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process which diphenylacetylene undergoes upon its reac-
tion with [HMn(CO),]; is linear dimerization accompanied
by hydrogen addition; this reaction resembles the dimeriza-
tion of diphenylacetylene with alkali metals.*® The forma-
tion of the cis,cis isomer of 1,2,3 4-tetraphenylbutadiene
upon reaction of diphenylacetylene with [HMn(CO),]5 is
consistent with an unstable manganacyclopentadiene or
(43) (a) L. I. Smith and H. H. Hoehn, J. Amer. Chem. Soc., 63,

1184 (1941); (b) E. H. Braye, W, Hubel, and 1. Caplier, J, Amer.
Chem. Soc., 83, 4406 (1961).
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1,2-dimanganacyclohexadiene derivative as an intermediate.
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The temperature dependence of the quadrupole splitting of Fe(isoq),X, (X~ =17, Br
Cl7, SCN") was obtained in the range 77-300°.

N;7), and Fe(1,10-phen), X, (X~ = Br",

-, CI"), Fe(py), X, (X" = Br", OCN",
These data and those obtained

earher on Fe(py), X, (X~ = I CI7, SCN7) were analyzed in order to determine the splitting of the cubic t,g(7*) orbitals.

The axial splitting in these compounds was found to be less than 800 cm
series FeL, X, (L = pyridine, isoquinoline) follows the order I < Br~ € CI".

", The relative energy of the eg(n*) orbital in the

Analysis of the Fe(1,10-phen),X, (X~ =Br",

Cl7, SCN™) data suggests a trigonal distortion from octahedral symmetry.

The relative energies of the cubic t,,(7*) orbitals in mixed-
ligand complexes have been previously investigated by Moss-
bauer spectroscopy.’? In these treatments of the quadrupole
splitting data, assumptions were made regarding the sign and
the magnitude of the temperature-independent or “lattice”
contributions to the quadrupole splitting. Burbridge, et al.,’
assumed that the “lattice” contributions could be calculated
from a crystal field model. The large quadrupole splittings
observed for some iron(Il) low-spin compounds® suggest that
this is generally not a good assumption. Merrithew, et al.,?
assumed that the “lattice” contributions were relatively small
and that the signs of the electric field gradient tensor com-
ponents could be predicted on the basis of the formal charge
on the ligands. The latter assumption has been shown to be
unjustified.* We have undertaken a more rigorous investiga-
tion of the quadrupole splitting of a series of mixed-ligand

(1) C. D. Burbridge, D. M. Goodgame, and M. Goodgame, J.
Chem. Soc. 4, 349 (1967).
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Chem., 10, 1401 (1971),
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complexes to define more accurately the effect of the halo-
gens and pseudohalogens on the energy of the cubic t; (7%)
orbitals,

Experimental Section

Preparation of Complexes. Fe(py),Br, (py = pyridine) and
Fe(py).(OCN), were prepared by the methods of Golding, ef al. ®
Fe(isoq),Cl, (isoq = isoquinoline), Fe(isoq),Br,, and Fe(isoq),I,
were prepared by the methods of Goodgame, et al.¢ Fe(phen),Cl,
(phen = 1,10-phenanthroline), Fe(phen), Br,, and Fe(phen),(SCN),
were prepared by the methods of Madeja and Konig.’

Fe(py),(N;), was prepared in a manner simjlar to the cyanate and
recrystallized from pyridine. The compound decomposes slowly
with the evolution of pyridine. Anal. Caled for Fe(py),(N,),: C,
52.63;H,4.39; N, 30.70. Found: C,50.42;H,4.27; N, 29.59.

Mossbauer Spectra. The Mossbauer spectrometer and associated
cryostat have been described previously.® The temperature was mea-
sured with a copper-constantan thermocouple and controlled to
within 2° of the indicated temperature. The spectra were fitted with

(5) R. M. Golding, K. F. Mok, and J. F. Duncan, Inorg. Chem.,
5, 774 (1966).
(6) D. M. L. Goodgame, M. Goodgame, M. A. Hitchman, and M.
I. Weeks, Inorg. Chem., 5§, 635 (1966).
(7) K. Madeja and E. Konig, J. Inorg. Nucl. Chem., 25, 377 (1963).
(8) P. B. Merrithew and A. J. Modestino, J. Amer. Chem. Soc.,
94, 3361 (1972).
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a least-squares program and the accuracy determined statistically.®

Theory
The quadrupole splitting AE for ¥"Fe is

AE =(1/2)e*qQ[1 + (1/3)n*] /2

where Q is the quadrupole moment of the nucleus and ¢ and
n are functions of the components of the EFG tensor.'® The
quantities ¢ and ng may be conveniently expressed?

q=qa +q
19 =Ngqa + M4;

where the subscript d refers to temperature-dependent con-
tributions and i to temperature independent contributions.
For high-spin (S = 2) ferrous jons in a (pseudo)octahedral
environment, asymmetries in the t,.(7*) electron distribution
produce contributions to g4 and 7. Charge asymmetries in
the eg(0*) orbitals and the bonding orbitals produce con-
tributions to g; and #;.

The wave functions which describe the °T,, term under si-
multaneous perturbation by spin-orbit coupling and a thom-
bic field may be obtained by solving a 15 X 15 matrix similar
to the one given by Figgis, et al.'! The quantities gq and 7
are calculated in the usual manner:'® The results obtained are
found to be in agreement with those of Ingalls.® The
distortion parameters are defined in the following manner.

The axial splitting of the 5T2 term is A. A positive A indi-
cates an orbitally nondegenerate ground term. (For a tetrag-
onal distortion this corresponds to an xy ground orbital.)

The °E, term which arises from the axial splitting of the
ground °T,, term may be split by low-symmetry compo-
nents. This splitting is taken as €. . In order to account for
anisotropies in the radial parts of the t, (7*) orbltals, the ra-
dial factor for the basis functlon, xy, was taken as §%(r )
and that for xz, yz as &*{r™*)y. The appropriate changes were
made to account for the accompanying anisotropy in the spin-
orbit coupling constant, A. As in previous treatments of fer-
rous ions, the magmtude of (2/7)e*Q(1 = RXr ™) was taken
as 4.0 mm/ sec.!

Results

The quadrupole splitting results are given in Table I. The
temperature dependence of the quadrupole splitting of
Fe(isoq)sX, (X~ =CI7, Br", I") agrees within experimental
error with that of Fe(py)sX,.> These results are compared
in Figures 1-3.

FeLyX;. The compound Fe(py)s(SCN), is known to be
trans.’® X-Ray powder photographs and electronic spectra
suggest that Fe(py)sX, (X =CI7, Br’) and Fe(isoq)aX,
(X~ =CI, Br-, I') have the trans configuration.®'*" In this
analysis we will assume that the compounds FeL,X, have the
trans configuration.

The local symmetry in trans-FeL X, is formally D4h~ The
z axis is taken along the major symmetry axis (X-Fe-X). Be-
cause of the formally high symmetry we have assymed initially
that e= 0 and n; = 0. The latter assumption is consistent
with the magnetic perturbation spectra of a series.of low-spin
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Table I, Quadrupole Splitting Data2

Quadrupole Quadrupole
. splitting, splitting,
Temp, °K mm/sec Temp, °K mm/sec
‘ Fe(isoq),l,

88 +2 0.56 + 0.02 - 150 0.54 £ 0.05
116 0.55 £ 0.02 1159 0.52+0.02
121 0.54 £ 0.03 . 178 0.49 £ 0.03
146 0.52 + 0.04 298 0.41 £ 0.02

Fe(py),Br,

80 2.89 £ 0.05 210 2.5310.03
112 2.80 £ 0.03 298 2.06 £ 0.05
155 2.64 £ 0,04

Fe(isoq),Br, )

87 2.87 £ 0.03 160 2.66 £ 0.04
119 2.86 = 0.04 178 2.54 +0.08
149 2.76 = 0.04 298 2.19 +0.04

Fe(isoq),Cl,

78 3.47 £0.04 140 3.45+0.02

88 3.53 £ 0.02 164 3.46 + 0.02

89 3.50 £ 0.02 186 1341 +0.02
107 © 3,47 £0.02 © 232 3.31+0.03
114 3.44 + 0.02 298 3.20 £ 0.02

: Fe(P)') (Ny),

84 3.04:0 191 2.96 £ 0.02
107 3.03 = 0.01 210 293 +0.02
121 3.01+£0.01 227 2.88 £ 0.02
133 2.99 + 0.01 252 2.85 £ 0.02
152 2.99 £ 0.01 298 2.74 £ 0.02
166 2.98 £ 0.02

Fe(py),(OCN),

81 2.59£0.01 147 2.56 £ 0.02

88 2.59£0.02 198 2.52+0.02
102 2.59+0.02 250 2:47 £ 0.02
103 2.58 £ 0.02 298 2.44 £ 0.03
118 2.58 £0.02 300 240 £ 0.04
136 2.57+0.02

Fe(1,10-phen), (SCN),
179 3.01+0.01 223 2.92 £0.01
185 2.99 £ 0.01 298 2.61+0.01
203 297+0.01 .
Fe(1,10-phen),Cl,

83 3.33z0.01 199 3.20 £0.01

95 3.31+0.01 247 3.10 £ 0.01
103 3.30+0.01 296 3.01+0.01
153 3.26 + 0.01

., Fe(1,10-phen),Br,

88 ©.3.31+0.03 163 3.15+0.03

109 3.29 £ 0.03 299 2.85+0.02

@ The isomer shift of these compounds is 1.40 '+ 0.04 mm/sec
Vs. Na,Fe(CN)sNO 2H,0 at 100"

iron(IT) complexes of the form FeA4B, which show 7; as
small.’® The quadrupole splitting cannot be fitted uniquely
in terms of the remaining parameters; \, A, o2, 2, and g;.
For this reason the data have been fitted for two extreme
cases, g, = 0 and §2/a® = 1. The case g; = 0 assumes that the
observed anisotropy is-due totally to differences in the radii
of the t;4 orbitals. The other case 82/’ = 1 assumes that the
tyg orbital'radii are equal and that the anisotropies are due

to differences in the radii of the e, orbitals or to anisotropic
o bonding. Since the magnitude of the spin-orbit coupling
constant, A, is not known, the data were fitted for x =—100,
-80, ~60, and —40 cm™. (The free-ion value, Ay, is 100
cm—l 16 S '

(15)°'G. M. Bancroft, R. E. B. Garrod, and A. G: Maddock, J.
Chem. Soc. A, 3168 (1971). .
(16) T. M. Dunn, Trans. Faraday Soc 57, 1441 (1961).
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Figure 1. The temperature dependence of the quadrupole splitting
of Fe(py),l, and Fe(isoq),I,. The top line gives a fitting with
A=60cm !, A=-60cm"!, 8% =0.54, 3*/a* = 1.0, and (1/2)e*Qq;
=0.17 mm/sec. The bottom line is a fitting with the same parameters
but with (1/2)e*Qq; = 0.12 mm/sec. The Fe(py),l, data are from

ref 2.
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Figure 2, The temperature dependence of the guadrupole splitting
of Fe(py),Br, and Fe(isoq),Br,. The continuous line gives a

fitting with A = 300 cm™!, A=~60 cm~!, g* = 0.61, §*/o* = 1.0, and
(1/2)e*Qq; = 1.0 mm/sec.

A least-squares program was employed to fit the data in
terms of A and g; or §?/a®. Since the Fe(py),X, data are
similar to those of Fe(isoq)4X,, only the better quality data
have been fitted when both sets are available. Those fittings
for which the reduced x* value, x,, are less than 3 have been
considered. At A=-100cm™!, only the FeL,Cl,, Fe(py)a-
(OCN),, and Fe(py)4(N3), data can be fitted. The resulting
o?, §? values (<0.7) are considerably smaller than those
which would be expected where A=-100cm™. The solu-
tions found at A =-80, —60, and 40 cm™! are given in Ta-
bles Il and III.  Solutions with o2, 8% > 0.3 and o?, §* < 0.9
are included in the tables. Examination of these tables re-
veals that the A values obtained with g; = O are not signifi-
cantly different from those with 8%/a® = 1.0. In addition,
except for FeLyl, and FeL,Br,, the A values are seen to be
relatively insensitive to the magnitude of X. Typical solu-
tions are compared with the experimental results in Figures
1-5.
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Figure 3. The temperature dependence of the quadrupole splitting
of Fe(py),Cl, and Fe(isoq),Cl,. The continuous line gives a fitting
with A=500cm ™!, A=—-60 cm™?, g% =0.50, g*/a® = 1.0, and
(1/2)e*Qq; = 1.67 mm/sec. The Fe(py),Cl, data are from ref 2.

Table II. Quadrupole Splitting Fitted with the Assumption of an
Axial Perturbation (¢ = 0) and ¢y =0

Compd A, cm™! g* g*/a’
Aj=—80cm™, A | = (B/a)Ap
Fe(py),L,¢ 80-200 0.70-0.30  0.99-0.97
(Fe(is0q),I,)?
Fe(py),I,-2py? 300-400 0.52-0.53  0.86-0.76
Fe(py),Br, 250-350 0.89-0.88 1.14-1.05
(Fe(isoq),Br,)¢
Fe(py).(SCN),¢  250-300 0.73-0.67  1.13-1.07
Fe(py),Cl,@ 350-600 0.76-0.87 1.79-1.11
(Fe(isoq),Cl,)¢
Fe(py),(Ny), 450-650 0.65-0.80 1.58-1.02
Fe(py),(OCN), 500-750 0.53-0.80 1.68-0.95
A ==60, A | = (Bfa)r|
Fe(py),[,© 50-100 0.75-0.31 1.03-1.07
(Fe(isoq),l,)»  —100to—130 0.59-0.44  1.00-0.99
Fe(py),l, -2pye 350-450 0.39-0.45 0.84-0.72
Fe(py),Br, 150-400 0.56-0.70 1.38-1.09
(Fe(isoq),Br,)¢
Fe(py),(SCN), 350-400 0.53-0.55 1.16-1.06
Fe(py),Cl,2 400-650 0.64-0.88  2.20-1.05
(Fe(isoq),Cl,)c
Fe(py)s(N;), 500-700 0.54-0.82  1,79-1.00
Fe(py),(OCN), 600-800 0.50-0.76 1.63-0.89
Ay =—40, A | = (B/o))|
Fe(py).1,2 —170to-200  0.35-0.31 1.00-0.99
(Fe(isoq),I,)?
Fe(py),l;-2py 2 400-450 0.37-0.44 0.80-0.73
Fe(py),Br, 300-450 0.38-0.67 1.56-1.06
(Fe(isoq),Br, )¢
Fe(py),(SCN),¢ 400 0.47 1.17
Fe(py),Cl,2 550-650 0.65-0.81 1.70-1.10
(Fe(isoq),Cl,)¢
Fe(py)s(N,), 550~700 0.53-0.76 1.9-1.0
Fe(py),(OCN), 650-~800 0.48-0.73 1.60-0.92

@ The quadrupole splitting data are from ref 2. ? The Fe(isoq),l,
data can be fitted with parameters similar to those for Fe(py),1, with
small changes in g* and g*/a®. ¢ The Fe(isoq),Br, and Fe(isoq),Cl,
data can be fitted with parameters the same as those for Fe(py),Br,
and Fe(py),Cl,, respectively. .

The crystal structure of Fe(py)s(SCN),'? indicates that the
bond angles in the plane of the four (pyridine) nitrogens
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Table III. Quadrupole Splitting Fitted with the Assumpuon of an
Axial Perturbation (e = 0) and «? =g?

(1/2)e* Qqy,
Compd A,cm™? g? mm/sec
A=A, =—80cm?

Fe(py),1,¢ 60-180 0.90-0.31 -0.02 to -0.04
(Fe(iSOQ)Alz)b
Fe(py),1,-2py® 250-350 0.60-0.62 —0.36 to —0.78
Fe(py),Br, 300-350 0.86-0.87 0.59-0.33
(Fe(isoq),Br,)¢ .
Fe(py),(SCN),¢ 250-350 0.66-0.65 0.53-0.14
Fe(py),Cl,8 400-600 0.48-0.83 2.00-0.52
(Fe(isoq),Cl,)®
Fe(py),(N,), 350-650 0.33-0.74 2.10-0.40

Fe(py),(OCN), 500-750 0.30-0.74 1.58 to —0.15
Aj=A,=-60cm™!

Fe(py),I,® 40-100 0.85-0.32 0.11-0.12
(Fe(isoq),,l,)b —-80to-120 0.69-0.49 0.01 to-0.01
Fe(py),I, 2py% 350-400 0.45-0.50 -0.43 to-0.74
Fe(py),Br, 200-450 0.61-0.80 1,20 to —0.10
(Fe(isoq),Br, )¢

Fe(py),(SCN),¢ 350-400 0.45-0.54 0.46-0.18
Fe(py),Cl,@ 450-600 0.42-0.84 1.99-0.30
(Fe(isoq),Cl, )¢

Fe(py),(N;), 450-700 0.32-0.32 1.89 to —-0.11

Fe(py),(OCN), 600-800 0.35-0.85 1.50 to -0.68
Ap=2A,=—40cm™!

Fe(py),1,¢ -160to =200 0.36-0.31 0.01 to -0.01
(Fe(isog),I,)b

Fe(py),l,-2py% 400-450 0.42-0.51 —0.53 t0o -0.91
Fe(py),Br, 250-450 0.44-0.70 1.46-0.22
(Fe(isoq),Br,)¢

Fe(py),(SCN),¢ 400 0.45 0.37
Fe(py),Cl,@ 450-650 0.37-0.78 2.11-0.40
(Fe(isoq),Cl,)c _
Fe(py)s(N;), 500-700 0.32-0.75 1.76-0.08

Fe(py),(OCN), 600-800 0.31-0.81 1.36 to —0.59

@ The quadrupole splitting data are from ref 2. b The Fe(isoq),I,
data can be fitted with parameters the same as those for Fe(py),I,
but with (1/2)e?Qg; increased by 0.05 mm/sec. ¢ The Fe(isoq),Br,
and Fe(isoq),Cl, data can be fitted with parameters the same as
those for Fe(py),Br, and Fe(py),Cl,, respectively.

3.0+

2.8
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° Felpy)g(N3)p

27560 200 300
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Figure 4, The temperature dependence of the quadrupole spllttmg

of Fe(py),(N,),- The continuous line gives a fitting with A = 600’

ecm™!, A=—-60cm™t, g2 =0.55, 8%/a® = 1.0, and (1/2)e*Qgy = 0.95

mm/sec. . i
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Figure 5. The temperature dependence of the quadrupole splitting

of Fe(py),(OCN),. The continuous line gives a fitting with A =

650 cm~!,A=—-60cm™, 3% =0.42, 8%/a® =1.0,and (1/2)e*Qq; =

1.00 mm/sec.

about the iron deviate from 90°. It is therefore possible that
€ and n; have magnitudes different from zero. For this reason
the data have also been fitted with € large and n = 1.0.

Typical results:obtained with € # O are shown in Table IV.
In general, with A positive, inclusion of a large rhombic dis-
tortion allows the magnitude of A to be increased by as much
as 200 cm™*. When the Fe(L),]I, data are fitted with a rhom-
bic distortion, |'Al can be increased by less than 75 cm™ and
solutions between the positive and negative extremes can be
obtained.

The solutions obtamed with 7; = 1.0 and € # 0 are not sig-
nificantly different from those obtained with n; = 0. Fitting
the data with n; = 1 changes the required magnitude of ¢;
but does not significantly change the range of A and e. The
magnitude of §° is changed by less than 0.10.

Because of the many variables involved, it is impossible to
define the magnitude of A precisely. The major difficulty
arises from the fact that a decrease in the temperature depen-
dence of the quadrupole splitting can be interpreted as either
an increase in A or a decrease in o®. The possibility of a
rhombic distortion also increases the uncertainty in A. These
results indicate a broader range of possible solutions than
were considered in the earlier works."»* In spite of the ambi-
guities in the results, it is possible to draw some conclusions.

The compounds Fe(L)4I, show smaller axial splittings than
the other compounds except possibly the bromides. The
axial splittings in these compounds are all relatively small,
less than 800 cm™ . The relative energies of the eg(7*) orbi-
tals in FeL.4X, are found to follow the order C1™ > Br' =1
The effect is small, with e,(7*, C17) less than 800 cm™" higher
than e,(7*, I7). Near-infrared studies® indicate that the
als(a*) orbitals follow a similar trend: ClI™ > Br~ >1". The
a;4(0*, CI) orbital lies ~3000 cm™ higher than a, (o*, I).
The d orbltals bonded to L behave differently. With the
poss1b1e exception of FeL,l,, the bog(m*, L) (or byy(m, L) if
L is considered as a back-bonding ligand) orbital lies lower
than ey(n*, X°). The near-infrared investigation® shows that
big(0*, L) lies close to or higher than a, (0%, X7). These re-
sults do not necessarily indicate that L functions as a 7 accep-
tor but only that the o- and 7-bonding properties of L are
significantly different.

The wide range of possible solutions makes it difficult to
determine the magnitude of 82 and ¢®. The b, (7*) orbital,
xy, does not interact directly with X~. For this reason, the
magnitude of % should be reasonably constant among the
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Table IV. Effect of a Low-Symmetry Component on the Magnitude
of the Fitting Parameters. The Data Were Fitted with the
Assumptions g2 = «? and A=~60cm™!

A, €, (l/z)equiy

Compd cm™! cm™! g? mm/sec
Fe(py),(SCN), 400 100 0.54 0.20
250 0.55 0.24

500 350 0.66 ~0.26

450 0.63 -0.09

600 500 0.77 -0.74

600 0.72 ~0.45

Fe(py),Cl, 400 50  0.38 2.21
500 100 0.50 1.69

200 0.48 1.77

300 0.46 1.87

600 100 0.73 0.73

200 0.69 0.92

300 0.64 1.13

400 0.59 1.37

700 400 0.81 0.41

500 0.73 0.77

800 600 0.87 0.18

compounds trans-FeL,X,. Assuming € to be relatively small,
it is possible to refer to Tables II and III to determine §2.
Reasonably consistent values are found with §° in the range
of 0.40 to 0.70 with the values becoming somewhat more
consistent as Al is reduced. A relatively low value for A is
consistent with the conclusions of some recent work. John-
son and Ingalls!” have shown Al to be less than 70 cm™ in
FeF,.

Fe(phen),X,. The compounds Fe(phen),X, are thought
to have the cis configuration. Powder X-ray data suggest
the cis structure for some of these compounds.’® No trans
complexes of the form [M(phen),X,]Y have been substan-
tiated.!%2°

Initially it was assumed that these cis complexes exhibit
a (pseudo)tetragonal distortion such as that described by
Ballhausen.?!  For this symmetry n;=0. The data were
fitted in the same manner as that of FeL,X,. Typical
solutions are shown in Table V. Some of these fittings are
compared with the experimental data in Figure 6. Because
of the limited quantity of Fe(phen),Br, data, no fitting was
attempted. However, a comparison of the bromide data to
those of the chloride and thiocyanate reveals no significant
difference among the compounds. The results suggest a posi-
tive axial distortion. No solutions are found with A negative
and e < 400 cm™. Magnetic perturbation experiments on
Fe(phen),Cl, and Fe(phen),(SCN),?* as well as on
Fe(phen),(N3),%* show g to be negative. For a positive
tetragonal distortion (xy ground orbital) or for a negative
distortion with e large, a positive g is expected. The results
are therefore not consistent with this type of distortion.

It has recently been shown that the low-spin iron(III) com-
plex Fe(phen),(CN),* exhibits a trigonal distortion.® It has
also been suggested that the compounds Fe(phen), X, may

(17) D. P. Johnson and R. Ingalls, Phys. Rev. B, 1, 1013 (1970),

(18) W. A. Baker, Jr., and H. M. Babonich, Inorg. Chem., 3, 1184
(1964).

(19) L. H. Berka, R. R. Gagne, G. E. Philippon, and C. E. Wheeler,
Inorg. Chem., 9, 2705 (1970).

(20) L. H. Berka, W. T. Edwards, and P. A. Christian, Inorg. Nucl.
Chem. Lett., 7,265 (1971).

(21) C. 1. Ballhausen, ‘“Introduction to Ligand Field Theory,”
McGraw-Hill, New York, N. Y., 1962, p 107.

(22) W. M. Reiff, personal communication.

(23) 1. G. Cosgrove and R. L. Collins, J. Chem. Phys., 55, 4238
(1971).

(24) W. M. Reiff and R. E, DeSimone, Inorg. Chem., 12,1793
(1973).
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Table V. Quadrupole Splitting of Fe(phen),(SCN), and Fe(phen),Cl,
Fitted with the Assumptions 8% = «® and A = —60 cm™!

A, €, 1/2)e*Qq;,
Compd cm™? cm™? g? mm/sec
Fe(phen), (SCN), 500 0 0.71 0.55
100 0.71 0.56
200 0.70 0.61
600 200 0.90 -0.26
300 0.87 —-0.09
400 0.84 0.08
Fe(phen),Cl, 400 0 0.31 2.24
100 0.31 2.26
200 0.30 2.30
500 0 0.44 1.75
100 0.42 1.78
200 0.40 1.86
300 0.38 1.98
600 300 0.53 1.34
400 0.47 1.57
500 0.42 1.80
700 500 0.61 1.04
600 0.52 1.41
700 0.44 1.72
800 700 0.64 0.90
800 0.53 1.33
34
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Figure 6. The temperature dependence of the quadrupole splitting
of Fe(phen),X, (X~ =Br", CI-, SCN"). The top line shows the
Fe(phen),Cl, data fitted with A=500cm™", e=100cm™, A=
~60 cm™!, g2 =0.42, g*/a? = 1.0, and (1/2)e*Qq; = 1.78 mm/sec.
The bottom line shows the Fe(phen), (SCN), data fitted with A =
500cm™*, e=100cm !, A=—60 cm™!, g2 =0.71, g*/a® = 1.0, and
(1/2)e*Qg; = 0.56 mm/sec.

exhibit trigonal distortions.?> The observed positive A and
negative ¢ are consistent with a trigonal distortion (z? ground
orbital).

For a trigonal distortion from octahedral symmetry the
approximation 7, = O no longer holds. The data should there-
fore be refitted with an appropriate value for ;. However, it
is impossible to estimate ; in this symmetry since the effect
of the trigonal distortion from octahedral symmetry on the
temperature-independent or “lattice” components cannot be
predicted. The data were refitted for various values of 7; and
also for the case ¢; = 0 with the product ng; large. The cho-
sen value for 7 is found not to have a significant effect on the
magnitudes of A and e which will give a reasonable fit. The
chosen value for 7 does have a significant effect on the mag-
nitude of §2. In particular, the Fe(phen),Cl, data can be

(25) W. M. Reiff, Coord. Chem. Rev., 10, 37 (1973).
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fitted with §° values as large as 0.85. The results presented
in Table V represent reasonably well the range of possible
A and € but give a misleading view of the magnitude of ?,

The results obtained for both FeL,X, and Fe(phen),X,
reflect a substantial degree of ligand-t,, metal orbital interac-
tion. Most of the fittings require I\| <80 cm™ and
82 < 0.8. A consistent interpretation of the results requires
that both of these parameters take on lower values. The
theory employed should be discussed in terms of this signifi-
cant ligand-metal interaction. The model assumes that
“covalency” effects on the t,¢ metal orbitals can be treated
simply as an expansion of the free-ion orbitals. - In other
words “covalency” effects are treated simply as a reduction in
the parameters A and §2, o®>. The angular part of the wave
function is assumed to be the same as the free-ion wave func-
tion. Inview of the fact that the quadrupole splitting is sen-
sitive only to that part of the wave function close to the nu-
cleus (the quadrupolar interaction is proportional to {r3))
this would appear to be a reasonably good approximation.
However, the results presented here must be considered in
view of this assumption. - ,

Magnetic Susceptibility. The average magnetic susceptibili-
ties of these compounds have been investigated -over the
range 20-300° by Long and Baker.?® The data were fitted
in terms of a model which assumed axial symmetry. The
fitting parameters obtained for Fe(isoq)4l,, Fe(isoq)4Br,,
Fe(is0q)4Cl,, Fe(py)als, and Fe(py)4Br, are in qualitative
agreement with those presented here with A(C17) > A(Br")
>A(I"). Quantitative agreement is found only for
Fe(is0q)4Cl,. )

(26) G. J. Long and W. A. Baker, J. Chem. Soc. 4, 2956 (1971).

Inorganic Chemistry, Vol. 13, No. 3, 1974 649

An attempt was made to find better agreement by intro-
ducing the thombic distortion parameter, e, in the analysis
of the susceptibility data. The magnetic susceptibility was
calculated in terms of A, ¢, and the “orbital reduction fac-
tor,” k, by employing methods which have been described
previously.?” Introduction of this parameter was found not
to improve agreement. Employing the parameters given in
Tables II and III and a consistent spin-orbit coupling con-
stant, it was found possible to reproduce qualitatively the
data of Fe(isoq)4l;, Fe(isoq)4Br,, and Fe(is0q)4Cl;. This
procedure gives the higher magnitudes and greater tempera-
ture dependence expected for uee; when the trend from the
chloride to the iodide is followed. - Exact agreement is not
found, however. In view of the problems associated with the
analysis of the magnetic susceptibility data which were dis-
cussed by Long and Baker,? it may be that exact agreement
is not expected.
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A number of cations containing Fe-Sb ¢ bonds of the type [X,Sb(Fe(CO),(r-C;H/)), 1" X =Cl, Br, I, CF,, C,H;, n-
C,H,; n =1~3, but not all combinations), some of which have been prepared for the first time, have been studied viz $'Fe
and *2!Sb Mossbauer spectra. These compounds are nominally isoelectronic with the extensively investigated neutral tin

derivatives X,,Sn(Fe(CO),(m-C,H,)), _n.

The 1#18b isomer shifts fall between the ranges of values typically associated with

Sb(III) and Sb(V); hence assignment of a. formal oxidation state for antimony in these compounds has little justification.
For [R;SbFe(CO),(n-CH;)]* (R =n-C H,, C,H,) the 121Sb quadrupole coupling constant (e*>qQ)gy, is positive, whereas
(e*qQ)sn is negative in (n-C,H,),SnFe(CO), (n-C,H;). Isomer shift data for 5'Fe, !1?Sn, and 12! Sb suggest that Fe~Sb =
bonding is of more importance than Fe-Sn = bonding, The fact that Sn and Sb are essentially isoelectronic and that $7Fe
Mossbauer parameters are very similar in corresponding tin and antimony derivatives indicates that the positive charge in

the latter complexes is not extensively delocalized onto the ligands.

Introduction : ;

The nature of heteronuclear metal-metal bonds has been
the subject of much recent discussion, particularly in com-
pounds where a group IV element is bonded to a transition
metal such as manganese, iron, or cobalt. Compounds con-
taining Fe-Sn bonds have been rather extensively studied by
Mossbauer spectroscopy,!™® where use of both 57Fe and 11°Sn
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resonances has led to valuable insights concerning the nature
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