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of pirixcol and free-radical addition products of acetone 
arid octalin 15jn ihows that iiopropyl alcohol functiorii 
as the reducing agent iri this reaction. I n  2-deuterio- 
‘I-propanol the photosensitized reduction afforded czs- 
9-met hyl-I 0-deuteriodecalin (38) a s  the \ole reduction 
product.l” Since deuterium adds to the more sub- 
itituted poiition of octalin 16, a mechaniqm involving 
deuterium atom abstraction3’ from the alcohol appear3 
untenable :ib t,hi.; pathwry would lead to deuterium 
incorporation at  the iecondary pohition. However, 
the observed re5ultb can be accommodnted by an ionic 
pathway involving hydride transfer from iiopropyl 
alcohol to the C-10 cation derived from octalin 16. 

16 B 
3 7 , R = H  
38. R=  D 

The stereochemistry of the hydrogenatmion reaction 
was ascertained through irradiation of the deuterated 
octaliri 39 in isopropyl alcohol-xylene. The resulting 
cis-decalin 40 was identified by comparison with an 
authentic sample syrithehized independently.26 Thus, 

(30) Cy. J. S. Bradshaw, J .  070 .  Chem.,  31, 237 (1966). 
(31) C/. 1%. li. Sauers, IV .  Srhinski, arid 11. M. Xfason, Tetra- 

hrd ion  Let ters ,  47G3 (1967). 

protonation of octaliri 16 tmns to the angular methyl 
grouping appears to  be highly preferred in both the 
photochemical hydration arid hydrogenation rcwctionr. 
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The stereochemical results to date on photosemitized 
ionic additions to cyclohexene double bond;; seem best 
accommodated by the chair form of a trans-cyclohexcrie 
intermediate. Protonation of such an intermediate 
from the outside face murt necessarily lead to an equa- 
tmially oriented C-H bond in the chair form of the 
resulting cyclohexyl cation. This cation, or a related 
ion pair, then reacts with the nucleophilic portion of the 
addend either by elimination or by addition, depending 
upon the steric requirements of the nucleophile and the 
steric erivironnlent of the cation. 
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The llossbauer effect is a useful tool for investigating 
it number of aspects of chemistry arid physics, since it 
allows one to  compare very accurately the energy of 
specific nuclear transitions. The energy of a nuclear 
transition is slightly modified by surrounding electrons, 
and by measuring these energy modifications it is pos- 
sible to deduce information about the chemical nature 
of the environment. In this paper r fe  discuss the 
cffect of pressure on compounds of iron. 

The principle of A\Iij,wbaucr reroriarice have been 

( I )  This work suliiiorted in !,art by the r. S. Atorrlic Energy 
(,‘orninissioii under Contract AT(I1-1)-1198. 

thoroughly discussed,* and will be reviewed only 
briefly here. The emission or absorption of a y ray by 
the nucleus of a free atom involves Doppler broadening 
arid recoil processes. The basic discovery of JIoss- 
bauer was that, by fixing the atom in a solid where the 
momentum is quantized and the motion limited to 
vibrational modes. these effects might be eliminated. 
If the lowest allowed quantum of lattice vibrational 
energy (loweqt phonon energy) is large compared with 

(2) (a) H. E’iduenfelder, “The Mossbauei Effect,” W. A. Berijd- 
inin, Inc  , New York, N. Y., 1963; (b) G K. Kei theim,  “Rlossbduer 
F2ffect Theorj arid Apglicdtiona,” 4cddemic I’iess, Kew York, N. l-,, 
1964 
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the classical recoil energy for absorption or emission, 
a large fraction of recoilless decays is possible, and, as 
the net velocity of a vibrating system is zero, there 
will be no Doppler broadening. Thus the uidth of 
the peal.; will be established by the uncertainty principle 
plus iiistrument a1 broadening and relaxation effects. 
Energy changes of the order of low5 cal eV) 
are measurable. 

There is :t variety of AIossbauer isotopes arid a 
number of properties which can be studied. We shall 
confine ourselves to a discussion of the 14.4-keV transi- 
tion in Feb7 arid to two kinds of readout: the isomer 
shift and the quadrupole splitting. As mentioned 
above, nuclear. states are slightly perturbed by elec- 
tronic wave functions having nonzero amplitude at  the 
nuclear site (s electrons), so a source and absorber with 
different electronic configurations are not in resonance. 
By moving the source with respect to the absorber, 
and thus effecting a Doppler shift on the energy of 
the emitted y ray to compensate for this energy dif- 
ference (called the isomer shift), one can establish 
resonance. A llossbauer spectrometer is, then, a 
device for producing and measuring accurately the 
velocities necessary to obtain resonance between 
source and absorber in different environments. I n  
this work energy differences are reported in millimeters 
per second relative to metallic (body-centered cubic) 
iron a t  1 atm. The apparatus for high-pressure Moss- 
bauer studies is described in the literatureS3b4 

I n  iron compounds the 1s and 2s electronic wave 
functions have large amplitudes at the nucleus but are 
shielded from the environment. (The excellent cor- 
relation that Erickson5 obtains between isomer shift 
and chemical properties, for example, indicates the 
controlling effect of the chemical environment, i . e . ,  
the 3s and 4s electrons.) If there are 4s electrons 
present, they interact strongly with the surroundings. 
The 3s electrons do not interact directly, but they have 
their radial maximum a t  about the same point as the 
3d electrons, and these do interact with the ligands. 
Changes in the 3d wave functions are thus reflected in 
changes in shielding of the 3s electrons. 

The difference in isomer shift between source and 
absorber is given by eq 1. For iron a = 3.52 X 10’0 

AC = a[$’~’(o) - $‘A’(O)] (1) 

RAR, where AR is the difference of the radius of the 
nucleus in the ground and excited states. The evalua- 
tion of a experimentally and theoretically is a subject 
of controversy which will engage us peripherally. 

The nuclear levels can also interact with an electric 
field gradient at the nucleus. I n  iron the excited 
state of spin 3/z splits and two peaks are observed. An 
electric field gradient can arise from an aspherical 

(3) D .  I’ipkbrn, C. K. Edge, 1’. Debrunner, G. del’asquali, H. G. 
Drickamer, and H. E’rauenfelder, Phgs. Rev., 135, A1604 (1964). 

(4) 1’. Debrunner, I t .  W. Vaughan, A. 11. Champion, J. Cohen, 
J. A. Moyris, and H. G. Drickamer. Rei!. Sci. Inst.. 37,  1310 (1966). 

(5)  N. E. Erirkson in “The Mossbauer Effect and its Application 
in Chemistry,” C .  Seidel and It. Herber, Ed.,  Advances in Chemistry 
Series, No. 68, American Chemistry Society, Washington, D. C., 1967. 

distribution of electrons in the 3d shell (qYa1) or from a 
less than cubic distribution of the ligands ( q l a t ) .  Be- 
cause of the short range of quadrupolar forces, where 
the former effect is present, it dominates. 

There are other readouts, such as the magnitude of a 
magnetic field and the fraction of recoilless decays 
which give useful information, but these will not be 
discussed here. 

As an aid in discussing the JZossbauer results i t  is 
useful to review briefly some effects of pressure on 
optical spectra which are presented in detail e l s e ~ h e r e . ~ , ~  
The free ion has a fivefold-degenerate 3d shell. The 
difference in energy between the ground and excited 
states can be expressed in terms of the Racah param- 
eters, A ,  B, and C, which measure the repulsion 
among the 3d electrons. In  a crystal field the de- 
generacy is partially removed. (Octahedral sym- 
metry is used here as an example. Results for other 
symmetries are similar. Reference to the molecular 
orbital diagram on p 103 of Ballhausen and Gray* 
may be helpful.) There is a triply degenerate level, 
hg, and a doubly degenerate level, eg, separated by an 
energy, IODq, which measures the crystal field. Op- 
tical transitions of moderate intensity are observed 
which measure lODq, the Racah parameters B and C ,  
or combinations of these. With pressure, the crystal 
field increases by about 10-15% in 100 kbars. The 
Racah parameters decrease by 7-10% in the same 
range, which can best be explained in terms of a spread- 
ing of the 3d orbitals due to increased interaction with 
the ligands as pressure increases. 

There are also very intense allowed transitions in 
the near ultraviolet (3-5 eV) with tails that  extend 
through the visible and even into the infrared. These 
represent charge transfer from ligand rionboriding to 
metal antibonding levels (tzU - tzg). These peaks 
shift to lower energy by 0.5 to 1 eV in 100 kbars. The 
major cause of the red shift is probably the spreading 
of the 3d orbitals mentioned above, which could easily 
lower the metal levels vis-&vis the ligands by this 
amount. Increased T bonding of the tzg orbital with 
ligand T*  levels would also stabilize the tZg level. 
LewisQ has shown that this is a factor, but  not the 
major one. 

Finally, there is more than one way to arrange the 
electrons in the 3d levels. Hund’s rule demands max- 
imum multiplicity. I n  this case, ferric ion, with five 
3d electrons, exhibits spherical symmetry and quad- 
rupole splitting only due to the ligand field (plat). The 
usual range is from 0.3 to 0.6 mm/sec. The extra 
electron on the high-spin ferrous ion usually guarantees 
an aspherical 3d shell and large quadrupole splittings 

(6) H .  G. Drickamer in “Solids under Pressure,” W. Paul and D. 
Warsohauer, Ed., McGraw-Hill Book Co., Inc., New York, N. Y., 
1963. 

(7) H. G. Drickamer in “Solid State Physics,” F. Seitz and D. 
Turnbull, Ed., Academic Press, New York, N. Y., 1965. 

(8) C. J. Ballhausen and H .  B. Gray, “Molecular Orbital Theory,” 
W. A. Beniamin. New York. N. Y.. 1965. 

(9) G.  K. Lewis and H. G: Drickamer, Proc. NatZ. Acad. Sei. U .  S., 
61, 414 (1968). 
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Figlire 1. Ranges of isomer shif t  for iu) i i .  

(2-3 nim/sec). On the other hand, lon.-c:pin ferrous 
ion s h o w  very small quadrupole splitting arid lon- 
spin ferric sonieir.hat larger. 

In our discussion 11 e include tn  o general topicc: : 
the effect of pressure on the isomer shift and the oxidation 
state of iron as a function of pressure, and two cases 
where AIossbauer resonance has revealed information 
on specific systems, ferrocene and a-E’e2O3. 

Isomer Shifts 
It should be understood that the interpretation of the 

effects of chemical environment and pres-ure o n  the 
isomer shift is an open question. We introduce it here 
in part to encourage more work, both experimental and 
theoretical, and we express opinions which are certainly 
subject to posiible revision. 

Figure 1 shows typical ranges of isomer shift for iron 
in variou. environrnentc (by convention, the smaller the 
isomer shift, the larger the electron density). There are 
several salient features. Iron as a dilute qolute in tran- 
sition metals exhibits a modest range (0.4-0.5 mm/sec) 
of isomer shifts considering that the solvents have from 
one to nine Rd electrons. Evideritally the 3d electron< 
of iron are not totally integrated into the solvent 3d 
band. High-spin ferrous compounds lie in a relatively 
small range a t  very low electron density because of their 
nominal 3d64s0 configuration. High-spin ferric systems 
lie a t  considerably higher electron density with a modest 
range of isomer shifts quite distinct from thoce of ferrous 
ions. The compounds covered include fluorides, 
chlorides, bromides, sulfates, phosphates, acetates, 
oxalates, citrates, thiocyanates, etc. Since the ferric 
ion is usually assumed to be more covalent than the 
ferrous, the small range of iromer shifts exhibited is of 
interest for the later discussion. The final classification 
in Figure 1, ”covalent.” is ambiguous, but there are 
certainly molecules such as ferrocene or the ferro- and 
ferricyanides which exhibit a high degree of electron 
sharing, arid crystals like Fe&, FeSe,, FeTe,, Fcl’, iieAsp, 

etc.. T\ hich have no eatily ckwribablc valence Aq one 
might expect, these materials yhov :i 1:wge range of 
iiomer ihifti 

I i igd l i ’~  found empirically a linear corre1,ition 1 x 1 -  

tween the maximum of the 3d radial wave function 
squared arid the 3.s deiiiity at the nucleu~ uying H;wtree- 
Foci\ free ion n ave functioni. .I variational cnlculntion 
performed t o  determine tlie effect of changc in ihape of 
3d orhitali, going from the free ion t o  the  nletal, 011 3s 
denqity at  the nucleui indicates that Irigalli’ correlatioii 
i.. atill valid for the harid functioni, iomc of which have 
large electroil dentitie5 in the tail of the orbital. Thus, 
i r i  the interpretation of the isomer ihift i n  term- of 
covalericy, one must considcr that the iiomcr yhift i5 riot 
necessarily sensitive to  electron d e n i t y  located bet \vcen 
the iron ion and the ligand, a normd critciion ior co- 
valency, but oiily to the asiociated change of Xd tlcniity 
011 the ion. 

In Yigure 2 are plotted the isomer ihift, of .evcral 
high-spin I’e(I1) arid I:e(ITI) cornpoundi a i  :L furiciioii 
of prwsure 9 1 1 - 1 1  Almost all “ionic” compouiidi 
studied fall \Tithin tlie limits > h o w 1  Severnl f a c t i  UP 

evident. For all conipound~ thcie is an iricrea-e 111 

electron density 11 ith increasiris: p r e w x e  The ferrous 
compounds shov slightly more change than the  ferric, 
although the1 e is no coIi\i\terit diff ererice in  conipi (WI- 

bility The change for ferrous compound\ is l O - l L %  o l  
the over-all ferroui-ferric difference i n  l e j O  Ii1xw - :L 
nontrivial effect The rate of change \Tith preysure 
drops off more rapidly than A I -  1’ for most ionic com- 
pounds. I’igure 3 iq  a corresponding plot :it double 
scale for relatively covalent conipoundi. Pyrites, 
ferrocene, and 1<4i’e(@S)6 a11 show large charigc~ in 
isomer ihift, although pyrite i q  quite inconipre4blel4 
arid the Fe-C bonds in fei rocenc arid ferrocyanide e 
surely riot very conipre>sible The acetylacet onate is 
apparently rather covalent, although it is high spill. 
I t  exhibit.. a decrease in electron deniity at  Ion prwiure 
with a reversal a t  high presiurc. 

There are tn  o factors u hich TT ould change the electron 
density at the nucleus n i th  compreision: (1) changes 
in orbital occupation (these could be either t imifer  of 
electrons to or from the 4s levrls, or transfer to, from, or 
among the 3d levels, changing the shielding of the 3s 
electronq) ; ( 2 )  distortion of the wave functioni- either 
compression of the s electrons or the ipreading of tlie 
Xd electrons mentioned earlier. The first factor un- 
doubtedly is important in the case of the “cov:ileiit” 
compound< of I’igure 3 1Ve do not believe i t  i i  signifi- 
cant for the systems of Figure 2 .  

There arc tlr o bayically diff ercni theoretical ap- 
proache‘ to  the isomer shift. hoth atteinpts to evn1u:itc 
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Figure 2. Chaiige of isomer shift V ~ S .  pressure diagram 
“ionic” conipoiuids. 

Figure 3. 
valeiit” compounds. 

Chaiige of isorne~, shift us. pressure diagram for “co- 

CY (or ARIL?). Walker, et have assumed that the 
configurations of Fe(I1) arid Fe(II1) are 3d64s0 arid 
8dj4s0 and have used the difference in measured isomer 
shift (-0.9 mm/sec) as a scaling factor. On this 
argument, one would explain the effect of pressure 
entirely by reduced shielding because the 3d orbitals 
have spread out,  as discussed earlier. This explanation 
was used by Champion, et On the other hand, 
Simariek and Sroubec16 assume that compression of the 
wave functions is the major factor in the pressure effect 
and use the pressure data to evaluate Q, obtaining a 
number about one-fourth the magnitude of that  derived 
by Walker, et al. Col’danskil7 and Danonl* arrive at 
values similar to that of Simanek and Sroubec on more 
intuitive grounds. Simaneli and Sroubec would assign 
the difference between Fe(1I) ttnd E’e(II1) isomer shifts 

(15) L. It. Walker, G. K. Wertheim, and V. Jaccarino, P h y s .  Rre., 
6, 98 (1961). 

(16) E. Simanelc and 2. Sroubec, (hid., 163, 275 (1967). 
(171 V. I. Gol‘danski, “Proceedings of the Dubna Conference on the 

LIijsshauer Effect,” Consultants Bureau Enterprises, New ~ o r l c ,  
N. Y., 1963. 

(18) J. Dation, “Application of the lfossbauer Effect in Chemistry 
and Solid State Physics,” Internationd Atomic Energy Commission, 
Vienna, 1966. 

entirely to fractional occupatio11 of the I s  level in the 
latter case. 

Insofar as we can estimate, neither effect is insignifi- 
cant. There arc several factors which malie 11s hclievc 
that, the change in shielding is more importtint. (1) 
Both the range of atmospheric isomer shifts and the 
range of changes with pressure are quite small. These 
include ligimds with many different, propensities for 
electron sharing. If occupation of the I s  levels were iiri 
important factor, one would expect :L liirge sprcnd in 
isomer shifts. In fact, it  is difficult to reconcile the 
small spread of isomer shifts observed with the results 
of molecular orbital (IXl-IO) calcu1:itioris which iiidicatc 
u high covalency for li’e(III) which varies widely with 
the ligand. Apparently this type of wave funct-ion is 
adequate for calculating energy differences observed 
optically, but is a poor approximation to the amplitude 
of the ground state as seen a t  the ~iuclcus. As men- 
tioned earlier, changes in the tail of the \mve furictioti 
are riot necessarily reflected i l l  the shape of the inner 
part. ( 2 )  The change in isomer shift wit8h prc 
not, correlate with the compressihilitics, iis 
expected from compression of the Y electronic ~v:ivo 
functions, hut ferrous materials do krid to show a some- 
what larger shift than the ferric materi:ils, which \voiild 
be expected if the dominant mechanism were chmgirig 
of the 3d shielding. (3) Hand calculatioris for iron*Y 
indicate that with decreasing interatomic distnrice the 
energy of the :3d part of the conduction b m d  lo\vcrs i i i  

energy vis-Q-cis the 4s part. I\ leasurements of the 
change of isomer shift with pressure3,z”-22 combined 
with the analysis of Ingallsi” are more consistent wit’li a 
large negative value of CY as predicted by Walker, et ai., 
than with the smaller magnitude calculated by Siniuiieli 
and Sroubec. One can relate this to the dominant role 
of changing 3d shielding. We wish to emphasize, how- 
ever, that  the change of isomer shift with environment is 
still an open question, and an interesting one. 

The Oxidation State of Iron 
As discussed in the previous sections, the AIossbauer 

spectra of high-spin E’e(1J) arid Fe(II1) are entirely 
different’ as regards both isomer shift and quadrupole 
splitting, so that it is easy to estimate the relative 
amount of one oxidation state in t,he presence of the 
other from computer-fit areas. Although the difference 
in spectra for low-spin states is less spectacular, t h e  cal- 
culation is still possible. One of the most interesting 
results of high-pressure studies is the observatio ri that, 
ferric ion reduces to the ferrous st’ate with pressure, and 
this is reversible, with some hysteresi 
spect,ra appear in ref 9 and 11. A greater or lesser 
degree of conversion has been observed in l;eCl:4, I!eBr3, 
1<FeCl4, Jii31ceFg, FeI’04, l ~ea (SOJa ,  lce(XCSj:3, I’e- 

(19) 1’. Stern, 1’h.D. Thesis, I’rinveton I-niversity. 1953 (un- 

(20) l t ,  V. I’ourid, G. B. Benedek, :ind l i .  Ilrever, Ph,ijs, !??I,. 

(21) %I. Nicol :ind G. Jurii, Scirncr,  141, 1035 (1963). 
(22) J. A .  Moyzia :ind €1. 0. Ilrichmier, I’hys. Kcc., in press, 

published). 

IAters ,  7, 465 (1961). 
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Table I 
Constants for the Equation K = CII/CIII = AP"  

Corn p oun d 

FeC13 
FeBra 
KFeC14 
FeP04 
Phobphate glass 
Ferric acetate (418°K) 
Feiric citrate 
K8Fe(  CK ) 6  

A 

0.265 
0.076 
0.092 
0.078 
0.048 
0.022 
0.112 
0.109 

B 

0 .36  
0 .43  
0 . 30 
0 . 4 6  
0 . 3 1  
0 . 9 8  
0 . 2 5  
2.06 

(XH&CI,, E<&'e(CIK)6, ferric citrate, basic ferric acetate, 
ferric acetylacetonate, ferric oxalate, various hydrates, 
hemin, and hematin. 

The pressure dependence of the conversion is of the 
form 

K = APB (2) 

where the equilibrium constant K is defined as K = 
CII/CII~,  and A and B are independent of pressure. 
Typical values for these constants appear in Table I, and 
plots are given in Figures 4 arid 3 for representative 
compounds. 

2 0  

0.6 

0 . 4 1  
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Figure 4. Lri K us. 111 P diagram for halides. 
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Figure ,5. 
basic ferric acetate. 

Lti K vs. lri P diagram for  FePOd, K3Fe(CN)B,  and 

Successive spectra at  the same pressure are essentially 
identical, while, after the pressure iq  changed, a- h soon as 
a ipectrum is idcntifiable on the oscilloscope the changed 
converiiori i q  evident. so it is clear that  one is observing 
equilibrium, riot the results of slow kinetics. As dis- 
cuqsed in the papers, the concentrations measured are 
nominal, because of differences in {a) a t  different 
sites, etc., but should be :L good approximation. 

For 811 compounds studied so far, except hemin and 
hematin, K increases with increasing temperature, ie., 
the reactive is end other mi^,^ with a heat of reaction in 
the range 0.1-0.*5 eV which usually increases with in- 
creasing temperature. E'or the halides it is independent 
of pressure but in more covalent systems it may increase 
or decrease markedly with pressure. 

The problems which arise are (1) why there is such a 
general tendency for ligand-metal electron transfer, and 
( 2 )  why the pressure dependence is of the observed form, 
i e . ,  why there is not a discontinuous reduction a t  some 
prwsure? 

As discussed in the introduction, optical transfer of an 
electron requires 3-3 eV. The red shift with pressure, 
while considerable. is not sufficient to move the optical 
transition to zero energy. However, the high-pressure 
transition observed here is a thermal effect occurring 
sufficiently slowly so that the coordinates can assume 
their new equilibrium values, whereas the optical transi- 
tion muqt take place vertically on a configuration coordi- 
nate diagram, according to the Franck-Condon princi- 
ple. The situation is illustrated schematically in Figure 
6. The horizontal coordinate is typically displacement 
along some vibrational mode of the system (metal plus 
ligands) which permits the rearrangement. 

The pressure dependence can be discussed as follows. 
When electron transfer takes place one creates a ferrous 
ion in a ferric site plus a radical or radical ion or pos- 
sibly an excitation smeared out over several ligands. 
There is, thus, a chargc redistribution and local com- 
pression and distortion which affect neighboring ions, 
distorting the potential wells so as to make electron 
transfer less favorable. Increased pressure lowers the 
excited state further, allowing more conversion which 
increases the strain. The hysteresis on release of pres- 
sure can be associated with stored-up strain. 

A thermodynamic analysis of the situation is given by 

K = exp(-GG/RT) (3) 

= B (4) 
b In K P A V  P(V'I' - VI1) 
b In I' RT RT 
___- - .~ - - - 

eq 3 and 4, where V"' and VI1 refer to the volumes of 
the sites plus their associated ligands. One can re- 
arrange eq 4 to give eq 5. Thus the fractional increase 

in conversion with fractional increase in pressure is 
proportional to the concentration of sites available to 
convert. The proportionality constant is the work to 
create a reduced site measured in thermal units (units of 
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Figrire 6. Schematic corifiguratioti coordinate diagram. 

R T ) .  The fact that thc work is constant is surprising. 
From our results, it apparently applies in the pressure 
range 10-200 kbars. Since concentrations below 6-7% 
or much above 90% are very hard to measure accu- 
rately, this relationship may not be valid for dilute 
mixtures. 

The fact that  the heat of reaction varies with tempera- 
ture is reasonable since possible thermal processes in- 
clude promotion of electrons from ground to excited 
electronic state, redistribution of electrons among vi- 
brational levels of the ground state, and possible defor- 
mation of the potential wells to retard or promote 
electron transfer. 

Ferrocene 
Ferrocene (dicyclopentadienyliron) represents an 

appropriate material to discuss in detail as its high 
molecular symmetry, D6h, has made feasible a number of 
theoretical s t u d i e ~ . ~ ~ - ~ ~  

Using the SCF-I,CAO calculation of Dahl and Ball- 
hausenZ7 as a starting point one can account for the pres- 
sure-induced effects through ideas developed by Wolfs- 
berg and Helmho1z28 by nieans of a zeroth order molec- 
ular orbital treatment . 2 9  Wolfsberg and Helmholz 
made the suggestion that in ILL40 molecular orbital 
treatments the off-diagonal matrix elements could be 
treated as proportional to the overlap of the corres- 
ponding orbitals. I n  the case of ferrocene, one can 
obtain the initial matrix elements from the work of 
Dahl and Ballhausen and one only needs the change 
that will occur in each matrix element with the reduc- 
tion in interatomic distance that is produced with the 
application of pressure. This is obtained in the spirit 
of the Wolfsberg and Helmholz approximation by as- 
suming that the change produced by pressure in each 
matrix element is proportional to the change produced 
in the corresponding overlap integrals. 

The precise effect of pressure on the interatomic dis- 
tances in ferrocene is not lcnown, but an estimate was 

(23) R. D. Fisher, Theor. Chim. Acta, 1, 418 (1963). 
(24) M. Yamnaaki, J .  ChPm. Phys., 24, 1260 (1956). 
(25) E. M.  Shuitorovirh and M. E. Dayatkina, Dokl. Akad.  Sauk 

(26) It. D. Fiscber, Theor. Chim. Acta, I ,  418 (1963). 
(27) J. I?. Dahl and C. 3 .  Ballhausen, Kgl. Danske Videnskab. 

(28) It. W. Vaughan and H. G. Drickamer, J .  Chem. Phys., 47, 

(29) M. WolfibergandL. Helmhole, ibid., 20, 837 (1952). 

SSSR,  128, 1234 (1959). 

Selskah, Mat .  Fys .  Medd., 33, 39 (1961). 

468 (1967). 

Figure 7. Quadrupole splitting us. pressure diagram for fer- 
roc’erle. 

obtained from force constants calculated from infrared 
and Raniari spectra. Other high-pressure worlP has 
shown the compressibility of the carbon-carbon bond to 
be small, and as the interest here is in metal-ligand 
interactions only the carbon-metal distance was as- 
sumed to change with pressure. From the published 
frequencies for the AI, and Azu ring-metal stretching 
f r e q ~ e n c i e s , ~ ~  a compression of about 1% in 100 kbars 
was predicted. 

With this information the necessary overlap integrals 
were calculated, the off-diagonal elements were adjusted 
for the change produced in the overlap integrals, and 
the matrix equations were solved to give the changes in 
the orbital energies and coefficients of the linear com- 
binations of atomic orbitals.29 The changes in the elec- 
tronic parameters considered here, the isomer shift, the 
quadrupole splitting, and the shift of the optical-absorp- 
tion peak near 24,000 cm-’ were then extracted from 
these results. 

Working 
within the SCF-T,CAO molecular orbital description of 
Hofflinger and V ~ i t l a n d e r , ~ ~  who have examined in detail 
the various components of the electric-field gradient in 
ferrocene, and using the necessary numerical constants 
from their work and the calculated changes in orbital 
occupation with pressure, the predicted fractional 
change in the electric field gradient was obtained. The 
electric field gradient is proportional to the quadrupole 
splitting, and so the fractional change in the electric 
field gradient is plotted in Figure 7 as the fractional 
change in the quadrupole splitting. 

The major effect comes from the change in the occupa- 
tion of the d orbitals. The reduction in the ring-metal 
distance causes a significant flow of electrons in the ePg 
orbitals from metal (3d 3t 2) to ligand, and in the el, 
orbitals from ligand to metal (3d 5 1).  As the elec- 
tric-field gradient produced by the eZg is opposite in 
sign to  that  produced by the elg orbitals, both contribu- 
tions add to produce the large decrease in the quadru- 
pole splitting experimentally observed. 

First, consider the quadrupole splitting. 

(30) It. W. Lynch and H. G. Drickamer, ibid., 44, 181 (1966). 
(31) H.  1’. Fritz, Advan.  Organometal. Chem., 1, 267 (1964). 
(32) V. B. Hofflinger and Voitlander, 2. Naturforseh., 18a, 1065 

(1963); 18a, 1074 (1963). 
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Figure 8. Isomer shift us. pressure dingram for  ferrocetie. 

The change in the isomer shift with pressure can reqult 
from changes in orbital occupation or distortion of the 
wave function, as discussed above. There is a negligible 
change in occupation of the 4s orbital predicted, and 
only a small rict decrease in 3d occupation.2Y Using the 
Wallter, et al., calibration15 for the effect of the change in 
3d shielding, the predicted change in the isomer shift due 
to  change in orbital occupation is plotted in Figure S. 
This accounts for only a portion of the experimental 
shift. The SCF-LCXO treatment does not, however, 
lend itself t o  a consideration of the orbital distortion 
effects. This mechanism would be expected to predict 
an increase in s electron density (as is discussed else- 
where in this paper) and improve the agreement with 
experiment. 

Zahrier and Drickamer33 have reported the shift in 
the optical absorption peak near 24,000 cm-I xvith preq- 
sure in ferrocene. This transitioq is attributed to  the 
e2, +. e*2g (&) transition by Dah1 arid Rallhausen. and 
the effect of pressure on this transition can be obtained 
from the shift in the eZg and e*2g orbital energies.2g This 
is plotted along n i th  the Zahner and Drickamer data in 
Figure 9. 

Thus, an approximate molecular orbital treatment 
predicts the proper direction and order of magnitude of 
the pressure-induced shifts in all parameters of the 
electronic distribution of ferrocene for xt hich experi- 
mental data exist. The agreement bet1veen theory and 
experiment is in some cases much better than the ap- 
proximation made nould indicate, and is probably in 
part  fortuitous. 

a-Fe203 
The Jlossbauer effect allows one to follow pressure- 

induced changes in both the magnetic configuration and 
local environment in ol-E'e203.34 

There is a large interrial magnetic field present in 
a-Fea03 due to the antiferromagnetic spin arrangement 
and there are, therefore. both magnetic dipolar and 
electric quadrupolar effects present in the llossbauer 
spectra. The electric field gradient is axially symilietric, 

(33) J.  C. Zahner and H. G. Drickamer, J .  Chem. Phys., 35 ,  375 
(1961). 

(34) It. W. Vaughan and H. G. Drickamer, ibid., 47, 1530 (1967). 
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Figure 10. Qiiadrupole splitting us. presstire diagmm for a- 
Fe202.  

and the electric quadrupole interaction is much smaller 
than the magnetic dipole interaction. I n  this special 
case the shift of the nuclear energy level5 by the simul- 
taneous existence of both interactions i q 2  

A6 = -gu,,HmI + 
The second term, which represents the effect of the 

quadrupole interaction, contains an angular factor, 
( 3  cos2 # - l)]  where 0 is the angle between the direction 
of the magnetic field and the symmetry axis of the elec- 
tric field gradient. This orientation factor becomes 
particularly important in the case of a-Fe203 becau3e 
there is a change in the antiferromagnetic orientation, 
and thus a change in the direction of the internal mag- 
netic field, near 260°J<35 a t  1 atm. E'roni the antiferro- 
magnetic S6el temperature, near 950°1i, to about 
260°K the direction of the internal magnetic field is 
perpendicular to the (111) or body diagonal of the 
rhombohedral unit cell. while a t  the transition tempera- 
ture the internal magnetic field rotates go", and below 
this temperature it is parallel to the (111) or body dixgo- 
rial. As the symmetry axis of the electric-field gradient 
is along the ( I l l ) ,  the angular factor in the above 
equation, (3 cos2 0 - I), changes from --I to + 2  in 
going through the transition. This produces a marked 
effect on the quadrupole splitting when the sample is 

' [1 /8e2qQ(3  cos2 o - l )J  

(35) C. G .  Shull, W. A. Stlauser, :tiid IS. 0. Woll:ui, I ' hgs ,  II'C>I ., 
83, 333 (1951). 



cooled through the transition temperature. 8110 and 
Ito3fi reported a broadening of the ,\Iossbauer pealis as 
the trarisition temperature n as reached due to the simul- 
taneous existence of both antiferromagnetic phases arid 
the predicted change in sign and doubling in magnitude 
of the quadrupole splitting. 

The effect of pressure on the quadrupole splitting is 
shown in Figure 10; the splitting passes through zero 
near 30 kbars, changes sign, arid then grous with in- 
creasing pressure to about the original magnitude by 
200 kbars. Ileasurements have indicated that the 
temperature of the ;\lorin transition does increase with 
pressure, 3 7 , 3 8  arid Worlton, et al.,39 have recently re- 
ported that it reaches room trmprrature near 30 kbars. 
This agrees well with the point where the quadrupole 
splitting goes through zero, but if the explanation of the 
quadrupole splitting data were simply the occurrence of‘ 
the l lor in  transition with increasing pressure, the peak 
broadening reported by &IO arid Ito should be detect- 
able arid the observed quadrupole splitting should have 
grown to nearly t n  ice the original size. 

(36) K. 6 n o  and A. Ito, J .  Phys.  SOC. Japan ,  17, 1012 (1962). 
(37) It. C. Wayne and D. H. Andetson, P h y s .  Rrt.,  155, 496 

(1967). 
. I  

(38) H. Umebayoshi, B. C. Tmyer, G. Shirane, and W. €3. Daniels, 

(39) T. G. Worlton, R. R. Bennion, and 11. M. Rrugger, ibid. ,  
Phas. Letters, 22,  407 (1966). 

A24, 653 (1967). 

The absence of these phenoniena indicates t>hiit ii re- 
duction has occurred in the electric-field gradient before 
or during the ;\lorin transition. One can interpret this 
reduction in the elect>ric-field gradient in terms of local 
movement of ions within the unit cell using :L point 
dipole model for the cr-12ezOa st,ructure. X c:ilculntion 
of this effect84 indicates that  a movement of the iron ion 
of only 0.04 8 along the body diagonal of  the rhombo- 
hedral unit cell is sufficient to account for the :ihnor- 
malities rioted in the Jlosshauer spectra. 

Worltori and I I e ~ l ~ e r ~ ~  have, however, shown thnt  
these lIossbauer results, as well as neutron diffraction 
studies to 40 ];bars, cari be more plausibly explained hy 
assuming a continuous chsrige i n  the iingle of the anti- 
ferroniagnetic axis with respect to  the (111) :+ of‘ the 
crystal with increasing pressure. 

This relatively brief presentation illustrates the p o n w  
of high-pressure -\Iiisshauer resonance :is ii tool for 
uncovering new generalizations about clectronic be- 
havior in solids as well as for investigtting the r1cct)roiiic 
struct8ure of specific systems. 

(40) T. G. \Vorltoii mid 11. 1,. Decker, I’hlls. Rei’., 171, 598 (L968). 
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Although nucleosides, as essential components of 
nucleic acids, have been widely studied, the somewhat 
more elaborate cyclonucleosicles have received relatively 
little attention. The first cyclonucleoside was dis- 
covered by 1,ord Todd and his colleagues in 1951.’ 
Subsequently, these compounds have become of interest 
in connection with nucleoside configurational studies. 
Also, their rigid structures facilitate interpretation of 
physical properties with respect to structural character- 
istics, and they are key intermediates in the synthesis 
of many biologically active substances. Their syn- 
thesis has been a considerable challenge in its own 
right. 

To date, no cyclonucleoside has been found to occur 
naturally, either free or in bound form. 
h few words about nomericlature are in order. Cer- 

tain purine and pyrimidine bases are prominent in the 

(1) V. M. Clark, A. 11. Todd, and J .  Zussman, J .  Chem. Soc., 
2952 (1951). 

biochemistry of nucleic acids in which these bares are 
covalently bound to sugar residues, either ribose or 
2-deoxyribose, via glycosidic linkages. Compounds 
having one purine or pyrimidine base bound to  one 
sugar residue are called nucleosides. For example , 
guanosine (1) is a nucleoside coritairiing guanine atid 
ribose moieties, arid thymidine (2) contains thymine 
and 2-deoxyribose moieties. Nucleotzcles tire phos- 
phoric acid esters of nucleosides, a t  the 2’,  3’, or 3’ 
positions. Thus, in a nucleotide, the 5’ substituent 
may be 01’03Hz instead of OH as in the nucleoside. 
Nucleic  acicls are polymeric, arid cari be thought to 
represent esterification, many times repeated, betn.cen 
the 3’-hydroxyl group of one nucleotide molecule arid 
the 3’-l’l’03Hz group of another. Cyclonucleosides 
differ from ordinary nucleoqides in thnt they have ,z 

covalent linkage, either directly or via bridging osygcti 
atoms, etc., between the 2‘, 3‘) or 5’ carbon of the 
sugar moiety and a carbon or nitrogen ntom of the 
purine or pyrimidine moiety (other t h m  thc nitrogoti 


