mossbauer spectra were recorded at 77 K wi th a constant-
acceleration, 256-channel, microprocessor-controlled spectrometer (9) using a 
1-mCi C a 1 2 1 m S n 0 3 source. The samples containing 10 m g S b / c m 2 were mixed 
with powdered polythene and compressed into 1.6-cm diameter discs of 0.3-cm 
thickness. A l l the 1 2 1 S b Mossbauer spectra were least-squares fitted to two 
Lorentzian peaks to account for the possible presence of both antimony(V) 
and antimony (III) species. The data were subsequently fitted to two sets of 
eight lines as would be produced by quadrupole splitting in the 7/2 to 5 /2 
nuclear transition of 1 2 1 S b . The asymmetry parameter n was taken as zero 
(10) , and a ratio of 1.34 was adopted for the quadrupole moments of the 
excited and ground states ( I I ) . 

"Results and Discussion 

T i n - A n t i m o n y Ox ides . C a l c i n a t i o n of the materials at t empera 
tures of 600°C a n d above gave b lue solids. 

T h e 1 1 9 S n Mossbauer data gave superior x 2 values a n d l i n e w i d t h s 
closer to those of b a r i u m stannate w h e n fitted to t w o l ines. N o stat ist i 
c a l l y signif icant evidence of more complex spectra c o u l d be obta ined . 
T h e 1 1 9 S n Mossbauer parameters are g iven i n T a b l e I . 

O n l y t w o samples gave 1 2 1 S b Mossbauer data that showed a n i m 
provement i n x2 a n d other Mossbauer parameters w h e n fitted a c c o r d i n g 
to the quadrupo le spl i t m o d e l . T h e 1 2 1 S b Mossbauer parameters are re 
c o rded i n T a b l e I I a n d t y p i c a l spectra are dep i c ted i n F i g u r e 1. 

T H E T H E R M A L D E C O M P O S I T I O N O F T I N ( I V ) H Y D R O X I D E A N D A N T I M O N I C 

Aero . T h e ge l f o rme d b y a lkal ine prec ip i ta t i on of aqueous t i n ( I V ) 
ch lor ide a n d a l l o w e d to d r y at r o o m temperature gives a s ingle broad - l ine 
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Table I. 1 1 9 S n Mossbauer Parameters of Tin-Antimony Oxides 
(Sni.flSbflQ2) 

8° ± 0.03 A ± 0.03 r 
X ( mms'1) (mms'1) ( mms'1) 

0.000 0.00 0.56 1.06 
0.005 0.00 0.60 0.97 
0.01 0.07 0.66 1.10 
0.02 0.05 0.66 1.12 
0.03 0.05 0.67 1.11 
0.04 0.08 0.68 0.97 
0.05 0.08 0.67 0.96 
0.06 0.10 0.69 1.28 
0.073 0.11 0.68 1.09 
0.08 0.11 0.67 1.13 
0.175 0.13 0.73 0.99 
0.28 0.13 0.75 1.13 
0.52 0.12 0.74 1.19 
0.83 0.08 0.75 0.91 

a 5 relative to SnC>2. 

Table II. 1 2 1 Sb Mossbauer Parameters 

Antimony (V) 

X Treatment 
8* 

( mms'1) 
r 

(mms'1) 

0.03 20 d / 1 0 0 0 ° C 8.228(116) 3.24(44) 

0.10 1 6 h / 6 0 0 ° C 8.240(60) 3.92(24) 

0.10 14 d / 6 0 0 ° C 
sealed tube 

8.351(60) 3.16(30) 

0.20 1 6 h / 6 0 0 ° C 8.464(34) 3.55(14) 

0.20 1 4 d / 6 0 0 ° C 
sealed tube 

8.440(52) 3.96(22) 

0.40 16 h / 6 0 0 ° C 8.384(56) 4.39(20) 

0.40 1 4 d / 6 0 0 ° C 
sealed tube 

8.564(40) 3.93(16) 

0.65 16 h / 6 0 0 ° C 8.655(34) 3.94(14) 

0.65 1 4 d / 6 0 0 ° C 
sealed tube 

8.704(32) 3.74(12) 

0.65 1 6 h / 9 0 0 ° C 8.860(54) 3.48(22) 
a The standard deviations are in units of the last decimal place and correspond 

to 95% confidence limits. 
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Mossbauer spectrum (12 ) . Subsequent heat ing of this mater ia l produces 
intermediate dehydrat i on species that g ive quadrupo le spl i t Mossbauer 
spectra that reflect an i n i t i a l increase a n d subsequent decrease i n 
asymmetry at the oxyhydroxyt in nucleus , u n t i l at 600°C w h i t e t i n ( I V ) 
oxide is p roduced . T h e oxide gives a s m a l l quadrupo le spl i t Mossbauer 
spectrum ( T a b l e I ) that m a y be a t t r ibuted to the s l ight ly d is torted 
arrangement of six oxygen atoms a r o u n d the t i n nucleus i n a rut i l e - type 
structure (13 ) . 

T h e pyro lys is of ant imonic a c i d (14) shows that a c o m p o u n d w i t h 
f o r m u l a S b 2 0 5 cannot be reached w i t h o u t reduct i on of a n t i m o n y ( V ) to 
ant imony ( I I I ) . T h e first p roduc t that forms between 650° a n d 850°C is 
S b 6 O i 3 w h i c h transforms at 935°C to / ? - S b 2 0 4 . These oxides conta in b o t h 
ant imony ( V ) a n d ant imony ( I I I ) . C o m p l e t e reduc t i on to S b 2 0 3 is not 
ach ieved b e l o w 927°C. 

Since the m e t a l - o x y g e n distances i n a l l these oxides are s imi lar , i t 
m i g h t reasonably be expected that the f ormat ion of m i x e d oxides b y 
coprec ip i tat ion , especial ly i n materials conta in ing l o w concentrations of 
ant imony , w o u l d invo lve the replacement of t i n atoms i n the t i n ( I V ) 
oxide rut i l e - type latt ice b y ant imony . U n d e r such c ircumstances i t also 

of Tin—Antimony Oxides (Sn^^Sh^O^ 0 

Antimony (III) 

( mms'1) 
r 

( mms'1) 
e 2 qQ 

(mms'1) 
Area Ratio 

Sb(III):Sb(V) 

- 4 . 5 0 ( 5 0 ) 5.17(140) 0.14(3) 

- 5 . 1 8 ( 5 4 ) 

- 5 . 3 8 ( 2 2 ) 

5.99(140) 

4.80(70) 

0.16(3) 

0.15(2) 

- 5 . 0 6 ( 7 6 ) 

- 5 . 7 6 ( 1 8 0 ) 

5.72(76) 

2.62(64) 14.1(50) 

0.27(2) 

0.21(2) 

- 5 . 4 4 ( 1 0 ) 2.87(34) 

* 5 relative to InSb. 

13.7(3) 0.87(5) 
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m i g h t be expected that charge balance w o u l d be ach ieved b y one of 
t w o s imple processes: ( a ) the replacement of three t i n ( I V ) atoms b y 
t w o a n t i m o n y ( V ) a n d one t i n ( I I ) ; ( b ) the replacement of t w o t i n ( I V ) 
atoms b y one ant imony ( V ) a n d one ant imony ( I I I ) . 

T I N - 1 1 9 M O S S B A U E R I N V E S T I G A T I O N S O F T I N - A N T I M O N Y O X I D E S . A 

plo t of 1 1 9 S n Mossbauer c h e m i c a l isomer shifts a n d quadrupo le spl i tt ings 
as a func t i on of ant imony concentrat ion ( 7 ) for the t i n - a n t i m o n y oxides 
heated at 600 ° C i n a i r is g iven i n F i g u r e 2. 

B o t h Mossbauer parameters c lear ly increase f r o m those of t i n ( I V ) 
oxide as the ant imony concentrat ion is increased to 1 0 % . S ince A R / R 
is pos i t ive for the 1 1 9 S n trans i t ion (15,16), the larger c h e m i c a l isomer 
shifts represent increas ing s e lectron density at the t i n nucleus b u t r e m a i n 
characterist ic of the t i n ( I V ) species i n oxide environments . I t is s i g 
nif icant that the Mossbauer spectra prov ide no evidence for the f o rmat i on 
of t i n ( I I ) , w h i c h separate experiments f o u n d to be easi ly recognizable 
w h e n present i n quantit ies above 2 m o l % . T h e larger q u a d r u p o l e 
spl i tt ings ind icate increas ing d is tort ion of the env ironment about the t i n 
nucleus w i t h increas ing ant imony concentrat ion. 

A /mrr.s"1 

0-80 

0-60 

0-56 

0-52 

5/mms 

016 

014 

10 20 30 40 50 6 0 ^ 
°/<> Sb 

Inorganica Chimica Acta 

Figure 2. Tin-119 Mossbauer parameters as a function of antimony con
tent (7) 
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I t is c lear that the character of the t i n - a n t i m o n y oxide changes w h e n 
the ant imony content exceeds about 1 0 % , a n d i t seems that u p to this 
po in t the samples can be regarded as single phases i n w h i c h ant imony 
m a y enter the t i n ( I V ) oxide rut i l e latt ice . I t is signif icant that the 
cata lyt i c ac t iv i ty for the ox idat ion of propene to acro le in also increases 
over a s imi lar range of a n i m o n y concentrations (17). T h e 1 1 9 S n M o s s 
bauer spectra c lear ly show that w i t h i n this range charge balance cannot 
be ach ieved b y r e p l a c i n g three t i n ( I V ) units b y t w o a n t i m o n y ( V ) a n d 
one t i n ( I I ) . T h e single more posi t ive 1 1 9 S n c h e m i c a l isomer shifts suggest 
that i f charge compensat ion does invo lve the reduct i on of t i n atoms, 
then the extra electrons are de loca l i zed i n the t in - conta in ing phase a n d 
are not l o ca l i zed on i n d i v i d u a l t i n atoms. I t is interest ing to note that a 
m o d e l for the m i x e d t i n - a n t i m o n y oxide system i n v o l v i n g c o n d u c t i o n 
bands composed m a i n l y of 5s orbitals has been suggested (18), a n d the 
l o w 1 1 9 S n Mossbauer c h e m i c a l isomer shift i n C s S n B r 3 has been exp la ined 
(19-22) i n terms of d e r e a l i z a t i o n of t i n 5s e lectron density into a l o w -
energy conduct ion b a n d . T h e 1 1 9 S n Mossbauer data are therefore c o m 
pat ib l e w i t h a mater ia l i n w h i c h charge balance i n the inter ior of the 
so l id is ach ieved b y d e r e a l i z a t i o n of electrons i n a 5s c onduct i on b a n d . 

It appears that w h e n the m i x e d oxide contains a concentrat ion of 
ant imony i n excess of 1 0 % , at two-phase reg ion begins i n w h i c h the 
second phase does not conta in any apprec iab le amount of t i n . 

A N T I M O N Y - 1 2 1 M O S S B A U E R I N V E S T I G A T I O N S O F T I N - A N T I M O N Y O X I D E S . 

T h e 1 2 1 S b Mossbauer parameters of t i n - a n t i m o n y oxides are character ist ic 
of a n t i m o n y ( V ) a n d ant imony ( I I I ) species i n oxide environments . T h e 
c h e m i c a l isomer shift data for a n t i m o n y ( V ) resemble those recorded 
(23,24) i n other ant imony compounds w i t h rut i le - type structure a n d 
w h i c h conta in S b ( V ) O E oc tahedral units . 

T h e l inewidths of the resonance peaks, especial ly those for mater ials 
ca l c ined at 600°C for 16 h , are broader ( r > 3.55 m m s " 1 ) t h a n expected 
for t h i n , s ingle- l ine absorbers. T h e fa i lure of the a n t i m o n y ( V ) data to 
show an improvement w h e n fitted to e ight l ines, a n d the computat i on of 
s imi lar values of quadrupo le sp l i t t ing for b o t h posit ive a n d negative values 
of e2qQ ind icate that the peak is symmetr i c a n d that l ine b r o a d e n i n g is 
not due to the occupat ion b y a n t i m o n y ( V ) of s igni f icantly d is tor ted 
oxygen environments . T h e ant imony ( I I I ) data for these materials ( r > 
5.17 mms" 1 ) are also ind i cat ive of q u a d r u p o l e interact ion , b u t l i k e the 
a n t i m o n y ( V ) data are also resistant to fitting ac cord ing to a q u a d r u p o l e 
spl i t mode l . Therefore , the b r o a d spectral l inewidths suggest that short-
p e r i o d ca l c inat ion at 600 ° C produces dehydrated materials c o n t a i n i n g 
b o t h a n t i m o n y ( V ) a n d ant imony ( I I I ) species i n a heterogeneity of sur
roundings that differ only i n the nature of the immedia te oxygen 
environment . 
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T h e Mossbauer a n t i m o n y ( I I I ) : a n t i m o n y ( V ) peak area rat io de 
creases w i t h decreasing ant imony concentrat ion a n d thereby shows a 
d i m i n i s h i n g ant imony ( I I I ) presence i n the m i x e d oxides. 

Tin-Antimony Oxides in Which x = 0.20-0.65. M a t e r i a l s i n w h i c h 
x = 0 . 6 5 give the largest ant imony ( I I I ) : a n t i m o n y ( V ) peak area ratios, 
a n d the samples ca l c ined either at 600°C for 14 days or 900°C for 16 h 
are the only pure m i x e d oxides to give a signif icant improvement i n x 2 

w h e n the ant imony ( I I I ) da ta are fitted to e ight l ines. X - r a y di f fract ion 
investigations (25) show that materials of s i m i l a r compos i t i on conta in 
b o t h a rut i l e a n d ant imony oxide phase. T h e Mossbauer parameters of 
these samples resemble those of ant imony oxides conta in ing b o t h a n t i 
m o n y ( I I I ) a n d a n t i m o n y ( V ) (14,26) a n d suggest that the ant imony 
oxide dominates any cont r ibut i on f r o m the rut i l e phase. T h e peak area 
rat io for the sample treated at h igher temperature suggests that the 
a d d i t i o n a l phase is S b 2 0 4 w h i l e that f o r m e d b y p r o l o n g e d heat ing at 
600°C is more characterist ic of S b 6 O i 3 . I t is interest ing that the other 
sample conta in ing 6 5 % ant imony a n d subjected to 16-h ca l c inat ion at 
600°C indexed as a s ingle-phased rut i l e - type mater ia l a n d gave a M o s s 
bauer spectrum more s imi lar to that of S b 6 O i 3 t h a n S b 2 0 4 . 

Samples i n w h i c h x = 0.40 were subjected to ca l c inat i on treatments 
that gave (25) b o t h a s ingle-phased mater ia l w i t h a rut i l e - type structure 
( 6 0 0 ° C for 16 h ) a n d a rut i l e -p lus -ant imony oxide two -phased m a t e r i a l 
( 6 0 0 ° C for 14 d a y s ) . B o t h substances gave s imi lar Mossbauer spectra 
that suggest the occupat ion b y ant imony of s imi lar environments . T h e 
a n t i m o n y ( I I I ) : a n t i m o n y ( V ) ratios are smal ler t h a n those observed i n 
samples conta in ing 6 5 % ant imony , i n d i c a t i n g that any ant imony oxide 
i n these materials is insufficient to dominate the spectra. 

M a t e r i a l s i n w h i c h x = 0.20 are interest ing since ca l c inat i on at 
600°C for b o t h 16 h a n d 14 days produces s ingle-phased samples w i t h 
rut i l e - type structures ( 2 5 ) . H o w e v e r , the Mossbauer parameters show 
that 16-h ca l c inat i on produces b o t h ant imony ( I I I ) a n d ant imony ( V ) 
species i n a rat io s imi lar to the mater ia l i n w h i c h x = 0.40, whereas 
longer ca l c inat ion gives a sample s h o w i n g on ly a n a n t i m o n y ( V ) 
contr ibut i on . 

T h e 1 1 9 S n a n d 1 2 1 S b M o s s b a u e r parameters for materials c onta in ing 
be tween 20 a n d 6 5 % ant imony m a y be re lated to the preparat ive p r o 
cedure . T h e w h i t e prec ip i tate f o r m e d i n a lka l ine m e d i a c onta in ing 
h y d r a t e d t i n ( I V ) a n d a n t i m o n y ( V ) dehydrates on heat ing at 600°C for 
16 h a n d forms b l u e solids. T h e x-ray di f fract ion data (25 ) show these 
materials to be poor ly crysta l l ine , h i g h l y defective, rut i l e - type solids. 
T h e Mossbauer spectra reveal the presence of t i n ( I V ) , a n t i m o n y ( V ) , a n d 
ant imony ( I I I ) species i n oxygen environments , a n d are consistent w i t h 
the dehydrat i on process caus ing reduc t i on of a n t i m o n y ( V ) as is observed 
d u r i n g the pyro lys is of ant imonic a c i d (14) a n d the transformat ion of the 
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28. B E R R Y Oxidation Catalysts 599 

t i n ( I V ) hydrox ide ge l to t i n ( I V ) oxide. T h e coexistence of r a n d o m 
arrays of such units i n a noncrysta l l ine so l id are consistent w i t h the 
descr ipt ion of these materials (25) as s ingle-phased amorphous solids. 

Desp i te the confusion i n the l i terature (17,27,28) over materials i n 
w h i c h t i n a n d ant imony are i n r o u g h l y e q u a l proport ions , there is l i t t l e 
evidence for c o m p o u n d f o rmat ion b e l o w 900°C, a n d the Mossbauer data 
conf i rm that b u l k e q u i l i b r i u m is dif f icult to establ ish b y short -per iod 
ca l c inat i on at l o w temperatures. P r o l o n g e d heat ing at 600°C or short-
p e r i o d ca l c inat ion at h igher temperatures gives the f o rmat ion of a second 
phase w h i c h 1 2 1 S b Mossbauer spectroscopy shows to have characteristics 
of a n ant imony oxide conta in ing b o t h ant imony ( I I I ) a n d ant imony ( V ) . 

A n interest ing feature of t i n - a n t i m o n y oxides heated at 600 ° C is 
the i r b l u e color w h i c h resembles that observed i n the a l k a l i meta l a n t i 
m o n y hal ides a n d w h i c h has been a t t r ibuted (29) to a S b 3 + - S b 5 + charge-
transfer process. T h e close coexistence of ant imony ( I I I ) a n d a n t i 
m o n y ( V ) i n s imi lar sites as s h o w n b y the Mossbauer data w o u l d be 
ach ieved easily i n t i n - a n t i m o n y oxides w i t h composit ions just descr ibed 
a n d w h e n heated to 600°C for 16 h . T h e apparent absence (SO) of any 
dark b lue solids for w h i c h a S n 2 + - S n 4 + mechan ism has been proposed 
w o u l d support such a S b 3 + - S b 5 + charge-transfer process i n t i n - a n t i m o n y 
oxides. 

Tin-Antimony Oxides in Which x < 0.20. L i k e the 1 1 9 S n M o s s 
bauer data , the 1 2 1 S b Mossbauer parameters for materials w i t h i n this 
range of composit ions are different f r o m those of the other t i n - a n t i m o n y 
oxides. T h e materials show on ly a n a n t i m o n y ( V ) contr ibut i on to the 
spec t rum a n d , w h e n subjected to p ro l onged or h igh- temperature c a l c i n a 
t i on , g ive l inewidths that are smal ler ( r < 3.24 m m s ' 1 ) t h a n those re 
p o r t e d for ant imony compounds w i t h a l e a d ant imonate structure ( 2 3 ) . 
S u c h Mossbauer parameters m i g h t be expected f r o m single-phased, 
rut i l e - type materials i n w h i c h the ant imony ( V ) species occupies a u n i q u e 
site w i t h i n an octahedral array of oxygen atoms. 

G i v e n that the m e t a l - o x y g e n distances i n S n 0 2 , S b 6 O i 3 , a n d S b 2 0 4 

are a l l s imi lar (13,14), i t m i g h t be expected that any replacement of t i n 
atoms i n the t i n ( I V ) oxide rut i l e latt ice b y ant imony w o u l d be most 
l i k e l y to occur d u r i n g the ca l c inat ion process i n materials conta in ing a 
l o w concentrat ion of ant imony. A l t h o u g h the u p p e r l i m i t of a n t i m o n y 
so lub i l i ty has been def ined as h i g h as 2 0 % (28), the 1 1 9 S n a n d 1 2 1 S b 
Mossbauer data a n d the recent x-ray di f fract ion investigations (25 ) 
appear to be more consistent w i t h other descriptions (17,31) of a 1 0 % 
l i m i t . Since the 1 1 9 S n Mossbauer spectra show that w i t h i n this compos i 
t i o n range three t i n ( I V ) atoms are not rep laced b y t w o a n t i m o n y ( V ) 
atoms a n d one t i n ( I I ) atom, i t m i g h t reasonably be expected that the 
charge -ba lanc ing mechan ism involves the replacement of t w o t i n ( I V ) 
atoms b y one ant imony ( V ) a n d one ant imony ( I I I ) . I t m i g h t also be 
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envisaged that the process w o u l d either invo lve subst i tut ion into the 
latt ice or the occupat ion of interst i t ia l oc tahedra l sites. H o w e v e r , i t is 
k n o w n that ant imony ( I I I ) , l i ke t i n ( I I ) , has a lone p a i r of electrons a n d 
rare ly adopts octahedral coord inat ion (32). I n this respect i t is s igni f i 
cant that the latt ice parameters of a n t i m o n y - d o p e d t i n ( I V ) oxide are 
s imi lar to those of pure t i n ( I V ) oxide ( 3 3 ) , a n d are therefore i n c o n 
sistent w i t h the accommodat ion of species w i t h lone pairs of electrons 
w i t h i n the latt ice . A l t h o u g h the surface segregation of ant imony at h i g h 
temperatures (25) c o u l d i n p r i n c i p l e p rov ide more favorable a n t i 
m o n y ( I I I ) sites w i t h o u t affecting the latt ice parameters, the x-ray photo -
e lectron investigations (25) have not ident i f ied such surface species. 
T h e Mossbauer parameters of monophasic , rut i le - type t i n - a n t i m o n y 
oxides conta in ing l o w concentrations of ant imony a n d ca l c ined for l o n g 
per iods at temperatures exceeding 600°C do not p rov ide evidence for the 
accommodat ion of ant imony ( I I I ) w i t h i n the latt ice a n d are unab le to 
conf irm the expected reduc t i on of a n t i m o n y ( V ) to ant imony ( I I I ) . 

T h e Mossbauer parameters must therefore be considered i n terms 
of the f ormat ion of the m i x e d oxide w i t h o u t reduct i on of e ither a n t i 
m o n y ^ ) or t i n ( I V ) . C l oser examinat ion of the a n t i m o n y ( V ) c h e m i c a l 
isomer shifts, especial ly those of materials ca l c ined for l o n g periods or 
at h i g h temperatures, shows that they decrease re lat ive to the va lue 
reported for S b 2 0 4 (8 ~ 8.7 m m s ' 1 ) (24,26), as the ant imony concentra
t i o n i n the tin—antimony oxides decreases. I t appears that the s e lectron 
density at the ant imony nucleus is highest w h e n the ant imony concen
trat ion is between 3 a n d 1 0 % , a n d thereby complements the 1 1 9 S n M o s s 
bauer data w h i c h showed the a c c u m u l a t i o n of e lectron density over the 
t in - conta in ing species as the ant imony content approaches a con 
centrat ion of 1 0 % . Therefore , the f ormat ion of monophas ic materials 
conta in ing ant imony w i t h i n the t i n ( I V ) oxide latt ice is restr icted to 
those materials w i t h a n ant imony content of less t h a n 1 0 % w h e n heated 
at temperatures exceeding 600 ° C for l o n g periods. I n add i t i on , w i t h i n 
this compos i t ion range, charge balance is m a i n t a i n e d b y the d e r e a l i z a 
t i o n of e lectron density into a low-energy conduct i on b a n d composed 
large ly of 5s orbitals b y a mechan ism s imi lar to that w h i c h has been used 
to account for the l o w 1 1 9 S n Mossbauer c h e m i c a l isomer shifts a n d con 
d u c t i o n properties i n co lored ces ium t i n ( I I ) b r o m i d e ( 1 9 - 2 2 ) . S u c h a 
process conforms w i t h the b a n d structure (18,34,35) of t i n ( I V ) oxide, 
w h i c h has been used (36) to account for the increas ing (31) n - type 
semiconduct iv i ty of the mater ia l w h i c h reportedly reaches a m a x i m u m 
on a d d i t i o n of 3 % ant imony . 

T h e sample conta in ing 3 % ant imony a n d ca l c ined at 1000°C for 20 
days gives the most negative a n t i m o n y ( V ) c h e m i c a l isomer shift (8 = 
8.228 mms" 1 ) a n d corresponds to the highest s e lectron density at the 
a n t i m o n y ( V ) nucleus. T h e o p t i m i z e d specific ac t iv i ty for butad iene 
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f o rmat ion (37) of this equ i l i b ra ted rut i le - type mater ia l has been l i n k e d 
w i t h the m a x i m i z e d surface enr ichment of ant imony ions w h i c h occurs 
w i t h o u t the separation of free S b 2 0 4 . I t is possible that the deep b lue 
color change i n these materials at 400 ° C w h i c h has been corre lated (25) 
w i t h the b e g i n n i n g of surface enr ichment is connected w i t h the d e r e a l i 

zat i on of electrons into the conduct i on b a n d a n d the format ion of so l id 
solutions. T h e cata lyt i c ac t iv i ty of these t i n - a n t i m o n y oxides has been 
associated (38) w i t h the possible f ormat ion of S n 4 + a n d S b 3 + act ive cen
ters w i t h ac id i c a n d basic funct ion . It is interest ing that the E S R signals 
f r o m low-ant imony-content t i n - a n t i m o n y oxides (39) m a y be at tr ibutab le 
to the t r a p p i n g at an ion vacancies of free electrons that are created b y 
the subst i tut ion of ant imony i n the t i n ( I V ) oxide latt ice . I t is therefore 
possible that the surface r e d u c i n g or basic sites may consist of t r a p p e d 
electrons w h i c h , as the ant imony concentrat ion increases, become de-
l o ca l i zed into a conduct i on b a n d . 

T h e active centers i n t i n - a n t i m o n y oxide catalysts m a y therefore 
be composed of S n 4 + ions a n d S b 3 + or t r a p p e d electrons. T h e decrease i n 
specific catalyt ic ac t iv i ty for the oxidat ive reactions of butene over the 
catalyst conta in ing h i g h concentrations of ant imony (38) has been used 
to support the assignment of S n 4 + as an a c i d center. T h e 1 1 9 S n Mossbauer 
spectra conf irm the retention of t i n i n the ox idat ion state of ( I V ) . S i m i 
l a r l y , the enhanced act iv i ty a n d selectivity of m i x e d oxides conta in ing 
l o w ac id i ty a n d h i g h basic i ty , that is, where the basic sites are f o rmed b y 
the presence of a l o w concentrat ion of ant imony , also are supported b y 
the Mossbauer spectra, w h i c h show that d e r e a l i z a t i o n of electrons over 
the t i n - a n d ant imony-conta in ing phases is o p t i m i z e d i n materials of these 
composit ions. 

Tin-Molybdenum Oxides. A t i n - m o l y b d e n u m oxide (Sno .9sMoo.02" 

0 2 ) that also can be used for the catalyt ic ox idat ion of propene to acro
l e i n gave a 1 1 9 S n Mossbauer spectrum ( 8 = 0 . 0 3 mms" 1 ) con f i rming that 
the t i n ( I V ) species is not r educed to t i n ( I I ) . T h e result is therefore 
compat ib le w i t h E S R investigations (40) that have descr ibed the mate 
r i a l as conta in ing pentavalent m o l y b d e n u m ions i n subst i tut ional sites in 
the t i n ( I V ) oxide latt ice . T h e quadrupo le sp l i t t ing (A = 0.68 mms" 1 ) is 
comparab le to that recorded for the t i n - a n t i m o n y oxide of analogous 
compos i t ion ( T a b l e I ) a n d reflects the s imi lar d istort ion of the t i n ( I V ) 
oxide latt ice b y r ep lac ing t i n atoms w i t h different cations of s imi lar size. 

Mixed Oxides Used in Adsorption Processes. T h e adsorpt ion of 
acetic a c i d ( u p to 4.31 /xmol m" 2 ) a n d p y r i d i n e ( u p to 2.69 jumol m" 2 ) o n 
oxides of f o r m u l a S n ^ b / ^ (x = 0.00, 0.02, 0.10, 0.75) d i d not s ig 
ni f i cant ly alter the Mossbauer parameters of the pure materials . T h e r e 
fore, despite in f rared evidence for the adsorpt ion of bases to L e w i s a c i d 
sites on meta l oxides (41,42), such processes are u n l i k e l y to invo lve the 
b u l k t i n cations i n t i n ( I V ) oxide or m i x e d t i n - a n t i m o n y oxide catalysts 
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Table III. 1 1 9 S n and 1 2 1 Sb Mossbauer Parameters of Tin-Antimony 

Tin 

X Treatment 
8" ± 0.03 
(mms'1) 

A ± 0.03 
( mms'1) 

0.20 14 d /600° 
sealed tube 

0.15 0.75 

0.20 reduced b y 5.4% 0.18 0.72 

0.20 reduced b y 10 .3% 0.18 0.69 

0.20 reduced b y 3 0 . 2 % 0.11 0.66 

°The standard deviations are in units of the last decimal place and correspond 
to 95% confidence limits. 

i n a charge -ba lanc ing role or give any signif icant modi f i cat ion to the 
rut i l e - type latt ice structures. 

T h e 1 1 9 S n Mossbauer spectra of the t i n - m o l y b d e n u m oxide ( S n 0 . 9 8 
M00.02O2) showe d the oxide to be unaffected b y the adsorpt ion of 1.6 
/xmol m " 2 of p y r i d i n e at 400°C despite the reported reduc t i on of t i n a n d 
i r o n d u r i n g the chemisorpt ion of hydrocarbons on t i n - m o l y b d e n u m - a n d 
i r o n - m o l y b d e n u m - o x i d e catalysts (43,44,45). 

Reaction of Tin—Antimony Oxides with Hydrogen. T h e t in—anti
m o n y oxides i n w h i c h x = 0.20 were r e d u c e d b y the h y d r o g e n / n i t r o g e n 
gas mixtures b y 4 % , 1 0 % , a n d 3 0 % . T h e 1 1 9 S n a n d 1 2 1 S b Mossbauer 
parameters of the materials f o l l o w i n g such treatment are g iven i n 
T a b l e III. 

T h e 1 1 9 S n Mossbauer c h e m i c a l isomer shifts are, w i t h i n the l imi t s of 
exper imenta l accuracy , i d e n t i c a l to those of the p u r e m i x e d oxide, a n d 
therefore show no evidence for the f o rmat ion of t i n (II) despite the 
r e d u c t i o n of the t i n - a n t i m o n y b y as m u c h as 3 0 % . T h e decrease i n 
q u a d r u p o l e sp l i t t ing that accompanies the increased reduc t i on is also 

Table IV. 1 1 9 S n and 1 2 1 Sb Mossbauer Parameters of Tin-Antimony 

Tin 

X Treatment 
8 ' ± 0.03 
( mms'1) 

A ± 0.03 
( mms'1) 

0.20 14 d / 6 0 0 ° C sealed tube 0.15 0.75 

0.20 reacted w i t h butene a n d oxygen 0.04 0.67 

0.02 20 d / 1 0 0 0 ° C 0.05 0.66 

0.02 reacted w i t h butene a n d oxygen - 0 . 0 5 0.56 
° The standard deviations are in units of the last decimal place and correspond 

to 95% confidence limits. 
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Oxides (Sn1_a.Sba.O2) Following Reaction with Hydrogen" 

Antimony (V) Antimony (III) 

8° 
( mms'1) 

8.440(52) 

r 

3.96(22) 

8° r e 2 q Q Area Ratio 
(mms'1) (mms'1) (mms'1) Sb(III) :Sb(V) 

8.195(52) 3.64(20) 

8.261(56) 3.68(22) 

8.093(96) 4.00(40) 
b 8 relative to Sn0 2. 
e 5 relative to InSb. 

- 4 . 1 1 ( 4 0 ) 3.52(88) 16.2(12) 0.51(6) 

- 4 . 0 1 ( 2 0 ) 4.37(54) 15.1(6) 1.28(6) 

- 3 . 2 0 ( 4 6 ) 2.97(40) 6.0(12) 1.39(8) 

signif icant since i t reflects a d i m i n i s h i n g electric field gradient at the t i n 
nucleus . 

T h e 1 2 1 S b Mossbauer spectra, however , ( F i g u r e 3 ) c lear ly show that 
the react ion of t i n - a n t i m o n y oxides w i t h h y d r o g e n involves the reduc t i on 
of ant imony ( V ) to ant imony ( I I I ) . 

Reaction of Tin—Antimony Oxides with Oxygen and Butene. T h e 
1 1 9 S n a n d 1 2 1 S b Mossbauer parameters of t i n - a n t i m o n y oxides conta in ing 
either 20 or 2 % ant imony f o l l o w i n g the ir use as catalysts for the o x i d a 
t i o n of butene are g iven i n T a b l e I V . 

T h e 1 1 9 S n Mossbauer c h e m i c a l isomer shifts are more negative a n d 
the quadrupo le spl itt ings are smal ler t h a n the values recorded for the 
p u r e m i x e d oxides. Therefore , the process appears to resemble that 
w h i c h occurred d u r i n g the reduct i on of the t i n - a n t i m o n y oxide b y 
h y d r o g e n a n d w h i c h showed qui te c lear ly that t i n ( I V ) was not r e d u c e d 
to t i n ( I I ) . 

T h e 1 2 1 S b Mossbauer spectrum of the mater ia l c onta in ing 2 0 % a n t i 
m o n y confirms that a n t i m o n y ( V ) is r e d u c e d to ant imony ( I I I ) . T h e 

Oxides (Sni_a?Sba?02) Following Reaction with Butene and Oxygen" 

Antimony (V) 

8 C 

( mms'1) 

8.440(52) 

8.577(15) 

r 

3.96(22) 

3.60(60) 

8.228(116) 3.24(44) 

8.10(70) 3.85(30) 

* 5 relative to SnC>2. 
0 5 relative to InSb. 

Antimony (III) 

8 C r 

( mms'1) ( mms'1) 

- 4 .73 (40 ) 3.90(40) 

e 2 qQ Area Ratio 
(mms1) Sb(III):Sb(V) 

15.70(50) 0.38(2) 
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compos i t i on of this mater ia l m a y be descr ibed as a two-phase system i n 
w h i c h one phase is const i tuted b y the rut i le - type t i n ( I V ) oxide w i t h 
a n t i m o n y w i t h i n the latt ice a n d the second phase b y a n ant imony oxide 
( 2 5 ) . H e n c e the reduct i on of a n t i m o n y ( V ) to ant imony ( I I I ) i n this 
m a t e r i a l under cata lyt i c condit ions m a y be associated w i t h either the 
reduc t i on of ant imony i n the rut i l e phase or the reduct i on of S b 6 O i 3 or 
S b 2 0 4 to ant imony ( I I I ) oxide. 

T h e mater ia l c onta in ing 2 % ant imony is qui te different since i t 
represents the single-phase mater ia l conta in ing ant imony i n the t i n ( I V ) 
oxide latt ice . T h e 1 1 9 S n Mossbauer parameters of this mater ia l f o l l o w i n g 
its use i n the cata lyt i c process are r emarkab ly s imi lar to those of pure 
t i n ( I V ) oxide. T h i s decrease i n e lectron density at the t i n n u c l e i , a n d 
the apparent recovery of the latt ice structure, impl ies a decrease i n b o t h 
the latt ice a n d valence contr ibut i on to the electric field gradient at the 
t i n nucleus and , b y analogy w i t h the materials reacted w i t h hydrogen , 
is consistent w i t h the reduct i on of a n t i m o n y ( V ) w i t h i n the latt ice to 
ant imony ( I I I ) . H o w e v e r , the 1 2 1 S b Mossbauer spectra give no evidence 
for the f ormat ion of ant imony ( I I I ) , b u t this absence m a y reflect the 
l o w sensit ivity of the technique to the detect ion of such a l o w concen-
tar t ion of the species. 

T h e p r o b l e m remains, however , as to the accommodat ion of any 
a n t i m o n y ( I I I ) species i f created b y such a mechanism. I t is interest ing 
i n this respect that ant imony -doped t i n ( I V ) oxide gives evidence (33) 
for the presence of t w i n boundaries . Since t w i n n i n g is a means of s l ight ly 
c h a n g i n g the an ion to cat ion sto ichiometry of a crysta l a n d of p r o v i d i n g 
sites w i t h different coord inat ion , i t is possible that sma l l concentrations 
of ant imony ( I I I ) f o rmed b y reduc t i on of a n t i m o n y ( V ) c o u l d segregate 
to these t w i n boundaries a n d thereby enjoy more favorable sites. 

T h e fa i lure of Mossbauer spectroscopy to ident i fy any reduc t i on of 
t i n ( I V ) to t i n ( I I ) a n d the proposed reduct i on of a n t i m o n y ( V ) to a n t i 
m o n y ( I I I ) d u r i n g the catalyt ic react ion m a y be corre lated w i t h m e c h a 
nisms that have been proposed for chemisorpt ion a n d cata lyt i c reactions 
of olefins on t i n - a n t i m o n y oxides ( 5 , 2 7 ) . These mechanisms have i n 
v o l v e d p a r t i a l r educ t i on of a n t i m o n y ( V ) to ant imony ( I I I ) a n d the 
f o rmat ion of a 7r-allyl intermediate species (17,38). A s imi lar m e c h a n i s m 
has been postulated for the react ion of propene over t i n - m o l y b d e n u m 
oxide catalysts (46). 
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29 
A Mössbauer Investigation of α-Fe2O3 

Microcrystals Supported on γ-Al2O3 

DING Y I N G - R U , YEN Q I - J I E , H S I A YUAN-FU, J I N Y O N G - S H U , 
and QIU JIN-HENG 

Department of Chemistry, Nanking University, Nanking, China 

Two samples of microcrystalline α-Fe2O3 supported on 
γ-Al2O3 were prepared by an impregnation method. The 
particle size distribution of α-Fe2O3 determined by Möss
bauer spectroscopy and electron microscopy depends on 
the preparation conditions. Under CO conversion condi
tions the microcrystallites of α-Fe2O3 can be reduced to 
Fe3O4 and nonstoichiometric ferrous oxide, and the surface 
reaction Fe3+ --> Fe2+ is a reversible oxidation-reduction 
process. The interaction between α-Fe2O3 and γ-Al2O3 is 
not as great as that between α-Fe2O3 and MgO. 

S u p p o r t e d catalysts are w i d e l y used i n indust ry ; they g ive the user the 
^ advantage of creat ing a n d s tab i l i z ing a large surface area (i .e. h i g h 
dispers ion) for the act ive components of the catalysts, r e d u c i n g the 
amount of noble m e t a l used, a n d i m p r o v i n g cata lyt i c ac t iv i ty , m e c h a n i c a l 
strength, a n d t h e r m a l a n d c h e m i c a l s tabi l i ty . T h i s type of catalyst is also 
va luab le to the study of the surface structure a n d react ion m e c h a n i s m of 
supported catalysts. 

Recent ly , m u c h attent ion has been g iven to the study of prepara t i on 
methods a n d propert ies of s u p p o i t e d catalysts. T h e results of a n u m b e r 
of these studies (1,2) show that a n " inert support " i n fact is not inert for 
the act ive components a n d cata lyt i c reactions. 

T h i s chapter studies the dependence of the par t i c l e size on the 
preparat i on condit ions , a n d the inf luence of the nature of the support 
a n d its part i c le size o n the reduct i on of the samples t h r o u g h the i n s i tu 
Mossbauer spectra of microcrysta l l ine a - F e 2 0 3 supported o n y - A l 2 0 3 . 

0065-2393/8] /0194-0609$05.00/0 
© 1981 Amercan Chemical Society 
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Experimental 

y - A l 2 0 3 , calcined at 823 K in air for 6 h wi th a surface area of 117 m 2 / g , 
was used as the support material. The support was impregnated wi th ferric 
nitrate solution enriched with 5 7 F e , and the p H value of the solution was 
adjusted to 1.5-2.0 with N H 4 O H . After impregnation overnight, the pre
cursor was dried at 373 K and then calcined i n air at 823 K for 3 h . Thus, 
Sample 1 contained 3 wt % F e 2 0 3 . Sample 2 was prepared under similar con
ditions using the impregnation solution without N H 4

+ . 
The spectrometer used is described elsewhere (3 ) . The source was 8 m C i 

5 7 C o in palladium. A 25-/un thick a -Fe foil was used as a standard to calibrate 
the velocity of the spectrometer. A l l isomer shifts were recorded with respect 
to a -Fe. 

The in situ Mossbauer measurements at high temperature and under C O 
conversion conditions ( H 2 0 / C O = 2:1, 623-823 K , flow rate of gas = 250 
m L / h ) were carried out i n the quartz cell. The absorber contained 1-2 m g 
5 7 F e / c m 2 . 

The Mossbauer measurements at temperatures below room temperature 
were carried out wi th the "cold finger" method. 

The particle size of the microcrystallites also was determined using the 
electron microscopic technique. 

Results and Discussion 

Mossbauer Spec t ra at D i f f e r e n t T e m p e r a t u r e s . T h e M o s s b a u e r 
spectra of t w o samples at different temperatures are s h o w n i n F i g u r e s 
1 a n d 2. 

F r o m the r o o m temperature spectra the isomer shifts of the samples 
were f o u n d to be 0.328 a n d 0.321 m m / s , respect ively . A s s h o w n i n F i g u r e 
1, the Mossbauer spec t rum of Sample 1 exh ib i t ed on ly a superparamag
net ic doublet , a n d even at 120 K no magnet i c sp l i t t ing was f ound . T h e 
quadrupo le sp l i t t ing va lue was 0.82 m m / s . Sample 2 at r o o m tempera 
ture exh ib i ted a magnet i c sp l i t t ing spec trum w i t h a double t super imposed 
o n its center, a n d the hyperf ine field ca l cu la ted was 495.7 k O e . I t was a 
l i t t l e l o w e r t h a n the 515 k O e reported for b u l k « - F e 2 0 3 ( 2 , 4 ) . T h e 
q u a d r u p o l e sp l i t t ing va lue was 0.77 m m / s . A l l of these values showed 
that the t w o samples were i n the a - F e 2 0 3 state. 

A c c o r d i n g to the K i i n d i g m o d e l ( 5 , 6 ) , the average part i c l e size of 
Sample 1 was est imated to be 5.6 n m , w h i c h is i n good agreement w i t h 
the e lectron microscop ic observat ion. 

I n F i g u r e 3 w e p l o t t e d the area percent of the superparamagnet ic 
component as a func t i on of t emperature—at 230 K i t was 5 0 % . T h e 
average part i c l e size of Sample 2 was ca l cu la ted to be 12.8 n m , a c c o r d i n g 
to the equat i on : 

In ( 2 X 1 0 " 4 K ) - ^ 
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Figure I . Mossbauer spectra of Sample 1 at different temperatures: (a) 
at 123 K; (b) at 284 K; (c) at 623 K; (d) at 823 K 

where K = (8.2 ± 2.4) X 1 0 3 J / m 3 ( 5 , 6 ) . W h i l e the e lectron m i c r o 
scopic observat ion showed that Sample 2 h a d a b r o a d par t i c l e size d i s 
t r i b u t i o n , the major i ty of the part ic les were about 7.0 n m , w i t h some 
larger t h a n 20 n m . 

Mossbauer Study of the Reduction (Activation) of « - F e 2 0 3 Micro-
crystallites Supported on y-Al 2 (>3 Under C O Conversion Conditions. 
T h e results of the i n s i tu Mossbauer measurements u n d e r C O convers ion 
condit ions are s h o w n i n F i g u r e s 4 a n d 5. A c ompar i son of spectra u n d e r 
623 K C O convers ion condit ions w i t h those i n a i r ind i cate that after 
b e i n g exposed to C O + H 2 0 for 30 h , the center l ines of Sample 2 were 
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612 MOSSBAUER SPECTROSCOPY A N D ITS C H E M I C A L APPLICATIONS 

Figure 2. Mossbauer spectra of Sample 2 at different temperatures: (a) 
at 823 K; (b) at 623 K; (c) at 373 K; (d) at 284 K; (e) at 178 K; (f) at 121 K 

broadened s igni f icantly a n d the q u a d r u p l e sp l i t t ing va lue increased 
( F i g u r e 5 a ) . T h i s suggests that C O a n d H 2 0 molecules were c h e m i -
sorbed o n the F e 2 0 3 surface, m a k i n g the env ironment of F e 3 + more 
asymmetr ic . O n the other h a n d , the spec t rum of Sample 1 d i d not 
change, p r o b a b l y because of the smal ler par t i c l e size. F i g u r e 4b shows 
that after r e d u c t i o n at 673 K for 10 h , a F e 2 + shoulder c a n be seen at the 
r i g h t side of the spectrum. 
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U n d e r the C O convers ion condit ions at 823 K the spectra ( F i g u r e s 
4c a n d 5b ) m a y consist of the absorpt ion curves of F e 3 0 4 ( i somer shift — 
0 . 2 8 m m / s ) a n d nonsto ichiometr ic ferrous oxide ( 7 , 8 ) . A f t e r b e i n g 
treated for 5 h , the area percentages of F e 3 0 4 a n d F e O of the samples 
were f o u n d to be 5 6 % a n d 4 4 % , respect ively , a n d d i d not change w i t h 
the increas ing t ime of treatment. W h e n the temperature decreased to 
673 K , the F e 2 + content decreased ( F i g u r e 4 d ) . T h i s suggests that the 
reduc t i on of F e 3 + to F e 2 + is reversible . W h e n the temperature decreased 
to 623 K , the F e 2 * content decreased s t i l l further ( F i g u r e 4 e ) . 

I . P . Suzda lev et a l . ( 9 ) suggested that the react ion of C O w i t h the 
surface of F e 2 0 3 ( 8 - n m part i c les ) resul ted i n C 0 2 f o rmat i on a n d reduc 
t i on of the surface ferr i c i o n to ferrous i on . T h e latter was present i n a 
c o m p o u n d of the F e O type , g i v i n g t w o n e w peaks i n the M o s s b a u e r 
spectrum, w i t h a quadrupo le sp l i t t ing va lue of 1.67 m m / s . T h e subse
quent oxygen treatment of the C O - r e a c t e d sample resul ted i n a r e t u r n of 
the spectrum to its o r i g i n a l f o r m , the F e O b e i n g ox id i zed back to F e 2 0 3 . 
O u r exper imental results are consistent w i t h this conc lus ion . A s a result 
of the react ion of chemisorbed oxygen o n the F e 2 0 3 surface, F e 2 + was 
o x i d i z e d back to F e 3 + at a l o w e r temperature . 

F i g u r e s 4f a n d 5 d show that after the reduct ion , the Mossbauer 
spectra of the t w o samples at r o o m temperature changed m a r k e d l y . T h e 
centra l por t i on of the spectra is a t t r ibuted to the presence of some super
paramagnet i c crystal l ites of ferr i c a n d ferrous oxides. T h e spec trum of 

2oo Moo Goo 

T e m p e r a t u r e , K 

Figure 3. Temperature dependence of the superparamagnetic percent
age of Sample 2 
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04 

036 

094 

Figure 4. Mossbauer spectra of Sample 1 exposed to a CO + HtO mix
ture at various stages: (a) at 623 K; (b) after (a), at 673 K; (c) after (b), at 
823 K; (d) after (c), at 673 K; (e) after (d), at 623 K; (f) after (e), at room 

temperature and exposed to COjCOt mixture. 

Sample 1 ( F i g u r e 4f ) exh ib i t ed a magnet i c sp l i t t ing of F e 3 0 4 , a n d the 
hyperf ine field was 490 k O e , a t t r ibutab le to the larger part i c l e size of 
F e 3 0 4 t h a n that of F e 2 0 3 . F o r Sample 2, the i n i t i a l magnet i c s p l i t t i n g 
spec t rum of F e 2 O a d i sappeared a n d the trace of the large F e 3 0 4 part ic les 
appeared . T h e superparamagnet ic l ines of crysta l l ine ferr ic a n d ferrous 
oxides were super imposed o n b o t h of these magnet i c sp l i t t ing l ines . 
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I t is c lear that at first, the r educ t i on process of microcrysta l l ine F e 2 0 3 

occurred at the surface of the larger part ic les , a n d the oxygen of F e 2 0 3 

reacted w i t h chemisorbed C O ; thus , C O - » C 0 2 , F e 3 + - » F e 2 + , a n d the 
F e 2 + component appeared . A s the reduc t i on temperature increased, some 
F e 3 0 4 a n d F e O fo rmed . Because of the larger part i c le size of F e 3 0 4 , the 
magnet i c sp l i t t ing spec trum appeared at r o o m temperature . 

Several authors (10,11) have suggested that the reduc t i on of the 
suppor ted catalysts is affected b y the part i c le size. O u r study has s h o w n 
that w i t h i n certa in part i c le size ranges, the reduc t i on of the sample is 
affected on ly s l ight ly . 

Vkloeiiy cm%^) 

Figure 5. Mossbauer spectra of Sample 2 exposed to a CO + H20 mix
ture at various stages: (a) at 623 K; (b) after (a), at 823 K; (c) after (b), 
at 623 K; (d) after (c), at room temperature and exposed to a CO\CO% 

mixture. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ch

02
9

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



616 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

I t is w e l l k n o w n that a n act ive component , w h e n dispersed to a 
cer ta in degree, w i l l f o r m a n act ive center. A l t h o u g h part ic les of smal ler 
sizes are more act ive , there is a n o p t i m u m part i c l e size range that m a n i 
fests the highest ac t iv i ty a n d that depends not on ly o n the nature of 
support b u t also on the size of react ing molecules . F u r t h e r studies are 
needed to establ ish a n o p t i m u m part i c l e size range for the r educ t i on 
(ac t ivat i on ) of the « - F e 2 0 3 supported o n y - A l 2 0 3 u n d e r C O convers ion 
condit ions . 

Interaction of a - F e 2 0 3 with a Support and Thermal Stability of 
the Sample. I t is general ly cons idered that because of the s imi la r i ty 
between F e 3 + a n d A l 3 + , there is a strong interact ion between F e 2 0 3 a n d 
A l 2 O a ( 1 2 , 1 3 ) . T . Yosh ioko (14) s tud ied the different types of A 1 2 0 3 

support a n d suggested that the interact ion of meta l oxide w i t h y - A l 2 0 3 

appears to be the weakest. O u r experiment showed that the r educ t i on of 
Sample 2 w i t h a n average part i c l e size greater t h a n 10 n m was s i m i l a r to 
that of b u l k a - F e 2 0 3 , w h i c h is consistent w i t h the result of K i i n d i g et a l . 
( 6 ) . T h e y suggested that the interact ion of the support w i t h F e 2 0 3 ( p a r 
t i c l e size > 13.5 n m ) is weak , a n d the r e d u c i b i l i t y is s imi lar to that of 
b u l k F e 2 0 3 . O n the other h a n d , for the s m a l l part ic les (6 n m ) of F e 2 0 3 , a 
strong interact ion was not s h o w n either. I t c o u l d be r educed easi ly u n d e r 
the same C O conversion condit ions . « - F e 2 0 3 microcrystal l i tes suppor ted 
o n M g O (15) of the same part i c l e size were p r e p a r e d u n d e r s i m i l a r 
condit ions , b u t were f o u n d to be nonreduc ib le under C O convers ion 
condit ions . F r o m the results of these t w o samples i t seems that the 
part i c l e size a n d the nature of the support have a n effect o n the r educ t i on 
of « - F e 2 0 3 microcrystal l i tes . 

A f t e r fur ther ca l c inat ion at 823 K i n a i r for 10 h , Mossbauer spectra 
of the two samples just ment i oned d i d not change as c o m p a r e d w i t h the 
or ig ina l . T h e interact ion be tween « - F e 2 0 3 a n d y - A l 2 0 3 was weak , result 
i n g i n the l i m i t e d t h e r m a l s tabi l i ty of the t w o samples. 

Conclusion 

T h e « - F e 2 0 3 microcrystal l i tes w i t h a n average par t i c l e size of a p 
prox imate ly 6 n m , supported o n y - A l 2 0 3 were p r e p a r e d b y i m p r e g n a t i n g 
y - A l 2 0 3 w i t h ferr i c ni trate so lut ion. T h e p H va lue of the i m p r e g n a t i o n 
so lut ion was adjusted to 1.5-2.0 w i t h N H 4 O H . W h e n no N H 4

+ ions were 
i n the impregnat i on so lut ion, a sample w i t h a different part i c le size d i s 
t r i b u t i o n was obta ined . 

T h e part i c l e size of the a - F e 2 0 3 microcrystal l i tes was de te rmined b y 
Mossbauer spectroscopy a n d electron microscopy . W h e n the average 
par t i c l e sizes were 6 n m a n d greater t h a n 10 n m under C O convers ion 
condit ions , « - F e 2 0 3 c o u l d be r e d u c e d to F e 3 0 4 a n d F e O , b u t the r e d u c i -
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b i l i t y of the t w o samples w i t h different part i c l e sizes was not the same. 
I t was s h o w n that F e 3 + - » F e 2 + is a reversible o x i d a t i o n - r e d u c t i o n process. 
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CONCLUDING REMARKS 

The interdisciplinary field of Mössbauer spectroscopy represents a 
fascinating sociological phenomenon in the physical sciences. W e have 
here the marriage of inorganic, physical, theoretical, organometallic, and 
biochemists, itself a remarkable achievement, with physicists, both the
orists and experimentalists, geologists and mineralogists, materials and 
solid state scientists, metallurgists, engineeers, and biologists into a com
munity held together by a common interest in movers, detectors, and 
radiochemical sources. These persons then go looking for problems—a 
bad thing in any kind of marriage! However, in this volume we can see 
how these problems (some new, some old) have been solved by applying 
the Mössbauer effect. The result has meant significant advances for 
these diverse branches of science stimulated in part, I am sure, by the 
symposium upon which this book is based. 

When the "Natural History of the Introduction of New Physical 
Methods into Chemistry" comes to be written, and the Mössbauer effect 
will certainly have its chapter there, it will be seen that there has been a 
regular progression of steps that each new technique has followed in 
being introduced. Whether we are describing infrared, Raman, nuclear 
magnetic resonance, or Mössbauer spectroscopy, the history has been 
the same. 

Any spectroscopic technique is intrinsically capable of yielding only 
three kinds of information: 

(1) identity—on the basis that identical systems behave in an identic 
cal way; (2) purity, or the composition of a physical mixture—on the 
basis that physical mixing does not alter spectroscopic properties; and 
(3) information concerning structure, bonding, or the nature of forces 
between molecules. 

While it seems clear that (1) and (2) provide the basis for the 
easiest and most straightforward analytical applications, attempts to 
apply techniques for these analytical purposes generally come late. This 
volume records reports of analyses performed by Mössbauer (known 
since 1959) techniques, for the first time, although more work needs to 
be done before the results can be put on a sound basis. For example, 
reliable recoil-free fraction data necessary for the cross-comparison of 
resonance area measurements to yield percentage compositions are 
largely lacking. 

619 
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T h e Mossbauer technique , l i k e the other spectroscopic methods 
deve loped since W o r l d W a r I I , has f o l l o w e d the f o l l o w i n g sequence of 
steps i n its evo lut ionary h istory of b e i n g i n t r o d u c e d into chemis t ry : 

1. D i s c o v e r y that a measured parameter , 8, varies w i t h c h e m i 
c a l state is p u b l i s h e d b y a n exper imenta l phys ic is t ; f ewer 
t h a n a ha l f dozen i m p u r e compounds are examined . 

2. C l a i m that the changes i n 8 correlate w i t h a n unmeasurable , 
d e r i v e d quant i ty such as e lectronegativity , percentage of 
i on ic character , s- or p-electron density, etc., is p u b l i s h e d 
b y a p h y s i c a l chemist . T h e corre lat ion is a lways l inear , 
a n d fewer t h a n a dozen , on ly s l ight ly p u r e r compounds 
are examined . 

3. D i s p a r i t y be tween the predict ions of the first pr inc ip les 
that govern the m e t h o d a n d p u b l i s h e d results throws the 
field into a confus ion w h i c h is not admi t t ed . A sp l i t t ing , A , 
is observed, but not adequate ly understood . P o i n t - b y - p o i n t 
data are s t i l l b e i n g taken. 

4. C o r r e l a t i o n w i t h other measurable parameters of structure 
a n d spectroscopy is achieved , a n d t r u l y use fu l in f o rmat i on 
begins to emerge. T h e x-y recorder is b rought into p l a y 
to record data , a n d symposia are organized . 

5. C o m m e r c i a l instrumentat ion is exhib i ted , a n d begins to 
drop i n pr ice . T h e technique enters general use, a n d its 
name is no longer i n v o k e d i n the titles of p u b l i s h e d artic les , 
m a k i n g the l i terature scattered a n d re t r i eva l diff icult . T h e 
o r i g i n a l pract i t ioners decry the w o r k of the n e w entrants 
w h o m they c l a i m do not rea l ly unders tand the theory of 
the method , a n d they stop co l l ec t ing xerographic copies of 
every paper p u b l i s h e d . 

6. C a l i b r a t e d chart paper appears. T h e names of the o r i g i n a l 
pract i t ioners are forgotten. T h e technique has a r r i v e d ! 

A s readers of this v o l u m e w i l l recognize , Mossbauer spectroscopy is 
po i sed on the b r i n k of h a v i n g spectra recorded on ca l ib ra ted chart paper , 
a n d w e awa i t that occasion w i t h very m i x e d emotions. T h e te chn i ca l 
details of h o w that w i l l be w o r k e d out I assign as a n exercise for the 
representatives of the c o m m e r c i a l instrument manufacturers . 

T h e tremendous b r e a d t h seen i n this vo lume is most impress ive : 
b o n d i n g , the use of convers ion electrons, analysis , appl icat ions to the 
environment , a n d b io logy , the use of exotic isotopes, the examinat ion of 
phase transit ions, relevance to catalysis, the energy p r o b l e m , a n d aca 
d e m i c instruct ion . There are extravagant c la ims a n d sober ing caut ionary 
notes. W e are e m b a r k i n g into a very h o p e f u l future for Mossbauer 
spectroscopy. 
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INDEX 

A 
Absorber(s) 394 

tantalum metal 483 
zinc metal 333 

Absorber(s), Mossbauer 
background correction for 202 
granularity 197-202 
texture and spectral resolution 205-206 

Aconitase from beef-heart mito
chondria, oxidized 322 

Acrolein, catalytic oxidation of 
propene to 601 

Acrolein, oxidation of propene to . 597 
Actinide organometallic compound 354 
Actinide organometallics, bonding . 359 
AI2O3, interaction between 

F e 2 0 3 and 616 
7-AI2O3, Mossbauer investigation of 

a-Fe2C>3 microcrystals sup
ported on 609-617 

7-AI2O3 under CO conversion con
ditions, reduction of a-Fe203 
microcrystallites supported .611-616 

Alkali tantalates, 1 8 1 T a Mossbauer 
studies of 481-497 

Alloys 
and archaeological materials, 

C E M S to study ion-
implanted 101-114 

C E M S studies of iron-implanted 
copper 105-107 

and gold metallic compounds, 
isomer shifts of 43, 44/ 

hydrides of binary 506 
Aluminum 

content of goethites 256,258* 
content in hematite 258, 259* 
5 7Fe-implanted 92 
incorporation in iron oxides . .256-260 

American Society for Testing and 
Materials method (s) 

coal, comparison of Mossbauer 
and 240 

and the Mossbauer area method, 
analysis of U.S. coals by . . . 189* 

of total and pyritic iron in coal, 
Mossbauer vs 188-191 

American Society for Testing and 
Materials standard(s) 

D2492 method of coal analysis . 182 
D3177 for determining total 

sulfur content of coal 182 
method of sulfur determination 

in coal 155 

Analyzers, electrostatic electron 
energy 126 

Ankerite 150,274 
Ankerite transformation during 

coking 279 
AnS, structure of 342 
AnTe, structure of 342 
Antimonic acid, thermal decompo

sition of tin (IV) hydroxide 
and 591-596 

Antimony 
compounds by 1 2 1 S b Mossbauer 

spectroscopy characteriza
tion of 361-373 

content, 1 1 9 T n Mossbauer param
eters as a function of 596/ 

-doped tin (IV) oxide 605 
oxides 

following reaction with butene 
and oxygen 1 1 9 S n and 
1 2 1 S b Mossbauer param
eters of t in - 602*-603* 

1 2 1 S b Mossbauer investigation 
of 597-601 

-tin 
catalysts, active centers in . 601 
chemisorption and catalytic 

reactions of olefins . . . . 605 
1 1 9 S n Mossbauer studies of 

catalytically active . . . . 590 
pentafluoride, oxidation of iodine 

with 381 
Antimony (III) 363 

complexes, 1 2 1 S b Mossbauer 
data for 369* 

species 367-369 
in environments 597 

Antimony (V) 363 
halide complexes, 1 2 1 S b Moss

bauer data for 370* 
species 369-372 

in environments 597 
Antimony-121 Mossbauer 

data 
for antimony (III) complexes . 369* 
for antimony(V) halide 

complexes 370* 
for organoantimony(V) 

compounds 372* 
investigations of tin-antimony 

oxides 597-601 
parameters, ranges for 365* 
parameters of tin-antimony 

oxides (Sni_*Sb*02) 593* 
transitions 362* 
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626 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Antishielding 17-20 
Archaeological artifacts by 5 7 F e 

C E M S , characterization of in
organic solids and minerals . .93-95 

Archaeological materials, C E M S to 
study ion-implanted alloys 
and 101-114 

Ash 274 
and slag deposites, factors 

controlling 280-282 
vs. mineral matter 179 

A S T M (see American Society for 
Testing and Materials) 

Atomic core wave functions 9 
Atomic orbitals, linear combination 

of 9 
Attic Black Ware, Greek I l l , 112/ 
Attrital coals 137 
1 9 7 A u (see Gold-197) 
A u ( C n ) 2 - 47 

pressure-dependent Mossbauer 
measurements of 52 

quadrupole splitting in 49-51 
Auger electrons 64 
A u L C l compounds, linear 52, 53/ 
A u L C l compounds, nuclear quadru

pole resonance frequencies of 
chlorine in 52, 53/ 

AuLPPli3 compounds, linear . . . . 52, 53/ 
Austenite 90 

-Martensite carbide deter
minations 283 

spectrum for high-carbon steels . 285 
Austenitic stainless steels 284 
A u T e 2 , quadrupole splittings in . . 54 
Automatic image analysis 276 
Azotabacter vinelandii, ferredoxin 

from 310 
Azotohacter vinelandii, nitrogenase 

from 307 

B 

Backscattering 
counter for conversion electron 

on x-rays 102/ 
experiments, and internal 

conversion 64-66 
Rutherford 546 

Barnett-Coulson f-expansion 
technique 7 

Bases to Lewis acid sites on metal 
oxides, adsorption of 601 

Battery materials, Mossbauer 
studies of 523-536 

Benzene and T H F solubles, con
version of coal to 170 

Bessel functions 160 
Beta-ray spectrometer(s) 

for D C E M S studies 71-77 
electrostatic 75,76/ 
magnetic 72,73/ 

Bimetallic catalyst systems, iron-
ruthenium 553-571 

5 7 F e Mossbauer parameters . . . . 562f 
" R u Mossbauer parameters . . . . 563f 
reaction scheme 570/ 

Biotite 146 
Bonding 

in actinide organometallics . . . . 359 
of 2 3 7 N p organometallics and 

their uranium analogues .358-359 
properties and Mossbauer param

eters in linear gold(I) . . . .51-57 
systematics in gold compounds . 46 

c-bonding properties of the ligands 
in gold(I) 51 

Bromine-containing molecules, self-
consistent field and charge 
molecular orbital calculations . 3-35 

Butene and oxygen, 1 1 9 S n and 1 2 1 S b 
Mossbauer parameters of t in -
antimony oxides following 
reaction with 602J-603* 

C 

C5H5- ligand 354 
[ ( C 5 H 5 N ) 2 I ] N o 3

1 2 7 I Mossbauer 
spectrum 384/ 

C a C 0 3 (calcite) 150 
CsfFIBr] 387 
Cs[FICl] 387 
[(CH 3 )4N][BrICl] , 1 2 7 I Mossbauer 

spectrum of 385,386/ 
Calcite ( C a C 0 3 ) 150 
Carbide(s) 

determinations, austenite-marten-
site- 283 

Hagg 585 
( F e 5 C 2 ) 579-588 

produced by ion implantation . . 110 
Carbon-implanted iron foils, C E M S 

studies 107-110 
Carbon system of steels, iron- . . 283-286 
Carbonate minerals in coal . . . . 150-153 
Carbonates and clay minerals in 

coal, iron-bearing 276 
Catalyst(s) 

active centers in tin-antimony 
oxide 601 

catalytic conversion of coal-
derived synthesis gas to 
gasoline-range hydrocarbons 
and olefins using Afunc
tional zeolite 574 

colloidal palladium 542 
5 7 F e Mossbauer parameters of 

iron-ruthenium bimetallic . 562* 
by 5 7 F e and " R u Mossbauer 

spectroscopy, characteriza
tion of mixed-metal 553-571 

Fischer-Tropsch 556 
Mossbauer results of various 578f-579£ 
Mossbauer spectroscopic investi

gation of oxidation 589-605 
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INDEX 627 

Catalyst (s) (continued) 
reduction of supported 615 
" R u Mossbauer parameters of 

iron-ruthenium bimetallic . 563* 
solutions used in metallization of 

plastics Mossbauer studies of 
colloidal 539-551 

spectra of oxidatively coagulated 
colloidal 544/ 

supported 609 
used in synthesis gas conversion, 

Mossbauer and magnetic 
studies on bifunctional 
medium-ore zeolite-iron .573-588 

for synthesis gas conversion, 
zeolite-Silicalite-based . . . . 574 

systems bimetallic 554-556 
iron-ruthenium 553-571 

system, palladium-tin col
loidal 542,543/ 

Cathode 
K F e S 2 - L i K F e S 2 535 
L i * V S 2 526 
materials, solid-state 525 
T a S 2 - L i T a S 2 533-535 

Cementite 585 
( F e 3 C ) 579-588 
formation of 285,286/ 

C E M S (see Conversion electron 
Mossbauer spectroscopy) 

Ceramic objects, studies of glazes 
on painted 111-114 

Chalcogenides 
chemical shifts for 6 7 Z n in 335* 
resonance for zinc 335 
isomer shifts for 338-341 

Chalcopyrite 216 
Channeltrons 70 

detector, low-temperature C E M S 
apparatus using 71 

Char gasification 166 
Chlorine in A u L C l compounds, 

nuclear quadrupole resonance 
frequencies of 52, 53/ 

Chlorine-containing molecules, self-
consistent field and charge 
molecular orbital calculations . 3-35 

Chlorite(s) 148,274 
Clarain 137 
Clay(s) 

and iron carbonate phases during 
coking, transformations of 
ferrous 279 

iron oxides in 247-260 
minerals in coal 143-150 

iron-bearing carbonates and . . 276 
minerals, ferrous 274 
mixed-layer 149 
-rich coal 274 

Clostridium pasteurianum, nitroge-
nase from 307 

Clusters 
[2Fe-2S] 306 

Clusters (continued) 
[4Fe-4S] 307 
iron-sulfur 305-324 
of nitrogenase 306-310 

P-Cluster of nitrogenase 307-308 
stable oxidation states of the 

cofactor centers 309/ 
C O conversion conditions, reduction 

(activation) of a - F e 2 0 3 micro-
crystallites supported on 
7 - A l 2 0 3 under 611-616 

C O with the surface F e 2 0 3 , 
reaction 613 

Coal(s) 274 
after various treatments, Moss

bauer analysis of 191-194 
analysis, A S T M Standard D2492 

method 182 
A S T M 

method to determine sulfur . . . 224 
method and the Mossbauer 

area method, analysis of 
U.S 189* 

Standard D3177 for determin
ing total sulfur content . . 182 

standard method of sulfur 
determination 155 

attrital 137 
to benzene and T H F solubles, 

conversion 170 
carbonate minerals 150-153 
characterization and utilization, 

application of Mossbauer 
spectroscopy 135-172 

chemical and Mossbauer 
analyses 182-197 

chemical states of nonpyritic iron 
in brown 209-218 

clay minerals 143-150 
clay-rich 274 
and coal process products, 

Mossbauer spectra 226 
to coke, transformation 165 
combustion 163-165 
comparison of the Mossbauer and 

A S T M methods 240 
-derived synthesis gas to gasoline-

range hydrocarbons and ole
fins using bifunctional zeolite 

catalysts, catalytic conversion 574 
direct combustion 280-282 
forms of sulfur 182 
gasification 166 
high-sulfur low-quality 276 
intensity method to determine 

total and pyritic iron con
centration 187-188 

iron 227 
-bearing minerals 140-155 

in fresh 274 
vs. sulfur abundance 276 

oxides 155 
sulfides 140-143,142* 
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628 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Coal(s) (continued) 
iron (continued) 

-sulfur minerals 136, 225 
liquefaction 167-172 

residues, iron sulfides 168 
lithologic components 137 
macerals 137 
mineral matter in 137 
mineralogy—pyritic sulfur 

determinations 274-276 
Mossbauer 

vs. A S T M method of total and 
pyritic 188-191 

effect study of Victorian 
brown 209-218 

spectroscopy of bed-moist vs. 
dried 211-218 

/-values of iron compounds 203, 204* 
organic and inorganic com

ponents 136-140 
oxidation of strip-mine 276 
pollution from 163 
quantitative investigations . . 177-206 
resonance area method to deter

mine total and pyritic iron 
concentration from 183-187 

by resonance intensity method, 
Mossbauer analysis . . . . 194^-195* 

by rank, classification of . . . . 138f-139£ 
sulfate(s) 153-155 

phases 275 
survey 231 
utilization 163-172 

environmental problems related 163 
water in bed-moist 210 

Cobalt-iron in the zeolite catalyst, 
state of iron and 575 

Coke 165-166,274 
transformation of coal 165 

Coking 
ankerite transformation during . 279 
behavior of pyrite during . . . . 278-279 
illite transformation during . . . . 279 
mineral transformations during 277-279 
siderite transformation during . . 279 
transformations of ferrous clay 

and iron carbonate phases 
during 279 

Colloid formation process 544 
Colloidal catalyst 

solutions used in metallization of 
plastics, Mossbauer 
studies 539-551 

spectra of oxidatively coagulated 544/ 
system, pallidum-tin 542, 543/ 

Combustion, coal 163-165 
Contact density, and charge trans

fer, 1 9 7 A u isomer shift 41-45 
Conversion electron Mossbauer 

spectroscopy 63-97 
advances in theoretical aspects 

and data reduction 77-84 
apparatus using a channeltron 

detector, low-temperature . . 71 

Conversion electron Mossbauer 
spectroscopy (continued) 

applications of 5 7 F e 84-95 
applications of 1 1 9 S n 95-96 
characterization of inorganic 

solids and minerals and 
archaeological artifacts by 
57Fe 93-95 

characterization of steel surfaces 
by 90-91 

data for E u 2 S i 0 4 121 
depth-resolved 
depth-selective or energy-

differential 125 
detectors, integral 68-77 
energy-differential 5 7 F e 125-132 
of 1 5 1 E u 117-123 
instrumentation, advances 68-77 
integral 64 
ion-implantation studies 91-93 
metallurgical applications 90-91 
phase identification by 85 
resonant effect in 119 
studies 

of carbon-implanted iron 
foils 107-110 

depth-resolved 81-84 
electron spectrometer for . 126, 127/ 
integral 78-80 
ion-implanted alloys and 

archaeological materials 101-114 
iron-implanted copper alloys 105-107 
of nitrogen-implanted iron 

foils, " F e 88,89/ 
surface selectivity of 5 7 F e 66, 67/ 
surface selectivity and 

sensitivity of 67-68 
of 1 6 9 T m 117-123 

Conversion 
electron spectra vs. gamma-ray 

transmission spectra . . . .117-123 
electrons or x-rays, backscattering 

counter 102/ 
of isomer shifts to electron counts 43-45 
x-ray Mossbauer spectroscopy 

( C X M S ) 101 
K-conversion electrons 64-66 
L-conversion electrons 64 
Coordination complexes, isomer 

shifts in metallic systems 41-43 
Copper alloys, C E M S studies of 

iron-implanted 105-107 
Corrosion of iron and steels, 

aqueous oxidation 84-87 
Counter for conversion electrons or 

x-rays, backscattering 102/ 
C u 1 2 9 I 380 
Cusachs approximations 5 
C X M S (see Conversion x-ray Moss

bauer spectroscopy) 
Cyanide complexes, 9 9 R u Mossbauer 

parameters ruthenium(II) . . . 559 
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INDEX 629 

D 
D C E M spectra of a fluorinated iron 

foil, 5 7 F e 74/ 
D C E M S (see Depth-resolved con

version electron Mossbauer 
spectroscopy) 

Debye-Waller factor of pyrite . . . . 157 
Debye-Waller factors of the Moss

bauer source 156 
Depth-resolved conversion electron 

Mossbauer spectroscopy 64 
applications 95 
depth resolution by 67-68 
to measure the magnetic field 

near the surface of iron . . . 95 
studies, beta-ray spectrometers 

for 71-77 
Depth resolution by D C E M S 67-68 
Depth-selective or energy-differen

tial C E M S 125 
Desulfovibrio gigas, ferredoxin from 

the sulfate-reducing bacterium 310 
Desulfovibrio gigas, Mossbauer 

spectra of ferredoxin from . . . 313 
Detector(s) 

gas 70 
integral 68-77 
low-temperature C E M S appara

tus using a channeltron . . . . 71 
Deuterium isotope effect on the spin 

crossover behavior in 
[Fe(2-pic) 3 ]Cl 2 • Sol . . . .437-440 

Dichalcogenides, lithium intercala
tion compounds of the transi
tion-metal layer 523-536 

Dichalcogenides, structure and 
properties of layer transition-
metal 524-525 

Dipole moments for halogen-
containing molecules 10* 

Dipyridine iodine(I) nitrate of 
( [I(py) 2 ]N0 3 ) 383 

Dolomite 150,234 
Doppler shift, contribution of zero-

point motion to the second-
order 337-338 

Doppler shift, second-order 492 
Durain 137 
1 6 1 D y spectroscopy 512 
1 6 1 D y isomer shifts in the hydrides 

of D y T 2 513 
D y T 2 , 1 6 1 D y isomer shifts in the 

hydrides of 513 

£ 
Escherichia coli, glutamate syn

thase from 322 
Electric field gradient 

calculations for 1 8 1 T a in 
L i T a 0 3 490-493 

contributions and orbital popula
tions for iodine in iodine-
containing molecules 22*-23* 

Electric field gradient 
(continued) 

at the halogen nucleus, quadru
pole coupling constant and . 14-29 

in K A u ( C N ) 2 47 
for 7 L i in L i N b 0 3 and L i T a 0 3 , 

point-charge calculations 495, 496/ 
for 9 3 N b in L i N b 0 3 and L i T a 0 3 , 

point-charge calculations 495,496/ 
for 1 8 1 T a in L i N b 0 3 and L i T a 0 3 , 

point-charge calculations 495, 496/ 
Electroless plating, and sensitization 541 
Electroless plating, steps in metal

lizing plastics by 541/ 
Electron(s) 

Auger 64 
charge density at the Mossbauer 

nucleus, isomer shift 9-14 
K-conversion 64-66 
L-conversion 64 
counts, conversion of isomer 

shifts 43-45 
detectors 70 
energy analyzers, electrostatic . . 126 
of gold, behavior of the valence 59 
with matter, interactions of 

low-energy 82 
re-emission Mossbauer spec

troscopy 292-298 
spectra, vs. gamma-ray transmis

sion spectra, conversion .117-123 
spectrometer for C E M S 

studies 126,127/ 
spectrometer for 5 7 F e Mossbauer 

spectroscopy 125-132 
or x-rays, backscattering counter 

for conversion 102/ 
Electroneutrality principle, 

Pauling's 54 
Electronic 

behavior in linear gold(I) 
compounds 47 

industry 540 
properties of intermetallic, inor

ganic, and organometallic 
compounds, application of 
Mossbauer spectroscopy to 
study 39-59 

Electrostatic beta-ray spec
trometers 75,76/ 

Electrostatic electron energy 
analyzers 126 

Energy 
analyzers, electrostatic electron . 126 
-differential C E M S , depth-

selective or 125 
-differential 5 7 F e C E M S . . . .125-132 
Gibbs free 405 
spectroscopic 222* 

Environmental problems related to 
coal utilization 163 

Environments, antimony (III) 
species 597 
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630 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Environments, antimony(V) species 597 
Erbium-166 spectroscopy 512 
E r F e o H x 511 
E r F e 2 H 2 512 
E R M (see Electron re-emission 

Mossbauer) 
E u (see Europium) 
E u F 3 120 
E u 2 0 3 120 
F u 2 S i 0 4 , C E M S data for 121 
Europium 

-doped magnesium metal 121 
in some hydride A B 2 compounds, 

valence state 513* 
in LaNis, oxidation state 518 

Europium-151, C E M S of 117-123 
Europium-151, 21.53-KeV 

resonance 118-121 
Exinite 137 

F 
[Fe(4 ,7 - (CH 3 ) 2 _phen) 2 (NCS) 2 ] . 447 
[Fe(bipy) 2 (NCS) 2 ] , crystal 

structures 443 
[Fe(bt ) 2 (NCS) 2 ] 447 
[Fe HB(3 ,5 -Me 2 pz) 3 ] 2 

high-pressure Mossbauer 
parameters 460*-461* 

Fe[HB(3 ,5 -Me 2 pz) 3 ] 2 , 
Mossbauer 

effect spectra of 457, 458/ 
spin-state transformation . . . . 454-456 

F e [ H B ( p z ) 3 ] 2 , high-pressure Moss
bauer parameters 460*-461* 

F e [ H B ( p z ) 3 ] 2 , Mossbauer effect 
spectra 459,460/ 

F e l 4 " in N ( C 2 H 5 ) F e I 4 , tetraiodo-
ferrate cluster 29-34 

(FeMo-co) of nitrogenase 307 
F e ( N 0 3 ) 3 , Mossbauer spectrum of 

Silicalite impregnated 577/ 
[Fe(phen) 2 (NCS) 2 ] 420 

effective trigger for the spin 
transition 446-447 

influence of the preparation 
method spin transition . .440-441 

structural phase changes 444 
a - F e 2 0 3 (hematite) 247 

microcrystallites supported on 
MgO 616 

microcrystallites supported on 
7 - A l 2 0 3 under C O conver
sion conditions, reduction 
(activation) of 611-616 

microcrystals supported on 
7 - A l 2 0 3 , Mossbauer inves
tigation 609-617 

reduced to F e 3 0 4 n and FeO .611-617 
with a support, and interaction 

of 616 
F e 3 0 4 84,613 

and FeO, a - F e 2 0 3 reduced to 611-617 
( F e 3 C ) , cementite 579-588 

F e 5 C 2 108 
Hagg carbide 579-588 

F e S 2 210,225,226 
thin films of 93 

FeTi 506 
after hydrogen absorption-ab

sorption cycles, surface .516-517 
hydrides, Mossbauer 

spectrum 506,508/ 
F e T i H i . i 506 
F e T i H i . 9 506 
F e T i 0 3 . ilmenite 272 
FeO 613 

a - F e 3 0 4 reduced to F e 3 0 4 

and 611-617 
F e O - A l 2 0 3 - S i 0 2 phase diagram . 280/ 
Feo.o5Tao.95S2, 5 7 F e Mossbauer 

spectra of 534/ 
7 - F e O O H 93 
a -FeOOH (goethite) 247 
7 - F e O O H (lepidocrocite) 250 
F e 2 0 3 84,614/ 

and A1 2 0 3 , interaction between 616 
reaction of C O with the surface 

of 613 
reduction process of micro-

crystalline 615 
Fayalite 282,293 
Fermi age-diffusion theory 126 
Ferredoxin(s) 310 

from A. vinelandii, Mossbauer 
spectrum of 5 7Fe-enriched . 314/ 

hyperfine parameters for oxi
dized three-iron centers . . . 316* 

spectroscopic evidence three-
iron center in 311 

from the sulfate-reducing bac
terium Desulfovibrio gigas . 310 

Ferroelectric phase transition in 
L i T a 0 3 487-497 

Ferrous clay minerals 274 
Films, thin 93 

of FeSi 2 93 
Fischer-Tropsch catalysts 556 
Fischer-Tropsch synthesis 166 
Fluorine-containing molecules, 

self-consistent field and charge 
molecular orbital calculations 
of 3-35 

Foils, C E M S studies of carbon-
implanted iron 107-110 

Foils in hydrogen atmospheres, 
decarburization of iron 91 

Fossil fuels by 5 7 F e Mossbauer 
spectroscopy, analysis of iron-
bearing minerals 221-242 

Fuels by 5 7 F e Mossbauer spec
troscopy, analysis of iron-
bearing minerals in fossil . .221-242 

Fuels, production of synthetic . . . 166 
Furnace, schematic of a shaft-

reduction 270/ 
Fusain 137 
Fusinite, photomicrograph 139/ 
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INDEX 631 

G 
Gdo.iLao.9Ni5H, 514 
Gallium-67 333 

ZnO vs. ZnO isomer shift 336 
Gamma ray transmission spectra, 

conversion electron spectra 
vs 117-123 

Gas conversion, Mossbauer and 
magnetic studies on bifunc
tional medium-pore zeolite-
iron catalysts used in syn
thesis 573-588 

Gas detectors 70 
Gasification, char 166 
Gasification, coal 166 
Gibbs free energy 405 
Gibbsite 251 
Glazes on painted ceramic objects, 

studies 111-114 
Glutamate synthase from E. coli . . 322 
Goethite(s) 155 

aluminum content of 256,258* 
(a-FeOOH) 247 

Gold 
behavior of the valence 

electrons 39-59 
compounds, bonding systematics 

in 46 
metallic compounds and alloys, 

isomer shifts 43,44/ 
6p and 5d orbitals 47 

Gold(I) 
bonding properties and Moss

bauer parameters in linear .51-57 
complexes, isomer shifts 43, 44/ 
compounds, electronic behavior 

in linear 47 
and gold (III), chemical corre

lations between 54-57 
linear compounds, quadrupole 

splitting for 50 
Gold(III) 

chemical correlations between 
gold(I) and 54-57 

complexes, isomer shifts 43, 44/ 
compounds, quadrupole split

tings in 54 
square-planar 

compounds, quadrupole 
splitting 50 

Gold-197 
isomer shifts 39-59 

contact density, and charge 
transfer 41-45 

Mossbauer spectroscopy to study 
electronic properties of 
intermetallic, inorganic, 
and organometallic com
pounds, application of 39-59 

quadrupole splittings 39-59 
Goldanskii-Karyagin effect 341-342 
Greek Attic Black Ware I l l , 112/ 
Gypsum 153-154 

H 
H 5 I0 6 380 
Hagg carbide 585 

(Fe 5 C 2 ) 579-588 
Halogen-containing 

compounds, application of 
molecular orbital calcula
tions to Mossbauer 
spectroscopy 3-35 

compounds, application of 
molecular orbital calcula
tions to NMR spectroscopy 3-35 

molecules, dipole moments for . 10* 
molecules, orbital energies for . 12* 

Halogen nucleus, quadrupole 
coupling constant and elec
tric field gradient 14-29 

Halloysite 250 
Hamiltonian 

Liouville 469 
matrix elements 4 
for the Mossbauer effect system 348 
parameters, spin 466-478 

Hartree-Fock 
-Dirac calculations 11 
-Slater calculations 11 
wave functions, atomic 7 

Hazen Magnex process 163 
He-CH4 flow proportional 

counters 68-69 
Hematite 155 

aluminum content 258, 259* 
(a-Fe 20 3) 247 

Hexachloroantimonate (V) salts 
([R2C:NH2][SbCl6])keti-
minium 373 

Hf 2Fe 508 
Hf 2 FeH 3 508 
High-spin (HS) ̂ ± low-spin (LS) 

transition 405-449 
HiPIP (High-potential iron pro

tein) -type EPR signal in the 
oxidized state, proteins that 
exhibit 306-323 

Holoproteins 309 
Hydride(s) 

of A 2 B compounds 510* 
of AB compounds 506* 
of A B 2 compounds 510* 

valence state of Europium 
in some 513* 

of A 3 3 compounds 514* 
of A B 5 compounds 515* 
of binary alloys 506 
binary metallic 501 
compounds of the form 

A 2BHx 508 
ABHx 505-508 
AB 2Hx 508-514 
AB 5Hx 514-515 

crystal structure of 512 
of DyT 2 , 1 6 1 Dy isomer shifts . . 513 
of FeTi 507 

Mossbauer spectrum 506,508/ 
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632 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Hydride(s) (continued) 
formation, thermodynamics of . 503 
ternary 501,502* 

Hydriding materials, setup . . . . 503,504/ 
Hydrocarbons and olefins using 

bifunctional zeolite catalysts, 
catalytic conversion of coal-
derived synthesis gas to 
gasoline-range 574 

Hydrogen 
-absorbing intermetallic com

pounds, surface 516 
absorption mechanism role of 

surface layers in 515-517 
compressor 502 
in intermetallic compounds . . . . 501 

phase diagram measure
ments 503-505 

1 1 9 Sn and 1 2 1 Sb Mossbauer 
parameters of tin-antimony 
oxides following reaction 
with 602*-603* 

storage materials 501-518 
Bis[hydrotris (3,5-dimethyl-l-pyra-

zolyl) borate iron (II), high-
pressure Mossbauer effect 
study of 453-461 

Hydroxide, stannic 549 
Hyperfine field calculation 29-33 
Hyperfine interaction(s) 464 

energies 481 
isotropic 470 
2 3 7 N p 348 

Huckel calculations, iterative 
extended 4 

Huckel type equations, extended . . 4 

I 

*2*I (see Iodine-127) 
[I2]+ cation 381 
([I (PY) 2]NO3), dipyridine 

iodine(I) nitrate of 383 
Illite 146,234,235,274 

Mossbauer spectrum of 147/ 
transformation during coking . . 279 

Ilmenite FeTi0 3 272 
Indian Northern Black Polished 

Ware 112/, 113 
Inertinite 137 
Inorganic, and organometallic 

compounds, application of 
1 9 7 A u Mossbauer spectroscopy 
to study electronic properties 
of intermetallic 39-59 

Inorganic solids and minerals and 
archaeological artifacts by 
5 7 Fe CEMS, characterization .93-95 

Instrumentation, advances in 
CEMS 68-77 

Intensity method to determine 
total and pyritic iron concen
tration in coal 187-188 

Intercalation 525-526 
Intermetallic-hydrogen com

pound phase diagram mea
surements 503-505 

Intermetallic, inorganic, and 
organometallic compounds, 
application of 5 9 7 A u Moss
bauer spectroscopy to study 
electronic properties of 39-59 

Internal conversion and backscat
tering experiments 64-66 

IO2F3 • SbF 5 383 
1 2 7 I Mossbauer spectrum of . . . 385/ 

Iodides, alkali 380 
Iodine 381 

anions 
correlation between the 

quadrupole coupling con
stants and ligand electro
negativity 376 

fluoro 386 
1 2 7 I Mossbauer data and 

orbital occupation num
bers for 382*-383* 

polyhalide 384-390 
with antimony pentafluoride, 

oxidation of 381 
application of 1 2 7 I Mossbauer 

spectroscopy to anion 
and cations of 375-390 

-containing molecules, electric 
field gradient contributions 
and orbital populations . .22*-23* 

-containing molecules, self-
consistent field and charge 
molecular orbital calcula
tions of 3-35 

and iodine ions, 1 2 7 I Mossbauer 
data for 380*-381* 

ions, and 1 2 7 I Mossbauer data 
for iodine 380*-381* 

parameters for N(C2H5)4FeLi, 
calculated 32* 

Sternheimer shielding factor . . . 20* 
Iodine(I) nitrate of 

([I (py) 2] NO3), dipyridine . . 383 
Iodine-127 376 

Mossbauer data and orbital 
occupation numbers for 
iodine anions 382*-383* 

Mossbauer spectrum of 
[(C 5H 5N)2l]N03 384/ 

Iodine-129 376 
Mossbauer measurements, . 5 7 F e 29-34 
Mossbauer study of the high-

pressure phase transition 
of tellurium, 1 2 5 Te 393-401 

probes in tellurium 394 
Iodine-197 Mossbauer data for 

iodine and iodine ions . .380*-381* 
Iodine-197 Mossbauer spectros

copy to anions and cations of 
iodine application 375-390 
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INDEX 633 

Ion-implantation 103-105 
studies, CEMS 91-93 
studies by 5 7 Fe 91-93 

Ion-implanted alloys and archaeo
logical materials, CEMs to 
study 101-114 

carbides produced by 110 
nitrides produced by 110 
process 104/ 

Ion's spin fluctuation rate, critical 
slowing down of Mossbauer 463-478 

Ion system, Kramers 464,471-473 
Iron 

-bearing mineral(s) 
carbonates and clay 276 
in coal 140-155 
in fossil fuels by 5 7 Fe Moss

bauer spectroscopy, 
analysis of 221-242 

in fresh 274 
in petroleum source rock by 

5 7 Fe Mossbauer spec
troscopy, analysis of . .221-242 

vs. sulfur abundance in coal . 276 
in brown coals, chemical states 

of nonpyritic 209-218 
-carbon system of steels . . . . 283-286 
carbonate phases during cok

ing, transformations of 
ferrous clay 279 

coal 227 
compounds, Mossbauer 

/-values of 203,204* 
concentration, intensity 

method to determine 
total and pyritic 187-188 

concentration, resonance area 
method to determine 
total and pyritic 183-187 

Mossbauer vs. ASTM method 
of total and pyritic . . . 188-191 

-cobalt in the zeolite catalyst, 
state of iron 575 

-containing protein, molyb
denum- 305 

DCEMS to measure to magnetic 
field near the surface 95 

using Fe(NC>3)3, Mossbauer 
spectrum of Silicalite 
impregnated with 577/ 

foils 
carbon-implanted CEMS 

studies 107-110 
5 7 Fe CEMS study of nitro

gen-implanted 88, 89/ 
5 7 Fe DCEM spectra of a 

fluorinated 74/ 
in hydrogen atmospheres, 

decarburization 91 
-implanted copper alloys, 

CEMS studies 105-107 
and iron-cobalt in the zeolite 

catalyst, state of 575 

Iron (continued) 
-molybdenum-nitrogen system . 288 
nonpyritic 183 
and other ores, characteriza

tion and processing 266 
oxyhydroxide 276 
oxides 

aluminum incorporation . .256-260 
in clay 247-260 
in coal 155 
in soil, analysis 247-260 

-platinum alloys 555 
protein, high-potential 307 
-ruthenium 

alloys on silica 555 
bimetallic catalyst systems 553-571 

5 7 Fe Mossbauer parameters 562* 
reaction scheme for 570/ 
" R u Mossbauer parameters 563* 

samples 
5 7 Fe Mossbauer 

spectra . . . . 564/, 566/, 567/ 
" R u Mossbauer spectra 565/, 568/ 
x-ray powder patterns . . . . 570/ 

and steels, aqueous oxidation 
corrosion 84-87 

sulfates, Mossbauer parameters . 154* 
sulfide 282 

in coal 140-143,142* 
liquefaction residues 168 

-sulfur clusters 305-324 
-sulfur minerals in coal 136,225 
surfaces, phosphating 87 
-titanium alloy, internally 

nitrided 287/ 
-titanium-nitrogen system . . . . 287 
-zeolite catalysts used in syn

thesis gas conversion, 
Mossbauer and magnetic 
studies on bifunctional 
medium-pore 573-588 

Iron (II) complexes formed with 
pyrazolylborate ligands 457 

Iron(II) phosphate octahydrate ..87,94 
Iron (II) spin crossover systems, 

effect of metal dilution . . .408-433 
Iron(II) sulfate 231 

hydrates 226 
Iron (II) for zinc( II) in the 

[Fe*Zni-*(2-pic)3]Cl2 • 
C2H5OH system, effect of 
substituting 412 

Iron (III) carboxylates 216 
Iron-57 

CEMS 
applications 84-95 
characterization of inorganic 

solids and minerals and 
archaeological artifacts .93-95 

energy-differential 125-132 
study of nitrogen-implanted 

iron foils 88, 89/ 
surface selectivity 66, 67/ 
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634 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Iron-57 (continued) 
D C E M spectra of a fluorinated 

from foil 74/ 
and 1 2 9 I Mossbauer measure

ments 29-34 
-implanted aluminum 92 
ion-implantation studies 91-93 
Mossbauer 

parameters of iron-ruthenium 
bimetallic catalysts . . . . 562* 

spectroscopy 
analysis of iron-bearing 

minerals in fossil 
fuels 221-242 

analysis of iron-bearing 
minerals in petroleum 
source rock 221-242 

electron spectrometer . . . 125-132 
spectrum of iron-ruthenium 

samples 564/ 
and 9 9 R u Mossbauer spectros

copy, characterization of 
mixed-metal catalysts . . . 553-571 

Isomer shift(s) 528 
calibration 378-380 
contact density, and charge 

transfer, 1 9 7 A u 41—45 
and electron charge density at 

the Mossbauer nucleus . . . 9-14 
to electron counts, conversion . .43—45 
of gold 43,44/ 
of gold(I) complexes 43,44/ 
of gold (III) complexes 43,44/ 
of metallic compounds and 

alloys 43,44/ 
in metallic systems and coordi

nation complexes 41—43 
2 3 7 N p 348-350 
for 9 9 R u Mossbauer spectra . . . 558 
in tantalates, 1 8 1 T a 488 
for various zinc source and 

absorber combinations . . . . 342* 
Isotope effect on the spin crossover 

behavior in [Fe(2-pic)3]Cl2 • 
Sol, deuterium 437-440 

Isotropic hyperfine interaction . . . 470 

Jarosite(s) 153,234,235,275 

K 

K2FeC>4, critical slowing down of 
spin fluctuations 476—478 

K 2 F e 0 4 , Mossbauer spectra . . .476,477/ 
K A u ( C N ) 2 , electric field gradients 47 
K[Au( C N ) 2], pseudoatomic 

model and interpretation of 
the quadrupole splitting . . . .45-51 

Kaolinite 144,250 
Ketazine 373 
Ketimines ( R 2 C : N H ) 361 

Ketiminium hexachloroantimo-
nate(V) salts ( [ R 3 C : N H 2 ] -
[SbClel 373 

K F e S 3 - L i K F e S 2 cathode 535 
Kramers 

ion 464 
system, non-ion 471—473 
Theorem 464 

K T a 0 3 , 1 8 1 T a Mossbauer 
spectroscopy 486-489 

L a N i 5 517 
Larmor period 351,465 
Laves phase materials 513 
Laves phase structure 508 
Lepidocrocite ( 7 - F e O O H ) 250 
Lewis acid sites on metal oxides, 

adsorption of bases 601 
L C A O (see Linear combination of 

atomic orbitals) 
Lio.86Feoo5Tao.95S2, 5 7 F e 

Mossbauer spectra 534/ 
L i K F e S 2 -KFeS 2 cathode 535 
LixMS 2 525 
L i N b 0 3 487,488 
L i N b 0 3 and L i T a 0 3 , point-charge 

calculation of the electric field 
gradients 

for 7 L i 495,496/ 
for 9 3 N b 495,496/ 
for i «Ta 495,496/ 

L i T a 0 3 

ferroelectric phase transition .487-497 
structure in ferroelectric and 

paraelectric phase 487/ 
1 8 1 T a Mossbauer spectros

copy 486-489 
1 8 1 T a spectra 490,491/ 
temperature-induced variation 

of the electric quadrupole 
interaction 490-493 

LiTaS2 -TaS 2 cathode 533-535 
L i * T i S 2 525 
L i * V S 2 .cathode 526 
Ligand 

electronegativity for iodine 
anions, and correlation 
between the quadrupole 
coupling constants 387 

field theory 405-449 
2 3 7 N p isomer shifts 356*-357* 

Lindgren's Dirac-Fock scheme . . 48 
Linear combination of atomic 

orbitals 9 
Liouville Hamiltonian 469 
Liquefaction, coal 167-172 
Lithium-intercalated MS2 com

pounds 525 
Lithium intercalation compounds 

of the transition-metal layer 
dichalcogenides 523-536 
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INDEX 635 

Lithium-7 in LiNb0 3 and LiTa0 3 , 
point-charge calculations of 
the electric field gradients 495, 496/ 

Lithium-7 NMR studies 495 
Lithologic components of coal . . . 137 
Low-spin (LS) transition, 

high-spin (HS) 405-449 

M 
Macerals, coal 137 
Magnesium metal, Eu-doped . . . . 121 
Magnesium siderite 235 
Magnetic 

beta-ray spectrometer 72, 73/ 
crossover 405-449 
field, effective 471 
field near the surface of iron, 

DCEMS to measure 95 
hyperfine fields 29-34 
interaction, 2 3 7 Np 351 
phase transitions, relaxation 

effects associated with . .463-478 
studies on bifunctional medium-

pore zeolite-iron catalysts 
used in synthesis gas con
version, Mossbauer 573-588 

Magnetite 155, 266 
Magnetization curve, Weiss 470 
Marcasite 140,179, 211, 225 

Mossbauer spectra 143/, 180/ 
Markoffian relaxation process . . . . 466 
Martensite-austenite, -carbide 

determinations 283 
Martensite spectrum for high-

carbon steels 285 
Mass absorption coefficients 78 

for pyrite, Mossbauer 275 
Matrix elements, Hamiltonian . . . . 4 
Mayer's process 163 
Melanterite 153-154 
Metal 

complexes, spin crossover in 
transition 405-449 

dilution in the Fe/Co/2-pic 
system, effect 417, 419/, 420/ 

dilution studies on 
[FexZni-x(2-pic)3]Cl2 • 
C2H5OH 413 

-mixed catalysts by 5 7 Fe and 
" R u Mossbauer spectros

copy, characterization ..553-571 
oxides, adsorption of bases to 

Lewis acid sites 601 
surfaces, improving durability . . 107 

Metallic systems and coordination 
complexes, isomer shifts . . . .41-43 

Metallization of plastics, Moss
bauer studies of colloidal 
catalyst solutions used . . . .539-551 

Metallizing plastics by electroless 
plating, steps 541/ 

Metallurgical applications, 
CEMS 90-91 

Methyleneaminolithium com
pounds 373 

Micas 146 
Mineral(s) (in) 

coal 
carbonate 150-153 
clay 143-150 
iron-bearing 140-155 
iron-sulfur 136, 225 
matter 137 

fossil fuels by 5 7 Fe Mossbauer 
spectroscopy, analysis of 
iron-bearing 221-242 

matter vs. ash 179 
petroleum source rock by 5 7 Fe 

Mossbauer spectroscopy, 
analysis of iron-bearing .221-242 

sulfur 224 
transformations during coking 277-279 

Mineralogy—pyritic sulfur deter
minations, coal 274-276 

Mitochondria, oxidized aconitase 
from beef-heart 322 

MoFe protein 307 
Molecular 

core wave functions 9 
orbital calculations of 

bromine-containing mole
cules, self-consistent field 
and charge 3-35 

of chlorine-containing mole
cules, self-consistent field 

and charge 3-35 
of fluorine-containing mole

cules, self-consistent field 
and charge 3-35 

of iodine-containing mole
cules, self-consistent field 
and charge 3-35 

to Mossbauer spectroscopy of 
halogen-containing com
pounds, application . . . . 3-35 

orbital, self-consistent charge . . 3-35 
Molybdenum 286 

and iron-containing protein . . . . 305 
-nitrogen system, iron- 288 
oxides, tin- 601 

Montmorillonite (s) 148, 274 
Mossbauer 

absorber(s), background 
correction 202 

granularity 197-202 
texture and spectral resolu

tion 205-206 
analysis 

of coal after various 
treatments 191-194 

of coals by resonance intensity 
method 194*-195* 

problems in quantitative . . 197-206 
of steels 283-299 

area method, analysis of U.S. 
coals, and by ASTM 
methods 189* 
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MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 636 

Mossbauer (continued) 
and ASTM methods for coal, 

comparison of 240 
vs. ASTM method of total and 

pyritic iron in coal 188-191 
effect 

study of the spin state in 
bis [hydrotris (3,5-di-
methyl-l-pyrazoly) 
borate iron (II), high-
pressure 453-461 

study of Victorian brown 
coal 209-218 

system, Hamiltonian for . . . . 348 
in 6 7 Zn 329-344 

investigation of a-Fe203 micro-
crystals supported on 

y 7-AI2O3 609-617 
ion's spin fluctuation rate, criti

cal slowing down 463-478 
and magnetic studies on Afunc

tional medium-pore zeolite-
iron catalysts used in syn
thesis gas conversion . . . 573-588 

mass-absorption cofficient for 
pyrite 275 

measurements of AuCN, 
pressure-dependent 52 

measurements, 5 7 Fe and 1 2 9 I . . . 29-34 
nucleus 464 

isomer shift and electron 
charge density 9-14 

parameters 
empirical relationships . . . . 376-377 
in linear gold(I), bonding 

properties 51-57 
ranges for 1 2 1 Sb 365* 

resonance, transducer calibra
tion for 6 7 Zn 332-333 

scattering to examine pottery 
surface glazes 111-114 

source, Debye-Waller factors . . 156 
spectra 

of coals and coal process 
products 226 

of 5 7 Fe-enriched ferredoxin 
from A. vinelandii 314/ 

of ferredoxin from D. gigas . . 313 
spectroscopic investigations of 

oxidation catalysts 589-605 
spectroscopy 

analysis of iron-bearing min
erals in fossil fuels by 
57Fe 221-242 

analysis of iron-bearing min
erals in petroleum source 
rock by 5 7 Fe 221-242 

to anions and cations of 
iodine application of 
i27I 375-390 

of bed-moist vs. dried 
coal 211-218 

characterization of antimony 
compounds by 1 2 1 Sb . .361-373 

Mossbauer (continued) 
spectroscopy (continued) 

characterization of mixed-
metal catalysts by 5 7 Fe 
and " R u 553-571 

to coal characterization and 
utilization, application 135-172 

conversion x-ray (CXMS) . . . 101 
depth-resolved conversion 

electron 64 
electron re-emission 292-298 
electron spectrometer for 

5 7 Fe 125-132 
of halogen-containing com

pounds, application of 
molecular orbital calcu
lations 3-35 

for pyritic sulfur determina
tion 155-163 

in the steel industry, appli
cations 265-299 

1 1 9 Sn 539-551 
to study electronic proper

ties of intermetallic, inor
ganic, and organometallic 
compounds, application .39-59 

technical problems 229 
x-ray re-emission 292-298 

studies 
of the alkali tantalates, 

1 8 1 T a 481-497 
of battery materials 523-536 
of catalytically active tin-anti

mony oxides, 1 2 1 Sn 590 
of colloidal catalyst solutions 

used in metallization of 
plastics 539-551 

/-values of iron compounds 
in coals 203,204* 

MS2 compounds, lithium-inter
calated 525 

Mulliken population analysis 8 
Muscovite 146 

N 
N (C2H5) 4Fel4, tetraiodoferrate 

cluster Fel 4 - 29-34 
N(C2Hs)4Fei4, calculated iodine 

parameters 32* 
Na 3 H 2 I0 6 379 
Neptunium 

fluorides, isomer shifts 350/ 
organometallic compounds, 

preparation 354 
oxides, isomer shifts 350/ 

Neptunium (III) organometallics, 
isomer shifts 359* 

Neptunium (IV) organometallic 
from 2 3 7 N p Mossbauer spec
tra, covalency 347-359 

Neptunium-237 
hyperfine interactions 348 
intermediate relaxation effects 351-352 
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INDEX 637 

Neptunium-237 (continued) 
isomer shift 348-350 

and covalency 354-359 
for ligands 356*-357* 

magnetic interaction 351 
Mossbauer spectra, covalency 

of neptunium (IV) organo-
metallics from 347-359 

Mossbauer spectra of NpCp3X 
compounds 354 

organometallics and their 
uranium analogues, 
bonding 358-359 

physics 348 
quadrupole interaction 350-351 

Niobium-93 in LiNbC>3 and 
LiTa03, point-charge calcu
lations of the electric field 
gradients 495,496/ 

Niobium-93 NMR studies 495 
Nitrided steels, internally 286-292 
Nitrides produced by ion implanta

tion 110 
Nitrogen 

-implanted iron foils, Fe 
CEMS study 88,89/ 

system, iron-molybdenum- . . . . 288 
system, iron-titanium- 287 

Nitrogenase 
from Azobacter vinelandii 307 
from Clostridium pasteurianum . 307 
clusters 306-310 
(FeMo-co) 307 
(M-centers), cofactor center .308-310 
P-cluster 307-308 

stable oxidation states of the 
cofactor centers 309/ 

NMR 
spectroscopy of halogen-contain

ing compounds, application 
of molecular orbital calcu
lations 3-35 

studies, 7 L i 495 
studies, 7Nb 495 

Northern Black Polished Ware, 
Indian 112/, 113 

2 3 7 N p (see Neptunium-237) 
Np(acac) 2Cl 2 • THF, Mossbauer 

spectrum 356/ 
Np(acac)2(MeCp)2, Mossbauer 

spectrum 357/ 
NpCp4 compounds, isomer 

shifts 358*-359* 
NPCP3BH4, Mossbauer spectra . . 355/ 
NpCp 3OCH (CH 3 ) 2 , Mossbauer 

spectrum 355/ 
Np-Cpn-X4_» compounds, Moss

bauer parameters 356*-357* 
Np(COT) 2 compounds, isomer 

shifts 358*-359* 
Np (MeCp) 3BH4, Mossbauer 

spectra 355/ 
Np(MeCp)3Cl, Mossbauer 

spectrum 352/ 

O 
Oil shales, survey 235-239 
Olefins on tin-antimony oxides, 

chemisorption and catalytic 
reactions 605 

Opposed diamond anvil cell, 
schematic of 454/ 

Opposed diamond anvil cell 
technique 454-456 

Orbital 
calculations to Mossbauer spec

troscopy of halogen-contain
ing compounds, application 
of molecular 3-35 

energies for halogen-containing 
molecules 12* 

populations for iodine in iodine-
containing molecules, and 
electric field gradient con
tributions 22*-23* 

Ores 
characterization and processing 

of iron 266 
direct-reduction processes 268 
iron 266 
raw and beneficiated 266 
taconite 266 

Organoantimony (V) compounds, 
1 2 1 Sb Mossbauer data 372* 

Organometallic (s) 
bonding in actinide 359 
compound 

actinide 354 
application of 1 9 7 A u Moss

bauer spectroscopy to 
study electronic proper

ties of intermetallic, and 
inorganic 39-59 

preparation of neptunium . . . 354 
isomer shifts of neptunium (III) 359* 
from 2 3 7 N p Mossbauer spectra, 

covalency of nep-
tunium(IV) 347-359 

Oxidation catalysts, Mossbauer 
spectroscopic investigations 589-605 

Oxidation corrosion of iron and 
steels, aqueous 84-87 

Oxide(s) 
adsorption of bases to Lewis 

acid sites on metal 601 
antimony-doped tin (IV) 605 
catalysts, active centers in 

tin-antimony 601 
chemisorption and catalytic 

reactions of olefins on 
tin-antimony 605 

in clay, iron 247-260 
in coal, iron 155 
environments, tin (IV) species . 596 
following reaction with butene 

and oxygen, 1 1 9 Sn and 1 2 1 Sb 
Mossbauer parameters of 
tin-antimony 602*-603* 
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638 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Oxide(s) (continued) 
following reaction with hydro

gen, 1 1 9 S n and 1 2 1 S b 
Mossbauer parameters of 
tin-antimony 602*-603* 

1 2 1 S b Mossbauer investigations 
of tin-antimony 597-601 

( S m - * S b , 0 2 ) , 1 2 1 S b Mossbauer 
parameters of tin-antimony 593* 

(Sni-xSbrOo), 1 1 9 S n Mossbauer 
parameters of tin-antimony 592* 

in steels, surface and sub
surface 292-298 

tin-molybdenum 601 
1 1 9 T n Mossbauer investigations 

of tin-antimony 596-597 
Oxygen, 1 1 9 S n and 1 2 1 S b Moss

bauer parameters of tin-anti
mony oxides following reac
tion with butene 602*-603* 

P 
Palladium 

catalyst, colloidal 542 
-iron, alloys 555 
- t in alloy formation 544 
-t in colloidal catalyst 

system 542,543/ 
Parameters, spin Hamiltonian . .466-478 
Pauli paramagnet 507 
Pauling's electroneutrality principle 54 
Periodate ion 379 
Petroleum source rock by 5 7 F e 

Mossbauer spectroscopy, 
analysis of iron-bearing 
minerals 221-242 

Phosphating of iron surfaces . . . . 87 
Photons, x-ray 64 
Phyllosilicates (layer-lattice sili

cates) 143 
Plastics by electroless plating, 

steps in metallizing 541/ 
Plastics, Mossbauer studies of col

loidal catalyst solutions used 
in metallization 539-551 

Pollution from coal 163 
Pollution, sources of S 0 2 163 
Pottery surface glazes, Mossbauer 

scattering to examine 111-114 
Pressure-dependent Mossbauer 

measurements of A u C N 52 
Pressure-dependent Mossbauer 

measurements of [ A u ( C N ) 2 ] " 5 
Process products, Mossbauer spec

tra of coals and coal 226 
Propene to acrolein, oxidation . . . . 597 

catalytic 601 
Protein(s) 

that exhibit an HiPIP-type 
EPR signal in the oxidized 
state 306-323 

high-potential iron 307 
with magnetic properties 323 

Protein(s) (continued) 
MoFe 307 
molybdenum- and iron-con

taining 305 
Pyrazolylborate ligands, iron (II) 

complexes formed with 457 
Pyrite 211,225,274 

Debye-Waller factor 157 
during coking, behavior 278-279 
(FeS 2 ) 140-143 
to geothite, transformation ..276,277/ 
-marcasite 232,235 
Mossbauer mass-absorption 

coefficient 275 
Mossbauer spectrum(a) . . .141/, 180/ 
portable analyzer 230 
quantitative investigations . . . 177-206 

Pyritic sulfur 224 
(S 2

2 " ) 182 
Pyritic sulfur determinations 

coal mineralogy- 274-276 
comparison 162/ 
Mossbauer spectroscopy . . . . 155-163 

Pyrrhotite(s) 168,278 

Q 

Quadrupole 
coupling 532 

constant and electric field 
gradient at the halogen 
nucleus 14-29 

constants and ligand electro
negativity for iodine 
anions, correlation 
between 376 

interaction, 2 3 7 N p 350-351 
splitting in 

[ A u ( C N ) 2 ] " 49-51 
A u T e 2 54 
for gold(I) linear compounds 50 
gold (III) compounds 54 
for gold (III) square-planar 

compounds 50 
K [ A u ( C N ) 2 ] , pseudoatomic 

model and interpretation 45-51 
Quartz transducer 334 

s-d Rehybridization effects 42 
Relaxation 

effects associated with magnetic 
phase transitions 463-478 

effects, 2 3 7 N p intermediate ..351-352 
process, Markoffian 466 
rate parameters 476 

Resonance area method to deter
mine total and pyritic iron 
concentration from coal . . . 183-187 

Resonance intensity method, 
Mossbauer analysis of 
coals 194*-195* 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
a-

19
81

-0
19

4.
ix

00
1

In Mössbauer Spectroscopy and Its Chemical Applications; Stevens, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1981. 



INDEX 639 

Resonant effect in CEMS 119 
Rozenite 153-154 
/3-RuCl3 563 
[Ru(NH 3) 5X] ± n, ruthenium(II) 

pentaamines 559 
R11O2 558 

quadrupole-split of ruthenium 
dioxide 557 

Ruthenium 
complexes, chemical bonding 

and structure 559 
dioxide ( R U O 2 ) , quadrupole-

split spectra 557 
-iron 

alloys on silica 555 
bimetallic catalyst systems 553-571 

reaction scheme 570/ 
bimetallic catalysts, 5 7 Fe 

Mossbauer parameters . . 562* 
samples, x-ray powder 

patterns 570/ 
Ruthenium (II) pentaamines 

([Ru(NH 3) 5X] ±n 559 
Ruthenium-99 Mossbauer 

parameters of iron-ruthenium 
bimetallic catalysts 563* 

parameters ruthenium (II) -
cyanide complexes 559 

spectra 556-560 
isomer shifts 558 

spectroscopy, and characteriza
tion of mixed-metal cata
lysts by 5 7 Fe 553-571 

Ruthenium-99, 90-KeV Moss
bauer transition 556 

Ruthenocene 558 
[Ru (C 5 H 5 ) 2 ] , quadrupole-split 

spectra 557 
Rutherford backscattering 546 

S 
S2~ (see Sulfide) 
S 2 2 - (pyritic sulfur) 182 
Samian Ware I l l , 112/ 
Sands, titanium-bearing 272 
SbCl 5, interaction of R 2 C:NH • 

with 361-373 
SCC (see Self-consistent charge) 
SCF (see Self-consistent field) 
ScFe 2H* 513 
Self-consistent 

charge molecular orbital 3-35 
field molecular orbital calcula

tions of 3-35 
bromine-containing molecules 3-35 
chlorine-containing molecules 3-35 
fluorine-containing molecules . 3-35 
iodine-containing molecules . . 3-35 

Sternheimer factors 22* 
Sensitization and electroless 

plating 541 
Serpentines 144 
Shaft-furnace reduction process . . 268 

Shaft-reduction furnace, schematic .270/ 
Shielding 17-20 

function, Sternheimer 14, 17 
Siderite 150, 174 

transformation during coking . . 279 
Silicalite 

and comparison of zeolite 
ZSM-5 575* 

impregnated with iron using 
Fe(N0 3 ) 3 , Mossbauer 
spectrum 577/ 

Mossbauer spectrum of reduced 581/ 
pore structure of zeolite ZSM-5 574/ 
-zeolite-based catalysts for syn

thesis gas conversion 574 
Silicates, chain 143 
Silicates, layer-lattice (phyllo-

silicates) 143 
Silicon-steels 293 
Sintering 267 
Slag deposits, factors controlling 

ash 280-282 
Slater-type orbitals 4 
Smectites 148 
Sn 2 + 544 
SO2 pollution, sources 163 
S0 4

2 " (sulfate sulfur) 182 
Soil, analysis of iron oxides . . . . 247-260 
Sources 394 
Spectra of coals and coal process 

products, Mossbauer 226 
Spectra, hyperfine structure of 

1 8 1 T a gamma-resonance . . .483-486 
Spectrometer 

for CEMS studies, electron . 126, 127/ 
for DCEMS studies, beta-ray . .71-77 
with a double-frequency inter

ferometer, 6 7 Zn 336 
electrostatic beta-ray 75, 76/ 
for 5 7 Fe Mossbauer spectros

copy, electron 125-132 
high-pressure Mossbauer 395 
magnetic beta-ray 72, 73/ 

Spectroscopic energies 222* 
Spectroscopic evidence three-iron 

center in ferredoxins 311 
Spectroscopy, depth-resolved con

version electron Mossbauer . . 64 
Spectroscopy of halogen-containing 

compounds, application of 
molecular orbital calculations 
to NMR 3-35 

Spin 
crossover 

behavior in [Fe(2-pic)3]Cl2 • 
Sol, deuterium isotope 
effect 437-440 

phenomenological thermody
namic model 413-416 

in the solvates [Fe(2-pic)3]-
C l 2 • Sol (Sol=C 2H 5OH 

434-437 
structural change accompany

ing 441-448 
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640 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Spin (continued) 
crossover (continued) 

system(s), effect of metal 
dilution in iron (II) ..408-433 

system, mechanism of spin 
transition in a crystalline 412 

in transition metal com
plexes 405-449 

fluctuation rate, critical slowing 
down of Mossbauer ion's 463-478 

fluctuations in K2Fe04, critical 
slowing down 476-478 

Hamiltonian parameters . . . .466-478 
state 

in bis[hydrotris(3,5-dimethyl-
1-pyrazolyl) borate 
iron (II), high-pressure 
Mossbauer effect study 453-461 

transformation in 
Fe[HB(3,5-Me2pz)3]2 454-456 

transformation in 
Fe[HB(pz) 3] 2 454-456 

transition 
characteristics in 

[Fe*Mi-*(phen)2(NCS)2] 
424-429 

in a crystalline spin crossover 
system, mechanism 412 

driving force and possible 
mechanism 408-413 

[Fe (phen) 2 (NCS 2], effective 
trigger for 446-447 

of [Fe(phen)2(NCS)2], influ
ence of the preparation 
method 440-441 

Stannic hydroxide 549 
Steel(s) 

aqueous oxidation corrosion 
of iron 84-87 

austenite spectrum for 
high-carbon 285 

austenitic stainless 284 
industry, applications of Moss

bauer spectroscopy 265-299 
internally nitrided 286-292 
iron-carbon system 283-286 
martensite spectrum for 

high-carbon 285 
Mossbauer analysis 283-299 
precipitation-strengthened high-

strength low-alloy (HSLA) 286 
silicon- 293 
surface(s) 

by CEMS, characterization . .90-91 
regions of nitrided 88 
and subsurface oxides . . . . 292-298 
treatments 87-90 

Sternheimer 
factors 45 

self-consistent 18/, 22* 
functions, self-consistent 19/ 
shielding 

factor for iodine and halides . . 20* 
functions 14,17 

Stress, measurement of surface . . . 91 
Sulfate(s) 

in coal 153-155 
Mossbauer parameters of iron . 154* 
phases in coal 275 
sulfur 224 

( S O 4 2 - ) 182 
Sulfide iron 282 

in coal 140-143,142* 
Sulfides in coal liquefaction 

residues, iron 168 
Sulfur 

abundance in coal, iron-bearing 
minerals vs 276 

in coal, ASTM method to 
determine 224 

in coals, forms 182 
content of coal, ASTM Standard 

D3177 for determining 
total 182 

determination (s) 
in coal, ASTM standard 

method 155 
coal mineralogy—pyritic 

sulfur 274-276 
comparison of pyritic 162/ 
Mossbauer spectroscopy for 

pyritic 155-163 
-iron clusters 305-324 
mineral(s) 224 

in coal, -iron 136,225 
pyritic 224 
sulfate 224 

Surface(s) 
by CEMS characterization of 

steel 90-91 
improving durability of metal . 107 
selectivity of 5 7 Fe CEMS 66,67/ 
selectivity and sensitivity of 

CEMS 67-68 
stress, measurement 91 
treatments of steels 87-90 

Syngas 166 
Synthesis gas 

conversion, Mossbauer and mag
netic studies on bifunctional 
medium-pore zeolite-iron 
catalysts used in 573-588 

conversion, zeolite-Silicalite-
based catalysts for 574 

to gasoline-range hydrocarbons 
and olefins bifunctional zeo
lite catalysts, catalytic con
version of coal-derived . . . . 574 

Synthetic fuels, production 166 
Szomolnokite 153-154 

T 

TaC 489 
Taconite ore 266 
Tantalates 

crystal structure and ferro
electric properties 486 
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INDEX 641 

Tantalates (continued) 
1 8 1 T a isomer shifts 488 
1 8 1 T a Mossbauer spectra of the 

alkali 486/, 488 
1 8 1 T a Mossbauer studies of the 

alkali 481-497 
Tantalum 

compounds, 1 8 1 T a Mossbauer 
data 489* 

dichalcogenides 489 
metal absorbers 483 
1 8 1 T a Mossbauer spectroscopy 

of LiTa0 3 486-489 
Tantalum-181 

gamma-resonance spectra, 
hyperfine structure 483-486 

isomer shift in tantalates 488 
isomer shift, temperature 

dependence 491 
in LiNb0 3 and LiTa0 3 , point-

charge calculations of the 
electric field gradients . .495,496/ 

in LiTa0 3 , electric field gradient 
calculations 490-493 

Mossbauer 
data on tantalum compounds 489* 
spectra of the alkali tanta

lates 486/, 488 
spectroscopy of KTa0 3 ...486-489 
spectroscopy of NaTa0 3 ..486-489 
studies of the alkali 

tantalates 487-497 
nuclear parameters of the 

6.2-keV gamma resonance . 484* 
quadrupole-split spectra as a 

computer-simulated . . . 484,485/ 
spectra of LiTa0 3 490,491/ 

TaS2-LiTaS2 cathode 533-535 
TaSe2 489 
Tellurium 

bonding in trigonal 397 
crystal structure of trigonal . . . . 397 
1 2 9 I probes 394 
lattice structure 394 
under pressure, structural and 

electronic changes 394 
1 2 5 Te and 1 2 9 I Mossbauer study 

of the high-pressure phase 
transition of 393-401 

1 2 5 Te probes in 399 
Tellurium-125 and 1 2 9 I Mossbauer 

study of the high-pressure 
phase transition of tel
lurium 393-401 

Tellurium-125 probes in tellurium . 399 
Tetraiodoferrate cluster Fel^~ in 

N(C 2H 5)4FeI 4 29-34 
TFA (see trifluoroacetic acid) 
THF solubles, and conversion of 

coal to benzene 170 
Theorem, Kramers 464 
Thermodynamic model of spin 

crossover, phenomenologi-
cal 413-416 

Thirring expansion 157 
Thulium-169, CEMS 117-123 
Thulium-169 8.4-keV resonance 122,123/ 
T i N 2 288 
Tin 542 

-antimony oxide(s) 
catalysts, active centers 601 

chemisorption and catalytic 
reactions 605 

following reaction with butene 
and oxygen, 1 1 9 Sn and 
1 2 1 Sb Mossbauer 
parameters 602*-603* 

following reaction with 
hydrogen, 1 1 9 Sn and 
1 2 1 Sb Mossbauer 
parameters 602*-603* 

1 1 9 Sn Mossbauer studies of 
catalytically active 590 

( S m - x S b x 0 2 ) , *21Sb Moss
bauer parameters 593* 

1 2 1 Sb Mossbauer investi
gations 597-601 

( S m - , S b * 0 2 ) , 1 1 9 Sn Moss
bauer parameters 592* 

1 1 9 T n Mossbauer investi
gation 596-597 

aqueous corrosion 95-96 
-molybdenum oxides 601 
-palladium alloy formation . . . . 544 
-palladium colloidal catalyst 

system 542,543/ 
Tin(II) 596 
Tin (IV) 

hydroxide and antimonic acid, 
thermal decomposition . .591-596 

oxide, antimony-doped 605 
species in oxide environments . . 596 

Tin-119 Mossbauer 
investigation of tin-antimony 

oxides 596-597 
parameters as a function of 

antimony content 596/ 
parameters of tin-antimony 

oxides (Sni_*Sb*0 2) . . . 592* 
studies of catalytically active 

tin-antimony oxides . . . . 590 
Titanium-bearing sands 272 
Titanium-nitrogen system, iron- . . 287 
Townes-Dailey theory 46 
Transducer 

calibration for 6 7 Zn Mossbauer 
resonance 332-333 

quartz 334 
for use with 6 7 Zn 330,331/ 

Transition metal 
complexes, spin crossover . . . . 405-449 
dichalcogenides, structure and 

properties layer 524-525 
layer dichalcogenides, lithium 

intercalation compounds 523-536 
Transmission spectra, conversion 

electron spectra vs. gamma-
ray 117-123 
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642 MOSSBAUER SPECTROSCOPY AND ITS C H E M I C A L APPLICATIONS 

Trifluoroacetic acid 191 
Trigonal tellurium, bonding 397 
Trigonal tellurium, crystal 

structure 397 
Tris (cyclopentadienyl) uraniumlV 

chloride 354 
Troilite 171,278 

U 

Uranium analogues, bonding of 
2 3 7 N p organometallics and 
their 358-359 

V 

van Hoft-law 505 
Van Vleck's theorem 474 
Vermiculite (s) 149, 250 
Victorian brown coal, Mossbauer 

effect study 209-218 
VS 2 -LiVS 2 cathode 526-533 
Vitrain 137 
Vitrinite 137 
Vivianite, iron (II) phosphate 

octahydrate 94 

W 

Water in bed-moist coal 210 
Wave functions, atomic Hartree-

Fock 7 
Weiss magnetization curve 470 
Wigner-Seitz cell 42 

effect 399 
Wustite 282 

X 

X-ray(s) 
backscattering counter for con

version electrons or 102/ 
Mossbauer spectroscopy, con

version (CXMS) 101 
photons 64 
powder diffraction (XRD) 224 
re-emission Mossbauer spectros

copy (XRM) 292-298 

Zeeman splitting 334 

Zeolite 
catalysts, catalytic conversion 

of coal-derived synthesis 
gas to gasoline-range hydro
carbons and olefins using 
bifunctional 574 

-iron catalysts used in synthesis 
gas conversion, Mossbauer 
and magnetic studies on bi
functional medium-pore .573-588 

-Silicalite-based catalysts for 
synthesis gas conversion . . . 574 

ZSM-5 
magnetization as a function of 

temperature for 586/ 
Mossbauer spectrum of 

carbided 582/ 
Mossbauer spectrum of 
and Silicalite, comparison . . . 575* 
and Silicalite, pore structure . 574/ 

Zero-point motion to the second-
order Doppler shift, contri
bution 337-338 

Zinc 
chalcogenides 

chemical shifts for 6 7 Zn in . . . 335* 
isomer shifts 338-341 
resonance 335 

metal absorber 333 
metal, structure 342 
oxide 

absorbers 334 
effect of temperature on 

isomer shift 337-338 
isomer shift, fi8(Ga)ZnO vs. . 336 
spectrum, effect of pressure on 337 
structure 342 

quadrupole 333 
interaction in zinc . . . 342-343 

quadrupole structure 333 
source and absorber combina

tions, isomer shifts for 
various 342* 

and zinc oxide quadrupole 
interaction in 342-343 

Zinc(II) in the [Fe,Zni_*(2-pic)3-
C l 2 * C2H5OH system, effect 
of substituting iron (II) 412 

Zinc-67 
general properties 329-330 
Mossbauer effect 329-344 
Mossbauer resonance, transducer 

calibration 332-333 
spectrometer with a double-

frequency interferometer . . 336 
in the zinc chalcogenides, 

chemical shifts 335* 
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