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The cis- and trans-effects in Carbonyl Complexes of Bis(dimethylg1yoxi- 
mato) iron( 1 1 )  

By Kenneth J. Reimer * and Craig A. Sibley, Department of Chemistry, Royal Roads Military College, FMO, 
Victoria, British Columbia, Canada VOS 1 BO, and Department of Chemistry, University of Victoria, British 
Columbia, Canada V8W 2Y2 

John R. Sams,' Department of Chemistry, University of British Columbia, Vancouver, British Columbia, 
Canada V6T 1Y6 

Mossbauer spectra of the complexes [Fe(Hdmg),L,] and [Fe( Hdrng),L(CO)] ( H,dmg = dimethylglyoxime, 
L = pyridine or 1 -methylimidazole) have been measured between 4.2 and 295 K, and in applied magnetic fields at 
4.2 K. Changes in isomer shifts and quadrupole splittings on carbonylation are similar to those observed in 
haernochromes. In all four complexes studied the principal component I/,, of the electric field gradient is positive, 
and the asymmetry parameter -q > 0.5. Replacement of an axial amine by CO is shown to result in perturbations 
of the iron-nitrogen bonding both cis and trans to the site of substitution. 

DIOXIME complexes of iron(II), [Fe(dioximate),L,] (L = 
Lewis base), have been employed as convenient low 
molecular weight model compounds for the biologically 
important haems. These complexes are diamagnetic and 
contain low-spin iron(I1) (as).  X-Ray crystallographic 
studies of [Fe(Hchd),(im),] and [Fe(Hdmg),(im),] 
(H,chd = 1,2-cyclohexanedione dioxime, H,dmg = 
dimethylglyoxime, and im = imidazole) have shown that 
the dioxime ligands co-ordinate to iron in an essentially 
planar fashion, with trans imidazole groups. Thus, 
these compounds are structurally related to (diamine)- 
iron( 11)-porphyrin and -phthalocyanine complexes, al- 
though strictly speaking they lack a four-fold rotation 
axis and the point-group symmetry at iron is no higher 
than Du. 

Several Mossb auer spectroscopic investigations of 
bis(amine)bis(dioximato)iron(II) complexes have been 
r e p ~ r t e d . ~ ~  Dale et aL3 studied the series [Fe(Hchd),L,] 
using a variety of different amines L as axial ligands, 
whilst Sasaki and Shigematsu investigated bis(pyridine)- 
and bis(imidazo1e)-iron(I1) complexes of four different 
dioximes. More recently, Shafranski et aL5 have 
examined dimethyl- and diphenyl-glyoximatoiron(I1) 
species with pyridine and 3- and 4-substituted pyridines 
in axial positions. Where comparisons are possible, 
agreement amongst the various sets of Mossbauer para- 
meters is generally satisfactory. One might also note 
that for a given axial base, complexes of Hdmg- and 
Hchd- give very similar Mossbauer parameters. 

In bis(amine)porphyrinatoiron(II) complexes and 
in [Fe(pc)(pip),] (H,pc = phthalocyanine and pip = 
piperidine) replacement of one of the axial amines 
by a carbonyl group results in a pronounced decrease 
in both the Mossbauer isomer shift 6 and quadrupole 
splitting I AEQI Qualitatively similar differences 
were also observed by Dale et aL3 between the 
Mossbauer parameters of [ I'e( Hchd),( im),] and [ Fe- 
(Hchd),(im) (CO)]. However, Morpurgo and Mosini 
have published Mdssbauer data for 12 [Fe(Hdmg),L- 
(CO)] complexes which appear to show an opposite 
trend for the quadrupole splittings. In four cases 
direct comparisons can be made with the data of 

Shafranski et aL5 for the corresponding [Fe(Hdmg),L,] 
species and in three other cases somewhat less direct 
comparisons with the [Fe(Hchd),L,] complexes are 
possible. In every case the carbonyl derivative is 
reported to have a larger quadrupole splitting than the 
corresponding diamine. 

In connexion with our continuing studies of carbonyl 
haemochromes and related species it is important to 
establish whether the dimethylglyoxime derivatives are 
in fact exceptional or if the data of Morpurgo and Mosini 
are in error. To this end we report here Mossbauer 
measurements on [Fe(Hdmg),L,] and [Fe(Hdmg),L(CO)], 
where L = pyridine (py) or l-methylimidazole (mim). 
The complexes have also been examined at  4.2 K in 
applied magnetic fields to determine the signs of the 
electric field gradients (e.f.g.s) and magnitudes of the 
asymmetry parameters, q, in these derivatives. These 
data provide the first conclusive evidence that replace- 
ment by CO of an axial amine perturbs the iron-ligand 
bonds both cis and trans to the site of substitution. 

RESULTS 

57Fe Mossbauer data for the complexes are given in Table 
1 .  As a check on the internal consistency of our results, 
spectra for all the species were recorded twice a t  liquid 
nitrogen temperature using different spectrometers and 
different velocity transducers. In  each case these inde- 
pendent measurements gave 6 and lAEQ1 values which were 
identical to within *0.01 mm s-l. Moreover, 6 and IAEQI 
values at 4.2 K were obtained both from zero-field spectra 
and from spectra recorded in applied magnetic fields. In 
fitting the latter (see later), 6, IAEQ!. and -q were allowed to 
vary, and in no case did the optimum values of isomer 
shift and quadrupole splitting so obtained differ by more 
than 0.02 mm s-l from those measured in zero field. 

For [Fe(Hdmg),(py),] our data are in excellent agreement 
with those of Shafranski et aZ.,& both at room temperature 
and a t  80 I<, and our values at the latter temperature also 
agree well with those quoted by Sasalti and Shigeniatsu * at 
ca. 100 K. The only significant disagreement amongst the 
three sets of measurements for this complex occurs with 
the data at 300 K, where the values of Sasaki and Shigemat- 
su for both 6 and JAEQI are somewhat higher than the 
other two data sets. Although Mossbauer data for [Fe- 
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TABLE 1 
67Fe Mossbauer parameters (mm s-l) of the complexes. Values of 6 are relative to metallic iron 

6 "  
0.24 
0 . 2 0  
0 .21  
0.26 
0 . 2 8  
0 .27  
0.18 
0.27 
0.31 
0 .23  
0.30 
0.19  
0.13 d 

- 0.01 
0.06 

- - 0 . 0 1  
0 .01  
0 . 0 8  

- 0 . 0 2  

AEQ 
1.78 
1.67 
1 . 7 0  
1.73 
1.69 
1 . 7 1  
1.71 
1.31 
1.29 
1.38 
1.34 
1.30 
1.77 
1.21 
1.19 
l.l!J 
1.17 
1.14 
1.14 

1'1 

0.31 

0.29 
0 .30  

0 26 
0.28 
0.26 

0.29 
0 . 2 8  
0.28 
0.28 
0 . 3 0  
0.  "8 

I', 

0.32 

0.29 
0.30 

0 .25  
0 . 2 6  
0.26 

0.30 
0. 29 
0. '8 
0. 2D 
0 . 3  1 
0.28 

Ref. 
4 
5 

4 
5 

4 
4 

9 

a Measured with sourcc: a t  room tcnipcraturc unless stdtctl othcrwisc. This woi k u i i l c ~ ~  stated othci W I ~ C .  
to  coiivcrt to  iron rcferencc. 

Alcasurecl with source 
at 4.2 I<. d Iielative to Na,lFc(Cl'j),(NO)].2E~,O; subtract 0.27 mm 5 

(Hdmg),(niim),] liave not been publishcd previously, our 
measurements for this complex are, as expected, similar t o  
tliosc of Sasaki and Shigematsu 

Both carbonyl derivatives show substantially sniallc~r 
values of isomer shift and quadrupole splitting than those 
exhibited by the parent bis-ainines. Changes in botli 
parameters upon carbonylation are en tirely analogous to 
those observed by Dale et al. between [Fe(Hclid),- 
(im)J and [Fe(Hclicl),(im)(CO)]. The IAEyI value for 
[Fe(Hdmg),(py) (CO)] found here, which is nearly teinp- 
erature-independent, is ca. 0 .6  mni s-1 smaller than that 
reported for this compound by Morpuxgo arid M ~ s i i i i . ~  On 
the other hand, the discrepancy in isomer shift values 
appears to be much smaller. Unfortunately, Rlorpurgo arid 
Mosini failed to quote the reference point fur their isonier 

for [Fe(Hdmg),(im),J. 

100 

C 
0 

ul ul 
.- 
.- 

96 2 
4 

Q, 
0 
r. 

g 
a 

92  

sliift data, but (lid stat(: that Na,[l;c(CS),( X 0 ) ] * 2 H 2 0  was 
used as the spcctronictcr calibrant. Tf wc assunic this 
complex also provitlctl their zero-vclocity reference for 
isomer shifts, then their 8 value (relative to nictallic iron) 
for [Fe(Hdmg),(py)(CC>) ] a t  room tcmpcrature is -0.04 inin 
s-l, compared to the prcsent value of - 0.0 1 mni s-l. 

The care we have exercised in recording our Mossbaucr 
spectra, the fact that identical isomer shift and quatlrupole 
splitting parameters were obtained a t  80 I< using two 
completely independent spectrometers as well as a t  4.2 Ii 
from zero-field and applied-field spectra, atid the lack of any 
pronounced temperature dependence of lAEQl ,  all give 11s 
confidence that the present data are correct and that those 
of Morpurgo and Mosini are in error. A s  the quadrupolc 
splittings of all the other carbonyl derivatives reported by 

I 1 I I I I 1 1 
-2  - 1  0 1 2 

Velocity / mm s-1 
FIGURE Mossbauer spcctrum of [Fe(Hdmg),(mim)(CO)] incasured a t  4.2  I< in  a longituclinal applicd magnetic field Hayyl. = 2.77  T. 

The calculated curve (--) is based on the parameter values: 6 = -0.02 mm s-l, AEQ = +1.14 mm s-1, q = 0.75, and 
I' = 0.28 mm s-l 
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these authors are larger than that quoted for [Fe(Hdmg),- 
(py)(CO)], we suspect a large systematic error in their data. 
Although we are not aware of the source of such an error, i t  
may be pointed out that  since the isomer shifts are small, a 
systematic error in calibration of the Doppler velocity scale 
would produce a much larger error in lAEQI than in 6, as 
observed. 

The Mossbauer spectra of the four complexes studied here 
in longitudinal applied magnetic fields are all characterized 
by having fairly large -q values. Dale et  aZ.lf measured the 
Mossbauer spectra of [Fe(Hchd),L,] (L = im or NH,) in 
transverse applied fields of 3.0 T, and stated that in both 
cases -q was close to unity. However, no attempt was made 
to fit the spectra by computer simulation and the signs of 
V,,, the principal component of the e.f.g. tensor, were not 
specified. Lang and Dale l2 subsequently carried out a 
computer fit of the spectrum of [Fe(Hchd),(im),] deter- 
mined a t  4.2 K in a transverse field of 6.0 T, and quoted an 
q value of 0.98 with V,, > 0. For the complexes examined 
here, computer fitting of the spectra also showed to be 
positive in every case. 

The present results are the first applied-field Mossbauer data 
to be reported for any [Fe(dioximate),(L) (CO)] derivative. 
The spectrum of [Fe(Hdmg)2(mim) (CO)] is illustrated in the 
Figure. The asymmetry parameters are slightly smaller 
in both carbonyl complexes than in the corresponding bis- 
amines, but are still substantial. I n  their discussion of the 
e.f.g.s in [Fe(Hdmg),(L) (CO)] complexes, Morpurgo and 
Mosini have erroneously assumed that r, = 0. This would be 
true only if the two nitrogen atoms of each dioximate ligand 
were precisely equivalent, which of course they are not.l9 

1) ISC U SSION 

There are several points concerning the present data 
that call for interpretation and discussion, e.g. the signs 
of the field gradients and magnitudes of the asymmetry 
parameters in the diamine derivatives, and how these 
quantities, as well as the isomer shifts, change when one 
of the axial amines is replaced by CO. 

I t  should be pointed out that the orientation of the 
e.f.g. tensor relative to the molecular axes is not known, 
nor are X-ray crystallographic data available for the 
present complexes. We shall approximate the effective 
point-group symmetry at iron in the diamine complexes 
as D211; although the true symmetry is undoubtedly 
lower than this, this approximation will not materially 
affect our conclusions. We assume that the dioximate 
ligands lie essentially in the xy plane with the amine 
bases along the z axis. This is a natural choice of axes, 
and the one made previously by Dale et al.3911 

The two independent parameters of the e.f.g. tensor 
in the bis-amine complexes investigated here, as well as 
those in the [Fe(Hchd),L,] complexes examined pre- 
viously,11*12 are fully consistent with X-ray structural 
data for [Fe(Hdmg)2(im),] (1) and [Fe(Hchd),(im),] (2).l 
In both the latter molecules the bonds between iron and 
the nitrogen atoms of the axial imidazole ligands [1.99 
(1) and 2.05 A (Z)] are substantially longer than those 
between iron and the nitrogen atoms of the dioximate 
moieties [1.89 and 1.92 A (1 ) ;  1.91 and 1.97 A (2)j. 
Thus there should be more metal character in the bonding 
orbital involving the iron dzs-y~ orbital than in the 

bonding orbital formed from d,t. Since the d z a - y 8  

orbital makes a positive contribution to the e.f.g. and 
the d,* orbital a negative contribution, one expects on 
this basis that V,, will be positive, as observed. As Dale 
et aL3 have pointed out, an increase in a-donor strength 
of the axial ligands should decrease V,,, and the smaller 
AEQ in [Fe(Hdmg), (mim),] than in [Fe(Hdmg),(py),] is 
consistent with the lower pK, value for pyridine. 

This a-bonding argument ignores the six electrons in 
the iron orbitals of b2g(dzy) and eg(dzz, dyz) symmetry. 
The former is a non-bonding orbital and can legitimately 
be ignored, whereas electrons in the e, orbitals can inter- 
act with vacant x* orbitals on the ligands. As electrons 
in the e, orbitals contribute negatively to the e.f.g., any 
i ron4igand x donation will merely make V,, more 
positive and will increase the quadrupole splitting. 

In discussing the large -q values found for [Fe(Hchd),- 
L,] (L = im or NH,), Dale et aZ.ll stated The difference 
in the ligand field produced by a nitrogen atom double- 
bonded to an oxygen atom as opposed to a nitrogen atom 
single-bonded to a hydroxyl group is almost certainly 
important .’ Lang and Dale l2 subsequently commented 
that the r, value of 0.98 in the imidazole complex indi- 
cated that ‘ the hydrogen bonding in this compound is 
highly anisotropic.’ These two statements seem to be 
merely two different ways of describing the same phen- 
omenon. 
shows 0-H distances of 1.0 and 1.5 A, so that the 0-H 
bonds are indeed very asymmetric. The two N-0 
distances are also significantly different (1.365 and 1.408 
A), the shorter N-0 distance being associated with the 
longer 0-H bond length, and it is reasonable to assume 
that there is some double-bond character in the shorter 
N-0 bond. These differences in the 0-H and N-0 bonds 
are reflected in different equatorial Fe-N distances (see 
above). Thus one could also consider that the large 
asymmetry parameters result from anisotropy of the 
bonding orbitals involving the iron dzZ-ya and/or d, 
orbitals. 

Dale et al. have argued that in these dioximate 
complexes an increase in axial ligand o donation should 
decrease Vzz,  whilst an increase in axial ligand TC 

acceptance should increase V,,. Since CO is generally 
considered to be a weaker o-donor and stronger x-accep- 
tor than an amine, these considerations lead one to 
expect an increase in IAEQJ on replacing an axial amine 
by CO, whereas the opposite is in fact observed. Under- 
lying these arguments is the tacit assumption that sub- 
stitution of one axial ligand by another causes only a 
negligible perturbation of the remaining bonds to iron. 
In view of the present results and previous data for 
porphyrinatoiron (11) carbonyl complexes,7* * this assump- 
tion seems to be unjustified, at  least when one of the 
axial ligands is CO. Indeed, unless there is substantial 
perturbation of one or more of the remaining iron- 
ligand bonds, the only way to account for the decrease in 
quadrupole splitting in terms of 0 and x bonding proper- 
ties is to assume that CO is both a stronger o-donor and 
weaker x-acceptor than an amine. 

The molecular structure of [Fe(Hdmg),(im),] 
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We therefore accept tlie notion that replacement of an 
axial amine by CO perturbs the other iron-ligand bonds, 
and consider possible mechanisms by which such per- 
turbation could produce the observed changes in Mess- 
bauer parameters, 

I t  is usually considered l3 that the valcnce contribu- 
tion to the e.f.g., qval., can be expressed in terms of effec- 
tive populations ni of the various iron 3d orbitals by 
equation (1) ,  where X is a Sternheimer antishielding 

qvtll. = +(1 - I?) ( Y - ~ )  jn,s+a + 
nxy - %2 - a<nxz  + 1Lyz)j (1)  

factor and (v3) the expectation value of l /r3 taken 
over the 3d radial function. [In the presence of bonding 
interactions the radial extents of the various d orbitals 
will differ, and each ni in equation (1) should more pro- 
perly be weighted by its own appropriate ( rc3)  value.] 
Ignoring lattice effects the quadrupole splitting is given by 
equation (2), with Vzz = e qve1. and 7 = (V,.c - Vyy)/Vzz. 

The diagonal elements Vii of the e.f.g. tensor in tlie 
principal axis system are conventionally labelled such 
that 1 Vzzl 2 I Vyyl 3 I Vxcl. To decrease I AEQl one re- 
quires either an enhanced electron density in those iron 
orbitals that make a negative contribution to qval. ( i . e . ,  
dzz, dx2, dyz), a diminished electron density in the iron 
d,t-yt orbital, or both. Since the Laplacian of the elec- 
trostatic potential vanishes, knowledge of 7 and the sign 
and magnitude of AEQ are sufficient completely to 
specify all three principal components of the e.f.g., and r)  

provides valuable information on departures of the 
system from axial symmetry. The isomer shift is a 
scalar quantity and measures the total s-electron density 
at the iron nucleus. The isomer shift 8 will decrease both 
with an overall increase in ligand+iron c donation and 
an overall increase in i ron4igand back x donation, and 
i t  is likely that Q effects will dominate.3 

Binding of a CO ligand by iron may result in perturb- 
ations either cis or trans to the Fe-CO bond. We shall 
make the reasonable assumption here that CO is a better 
x-acceptor than an amine. (i) trans-Effect : if electron 
density in the iron d,, orbitals is withdrawn towards the 
CO group, the positive charge on the iron nucleus may be 
partially deshielded from the remaining axial amine. 
This might result in a contraction of the Fe-N bond trans 
to  the CO ligand, and an increased Q donation from this 
axial amine to iron. (ii) cis-Effect : withdrawal by CO 
of electron density from the iron d,, orbitals may be com- 
pensated by increased forward T; donation into these 
orbitals from the filled p,  orbitals on the nitrogen atoms 
of the dioximate ligands. To prevent the removal of too 
much electron density from these nitrogen atoms, this 
increased x donation would presumably be accompanied 
by a reduced N+Fe G donation, thereby decreasing the 
metal character of the bonding orbital involving d,z- ys. 

Although seemingly plausible, the trans-eff ect argu- 
ment given above appears to be at variance with X-ray 

crystallographic data for bis( arnine) - and carbonylamine- 
poi-i’l~yriiiatoiron( 11) c ~ m p l e . u e s . ~ ~ - ~ ~  Such data are 
quite limited, but suggest that replacement of an aniine 
by a carbonyl ligand lengthens (by up to cu. 0.1 A ) ,  
rather than shortens, the remaining Fe-N axial bond. 
In tlie prcsent contcst n niorc signilicant feature tliari 
this Fe-N bond lengtliening is that tlic Fe-C bonds in 
thc carbonyl clerivat iws, wliicli range in lcngth from 
1.61 to 1.77 A,l59l6 are much sliortcr than tlie Fe-N bontls 
tlicy replace (typically 2.00 f 0.05 A ) ,  so tliat tlie sum of 
the axial bond lengths is lcss than in the diamiiie com- 
plexes. Similar short Fe-C (I  .730 A) and long traits 1;e-N 
bonds (2.058 A) have also been found in the case of a [14]- 
annulene macrocyclic ligand,18 and may bc cxpccted to 
occur in the present derivatives. Regardless of any 
assumptions about thc (r and i~ bonding capabilitics of tlie 
ligands, a shortening of the mean axial bond length 
should place more electron density near iron along the 
z axis in the carbonyl Complexes, and result in a smaller 
lAE,I as observed. If this charge density has appreci- 
able s character, 8 should also be decreased. 

A trans-effect of this type, resulting in shorter mean 
axial bond lengths for the carbonyl derivatives, seems 
capable of rationalising, at  least qualitatively, the trends 
found for both S and IAECJ!. Of course, this does not 
necessarily mean that cis-effects are unimportant. As 
soon as we turn our attention to the asymmetry para- 
meters it becomes clear that changes in -q upon carbonyl- 
ation are explicable only in terms of a cis-effect. 

As the e.f.g. tensor is traceless, a decrease in V,, caused 
by replacing one axial ligand with another must always 
be matched by an identical decrease in IV,, + Vy.yl. In 
the absence of any cis-effect this substitution should cause 
no change in q, and a given fractional change in Vzz 
should be accompanied by the same fractional change in 
each of IV,l and lVyy1. Howel-er, in both cases the 
carbonyl derivative has a smaller q than the correspond- 
ing diamine, and hence the e.f.g. anisotropy in the xy 
plane has diminished. This may be seen more clearly 
from an examination of the e.f.g. tensor components 
listed in Table 2. In particular it should be noted that 
carbonylation causes a greater decrease in than 
in 1 VzzI, and an increase in I Vxzl. 

As detailed structural information for these com- 
plexes is lacking, it is not possible to specify the relative 
orientation of the e.f.g. principal axis system to the 
molecular axes. Nor is it clear at  this time why car- 
bonylation produces a much larger decrease in lAEQl 
with pyridine as axial ligand rather than 1-methyl- 
imidazole. Nevertheless, it seems evident that sub- 
stitution of an amine by CO in these dioximate complexes 
causes significant changes in all the remaining Fe-N 
bonds, and that a proper interpretation of the Mossbauer 
parameters requires a consideration of both cis- and tram- 
effects. This is likely to be true for porphyrinatoiron(11) 
derivatives as well,* although in that case verification of 
cis-effects on the basis of Mossbauer data alone is ham- 
pered by the effectively axial symmetry (q2 :O)  of the 
complexes. 
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TABLE 3 
Conipoiients of the e.f .g. teiisors for the complexes, determined in lorigituclinal applied niagnetic fields Elappl. a t  4 .2  K 

EXPERIMENTAL 

I'rcpa~ccliozt5.  -A11 the complexes were prepared using 
procedures r ep  Irted in the li ter,tture.'B However, the 
c drbonyl tlvrivatives were clrieti in ;i stre;tui of CO and stored 
11 titler it CO atmospliere. All coiiiplcses gave satisfactory 
an;tlytical data, aiid tlic clcctroiiic spectra were in cxccllcnt 
itgrccnieii t wi tli the paraiiicters rcportcd by I'ang iind 
Styiicb.lB 'I'lic carbonyl stretcliing frcquciicies (Niijol 
iilullb) wcre nt 1 978 cn1-l for [f;e(Hdms),(iiiim)(CO)J itricl ,it 
1 '385 cni-l for [l;c(H<ltnbr)z(py)(CC))]. 

l%fu.s sbaue Y Spectra. -1'owder sa niplcs of t lic coin p le ~ e b  

were loatled into nylon cells wliicli were tlicn sealctl with 
epoxy resin, tliesc opcration.; being perfornicd in:a glove-box 
under an appropriate atniosphcre (N, for the bis-amine coin- 
plcscs and C'O for the carbonyl dcrivativcs). 

Spectra wcrc rccordetl with a 50-inCi * "Co( lth) source 
using spectromctcrs and cryostats previously dcvxibcd.20 
'l'lie Dopplcr vclocity scale wits calibrntccl with a mctiillic 
iron-foil absorber, and isomer shifts arc quotctl rclativc to 
tlw centroid of the iron spectrum. 

Spectra nieasurcd in zero magnetic ficltl were fitted to 
I .orcntzian lineshapes b y  least-squares techuiqucs, aiitl no 
constraints were imposed on tlic fitting paranietcrs. Spec- 
tra obtained a t  4.2 K in longitudinal applied magnetic 
fields wcre least-squares fitted on a conversational tcriiiinal 
using a suitably modified 21 version o f  a program originally 
tlescribcd by Lang and 13alc.12 Im-eiitzian linewidths 1vct-c 
Jixc~l at the incan values obscrvcd at 4.2 l< in zero-field, and 
thcb parameters that  wcre allowed to vary were 8, IAEqi, 
sign of I/,,, and r) .  

* 'I'hroughout this  paper: I Ci = 3.7 x 1010 Hq. 

'I'liis work was supportcd in part by the Natural Scieiiccs 
We thank Rlrs. A. Sal- 
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aiid Engineering Research Council. 
10s and 11s. B. Rulil for valuable tcclmical assistance. 

L1/1297 

v z x  V", v 2 z  

intn s1 
0.73 - 0 . 2 2  - 1.36 1.58 
0.92 - 0.05 - 1.10 1.15 
0.55 -0 .25  -0.88 1.13 
0.75 -0.13 -0.92 1.05 
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