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The ground electronic state [2Esg(aig)?(es)?] of the ferricenium ion has been further characterized by a variable-temperature
(40-300°K) magnetic susceptibility study of nine ferricenium and two analogous iron(III) dicarbollide (1,2-ByCyH ;2 7)

compounds.

The observed temperature independence of the effective magnetic moments for these ferricenium compounds

is explicable in terms of either a temperature-dependent, low-symmetry crystal field distortion (external and/or internal)

or thermal population of the 2A;,(a;,) (es5)* state.
cenium ion are appreciable.

Introduction

The electronic structure of the ferricenium ion has
been a subject of continuing interest. Theoretical
molecular orbital investigations!? have provided some
insight into the bonding of the ferricenium ion but are
not reliable as a means of characterizing the fine details
of the ground and lowest electronic states. Unfor-
tunately, the electronic absorption spectrum of the
ferricenium ion is complicated®—® and to date has
yielded little detailed electronic structural information.

The esr studies of ferricenium compounds by Prins
and Reinders® and analogous iron(III) dicarbollide
compounds by Maki and Berry” have been of greatest
value in elucidating the ground electronic configuration
of these systems. Both of these low-temperature esr
studies have indicated, on the basis of a highly aniso-
troplc g tensor, that the ground state of the ferricenium
ion is a ZHs (a1,)%(es,)? state which is split into two
Kramers doublets by spin-orbit coupling and crystal
fields of symmetry lower than D;. Here the spin—orbit
interaction and low-symmetry distortion were found
by an analysis of their data to be comparable in magni-
tude. Contrary to these reports, Saito? has obtained
an essentially isotropic g tensor for a species believed to
be ferricenium ion produced by v irradiation of ferro-
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Solvent and counterion effects on the magnetic properties of the ferri-

cene. In connection with Saito’s report it is of inter-
est that German and Dyatkina® have demonstrated
theoretically that a nearly isotropic g tensor would re-
sult if the ferricenium ion were experiencing a large
Jahn-Teller distortion (~13 times the spin—orbit inter-
action).

We have recently communicated®s certain results of
variable-temperature magnetic susceptibility studies
which further characterize the ?E,, ground state of the
ferricenium ion. In this paper we will expand on this
communication; new magnetic susceptibility data will
be presented for some substituted ferricenium com-
pounds as well as for two iron(III) dicarbollide com-
pounds. A brief discussion of the effects of ring sub-
stitution and anion environment on the magnetic prop-
erties of the ferricenium ion will be given.

Experimental Section

Compound Preparations.—Ferrocene (Eastman Kodak) was
purified by recrystallization from ethanol, followed by sublima-
tion. Chemically pure (Research Inorganic Chemicals) mono-
and 1,1’-dibutylferrocene were used without further purification.
Phenylferrocene was synthesized by Broadhead and Pauson’s
recipel® and recrystallized from »-hexane (mp 111°, lit. mp 109-
110°). All other chemicals were reagent grade unless specified.
All chemical analyses were performed by Schwarzkopf Micro-
analytical Laboratory. )

Samples of [Fe(05H5)z]Ia, [Fe(ﬂ—C4chsH4)(05H5)]Is, and
[Fe(CeH:C:H,4)(C:H;)] 1. were prepared by mixing 1 mmol of
ferracene or substituted ferrocene with 2.5 mmol of iodine, both
dissolved in cyclohexane. The resulting dark red precipitate was
recrystallized from nitromethane. A4nal. Caled for [Fe(CsHs)s]-
I;: Fe, 9.85; I, 67.17. Found: Fe, 9.66; I, 67.52. Caled
for [Fe(n-CiHoC:H,)(CsH;)]13: Fe, 8.97; I, 61.12; C, 27.00;
H, 2.91. Found: Fe, 9.18; I, 61.11; C, 26.64; H, 2.95.
Caled for [Fe(CeH;CsH4)(C:H;)] Lt  Fe, 7.26; 1,65.95; C, 24.36;
H,1.83. Found: Fe,7.36; I,63.86; C,24.36; H, 2.11.

Samples of [Fe(C5H5)2] (CsH2N307) a_nd [Fe(n-C4H9C5H4)-

(9) E.D. Germanand M. E. Dyatkina, Zh. Strukt. Khim., 6, 898 (1965).
(10) G. D. Broadhead and P. S. Pauson, J. Ckem. Soc., 367 (1955).
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(C:H;)] (CeHaN;0;) were prepared using the method of Pavlik
and Klikorka.! Ferricenium picrate could also be made by
mixing 1 mmol of ferrocene in 50 ml of benzene with 30 ml of
benzene in which 2 mmol of p-benzoquinone and a large excess
of picric acid had been dissolved. Anal. Caled for [Fe(CsH;)ol-
(CeH:N307): Fe, 13.47; C,46.40; N, 10.15; H, 2.92. Found:
Fe, 13.67; C, 46.11; N, 10.33; H, 3.05. Calcd for [Fe(n-
CyHoCsHy)(CsHs)] (CsHeN3O7): Fe, 11.88; C, 51.08; N, 8.94;
H,4.29. Found: Fe,11.72; C,51.29; N,8.67; H,4.26.

The hexafluorophosphates [Fe(C;H;):]PFs, [Fe(n-C;H,C:H,)-
(CsH;)] PF¢, and [Fe(n-C,HoC;H,),] PF; were prepared from ferri-
cenium sulfate solution by precipitation with a fourfold excess
of (NH4)PF, dissolved in a minimum of water. The resulting
precipitates were dried over P4Oy. Ferricenium hexafluorophos-
phate could also be made by mixing concentrated solutions of
ferricenium tetrafluoroborate and ammonium hexafluorophos-
phate. Anal. Caled for [Fe(CsH;):]PFe: Fe, 16.87; C,
36.29; F, 34.44; H, 3.05. Found: Fe, 16.88; C, 36.23; F,
34.17; H, 3.07. Caled for [Fe(n-C,HoCsH4)(CsH;)|PFs: Fe,
14.43; C, 43.44; F, 29.45; H, 4.69. Found: Fe, 14.57; C,
43.20; F, 29.34; H, 4.53. Calcd for [Fe(n-CiHyC:;Hy)}PFs:
Fe, 12.60; C, 48.78; F, 25.72; H, 5.91. Found: Fe, 12.62;
C,48.86; F,25.50; H, 5.88.

A sample of [Fe(C;H;):]BF,; was prepared by oxidizing ferro-
cene in (C.Hj;),0 with p-benzoquinone in the presence of HBF,.
A 30-ml (CoHj5),0 solution of ferrocene (1 mmol) was mixed with
30 ml of an etherial solution of p-benzoquinone (2 mmol) and
tetrafluoroboric acid (4 mmol, 509, aqueous solution). The
resulting blue precipitate was filtered and washed thoroughly

with ether. Amal. Calcd for [Fe(C;H;)o[BFs: Fe, 20.47; C,
44.02; F, 27.85; H, 3.69. Found: Fe, 20.64; C, 44.18; T,
27.56; H, 3.92.

[(CH;):N] [(7-(3)-1,2-B,C;H; .Fe] and Fe(C;H;)(m-(3)-1,2-By-
CyHi).—The method of Hawthorne, et al.,*? was used in the
preparation of these compounds. Purification was accom-
plished by three recrystallizations from acetone-water or two
from cyclohexane-benzene. Anal. Caled for [(CH;3)N]{(DCB ).-

Fe]: Fe, 14.15; B,49.29; C,24.34; N, 3.55; H,8.68. Found:
Fe, 14.06; B, 48.74; C, 24.49; N, 3.62; H, 8.58. Calcd for
Fe(cp)(DCB): Fe, 22.04; B, 38.40; C, 33.19; H, 6.37.

Found: Fe, 22.08; B, 38.27; C,33.42; H,6.57.

Magnetic Measurements.—A Princeton Applied Research
FM-1 vibrating sample magnetometer, coupled with an Andonian
Associates liquid helium dewar, was used in the determinations
of the magnetic susceptibilities of solid materials. Tempera-
tures were measured using a copper—constantan thermocouple;
the insensitivity of this thermocouple at very low temperatures
necessitated the reporting of magnetic susceptibility data only
down to 40°K (here the accuracy of a single measurement is
ca.109,).

Room-temperature effective magnetic moments (ca. 39, ac-
curacy) for solids were measured vs. CuSQy-5H,0 standard on
the FM-1 magnetometer. These were used to convert the rela-
tive machine data resultant from liquid nitrogen runs (300-80°K
in 2 hr) and indirectly the relative machine data from liquid
helium runs (40-125°K in 1 hr). Duplicate determinations
were made for freshly prepared samples of each compound in
each range. Time studies of various solids showed no indica-
tion of decomposition. Empty-holder diamagnetic corrections
were applied throughout the whole temperature range.

The Evans nmr method!® was used to measure the room-tem-
perature (i.e., the ambient probe temperature was 42°) solution
magnetic moments. A Varian A-60 spectrometer was used.
Both Fe(cp):* and Fe(n-CiHgep)(cp*t) were prepared in situ
by oxidizing the appropriate ferrocene (~3 mmol) with 1 il of
concentrated H,80, and then diluting to 25 ml with H,O con-
taining ~29, fert-C,HOH. Filtration (and in the case of the
butyl-substituted compound extraction with benzene) preceded
the nmr measurements. A dilute sulfuric acid solution of [Fe-
(cp )el BF; was also used to determine the solution effective mag-
netic moment of the Fe(cp):* ion. 1In all cases the concentration
of the ferricenium ion was measured optically. Density correc-
tions!? were also applied. Solution stabilities were checked by
monitoring the visible spectra; no apparent indication of de-

(11) T. Pavlik and J. Klikorka, Collect. Czech, Chem. Commun., 80, 664
(1965).

(12) M. F. Hawthorne, D. C. Young, T. D. Andrews, D, V. Howe, R. L.
Pilling, A. D. Pitts, M. Reintjes, L. F. Warren, Jr., and P. A, Wegner, J.
Amer. Chem. Soc., 90, 879 (1968).

(13) D.F. Evans,J. Chem. Soc., 2003 (1959).
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composition was evident for these ferricenium ions over the time
period of the susceptibility measurements.

Theory

The 2Eg,(a1,)%(egy)® state of the ferricenium ion is split
into two Kramers doublets [E’" and (A’, A’)] under
the influence of spin—orbit coupling. Crystal fields of
symmetry lower than D; mix these two Kramers dou-
blets; wave functions (hole formalism) and energies for
the resulting two Kramers doublets have been given,’
as shown by

a _ N(e2g+ + g‘ezg_)a o ”

tl’:l: - ‘N(e2g_ + §e2g+)6 W(l//i ) = _(gZ + 52) /
Nlegy™ — .t 1

Vil = ‘NEZ; - ?Z;-ig W) = + (& + 0¥

Here the mixing parameter ({), spin-orbit coupling con-
stant (§), and low-symmetry distortion parameter
(8) are the same as defined previously.”

The symmetry of the ferricenium ion will be taken as
Dy, with the 2z axis as the fivefold axis. To calculate
the parallel (x) and perpendicular (x ;) components of
the paramagnetic susceptibility we introduce the per-
turbations BH.(L, + 235,) and 8H.(L, + 23,) = 8H,-
(L, + 28,), respectively. The resulting secular equa-
tions are solved for the eigenvalues, which are then used
to evaluate the parallel and perpendicular components
of the paramagnetic susceptibility of the ferricenium
ion by Van Vleck’s formula!*

2
Yo = o T (onlL + 28 )* +
)

(<‘l’n‘.La + 2Sa¢0m>>2}
2an§0 FA—

The « component of the magnetic susceptibility tensor

X 18 evaluated by summing the appropriate expecta-

tion values over the m components of the ¢, ground

state (with degeneracy wy) and the z excited states
e

’ Considering only the two Kramers doublets from the

ferricenium *Ep, ground state, we find for the lower

doublet ¢ ..°
Nge 28’ (1 — )\
xi(¥=") = ;%Rl + W) +
1652 %(RT) ]

(& + )71 +

o @[ 4 RT(L = {9)° ]
XJ.(‘[’:E) = BT (1 + {2)2 (1 + 5—2)2@2 + 52)%

Here the symbols {, £ and § are again as defined ear-
lier” Operation with the angular momentum operator
has introduced the orbital reduction parameter &'.
We have neglected admixtures of states outside the two
lowest energy configurations [(aig)%(e2g)® and (aig)'-
(egg)¢] as was domne previously .’ Incorporation of such
second-order effects for the ferricenium ion has been
found to be minor.® The difference in energy, 2(¢2 +
8?)": between the lower Kramers doublet ¢ .° and the
upper doublet .. is too large to have appreciable popu-
lation in Y+’ even at room temperature®”® Thus

(14) J. H. Van Vleck, “The Theory of Electric and Magnetic Suscepti-
bilities,” Oxford University Press, London, 1932.
(15) E. D. Germanand M. E, Dyatkina, Zh. Strukt. Khim., T, 868 (1966),
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the above susceptibility expressions are appropriate
for the ferricenium ion.

The average magnetic susceptibility (x) and the
effective magnetic moments (u.s;) are readily found as

1
X = ‘g(Xu + 2x.1)

Meif = 2.828()(’..71)1/2

The effective magnetic moment, g, of the ferricenium
ion, assuining a 2Eg, ground state, would be expected
then to be dependent on temperature (see Figure 1), the

30 — T :

2.8}— 8= 150 cm~! ]

Meff (B.M.)

Ind
-

22 ! | o i | 1
0 100 200 300 400

TEMPERATURE, T(°K}

Figure 1.—Theoretical effective magnetic moment (ues) s.
temperature curves for ¥.%(?E,,) ferricenium ground state ex-
periencing different low-symmetry distortions §. In all cases the
orbital reduction parameter 2’ = 0.80.

low-symmetry distortion paraineter (8), and the orbital
reduction factor (k’). The mixing parameter, ¢, de-
pends on the ratio of & and £; the latter is given by ¢ =
—k’, where & is the one-electron spin—otbit coupling
constant of a free iron atom.” In Figure 1 it can be
seen that as the low-synimetry distortion increases, the
effective magnetic moment decreases. Even further;
the temperature dependence decreases as 8§ increases;
if 8 is taken to be very large, as assumed by German and
Dyatkina,® the effective magnetic moment approaches
the spin-only value and is found to be temperature inde-
pendent. Thus, the magnitude and the temperature
dependence of the moment will be useful in character-
izing the ground-state manifold of the ferricenium ion.

In anticipation of the Results the above susceptibility
expressions for the ferricenium ion will be modified to
account for two possibilities. As depicted in Figure 1,
iert for the ferricenium ion is sensitive to changes in the
component of the low-symmetty crystal field which
affects the 2Eg, manifold, that is, 8 = (eg,*|Hes'less™).
If § increases with increasing temperature, it is possible
to select the temperature functionality of & such that
the pe for the ferricenium ion would be essentially
temperature independent, while still maintaining a
value far in excess of the spin-only value.

Another means of securing a temperature-indepen-
dent pe: is the introduction of a low-lyinig electronic
state. Thermal population of the 2Ay,(a1,) (eg,)* statel®

(18) The proximity of the 2Ez; and 2Aig states in theé ferricenium jon has
been alluded to briefly in ref 5a; further details will follow in another paper.
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at the higher temperatures would have the desired
effect. The magnetic susceptibility expressions then
appear as

_ Xa[¥£*(*Bgg)] + e_AE/kTXa(zAlg)

Xea 1 + e——AE/kT

where x, is either the parallel or perpendicular com-
ponent of the susceptibility, AE = AE[?A,, —
¥2°(®Eqg,) ], and the susceptibilities of the 2Ay, state
are those of a spin-only state
Ng?
x1CA1e) = xi(A1g) = 7=

It should be noted that there are no nonzero matrix
elements between the %Ay, and 2Eg, states as a result of
spin-orbit interaction. If AE ~~ kT, thermal popula-
tion of the 2A,, state will dramatically affect the shape
of the pe vs. T curve at higher temperatures; pe can
become essentially independent of temperature under
these conditions.

As pointed out by Maki and Berry” there is a further
complication to be considered when the ?E,, and %Ay,
states are nearly degenerate. Components of the low-
symmetry crystal field will mix the ?E,, and A, states
introdiicing another distortion parameter ¢ = {eg,™-
|3¢'jayg). The data at our disposal are not sufficient to
include this configuration interaction, but we recognize
that our parameter evaluation (8, %', and AE) in the
thermal population model is riot unique.

Results and Discussion

Room-Temperature Measurements.—Room-tem-
perature magnetic susceptibility measurements were
completed for nine ferricenium and two iron(III)
dicarbollide (i.e., ByC:Hyu?™) solid compounds. The
requisite ligand and counterion diamagnetic corrections
were obtained either from direct measurement or from a
table;” the results are given in Table I. These dia-

TABLE I
VARIOUS DIAMAGNETIC CORRECTIONS USED IN THE
TREATMENT OF EXPERIMENTAL DATA

Diamagnetism Diamagnetism

Species (X 108), cgsu Species (X 10%), cgsu
PF,~ —23.00 I~ —184.1b
BF,~ —122.0° Felcp)e —125.0¢
pic™ —147.6 Fe(n-CyHgep)(cp) —172.44
Co(DCB),~ —257.1%¢  Fe(n-CiHucp) —219.84
(CH3)4N+ —60.32 Fe(CeHscp)(cp) —172.74
I~ —139.5°

@ Determined by direct measurement of appropriate com-
pound. ¢ Taken as xm(Is~) 4 /oxm(lz), the latter value from
tables.”” ¢F, Englemann, Z. Naturforsch. B, 8, 775 (1953).
¢ Taken as xm{ferrocene) 4+ xm(substituent), the latter value
from tables.”” ¢ This value is used as a diamagnetic correction
for the Fe(DCB ), ™ calculation.

magnetic corrections were used in the calculations of
the room-temperature effective magnetic moments for
the compounds listed in Table II. Values obtained
previously by other workers are included. Here we
also give the 42° nmr solution moments for the Fe(cp).+
and Fe(n-CHgcp) (cp) * ions in dilute sulfuric acid.
The room-temperature moments of the low-spin d®
iron in these ferricenium and dicarbollide complexes
range from ~2.3 to ~2.6 BM. This degree of devia-

(17) J. Lewis and R. G. Wilkins, ‘“Modern Coordination Chemistry,”
Interscience, New York, N. Y., 1960.
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TABLE II
R0OOM-TEMPERATURE EFFECTIVE MAGNETIC MOMENTS
FOR VARIOUS FERRICENIUM AND ANALOGOUS COMPOUNDS
Compd?® Hett (298°K), BM
[Fe(cp):] PFe .62
[Fe (cp)]plc .60, 2.26°
[Fe(cp)e) Iy .47,2.34 £ 0.12¢
[Fe(cp)z]BF4 44, 2,494
[Fe Cp)z]ClO4 .349
[Fe(n-CiHoep)(cp)]PFe
[Fe(n-C:Hyep)(cp)] pic
[Fe(n-CiHeep)ep)l1s
[Fe(n-CsHocp )] PFs
[Fe(CeHsep )(cp)l Ly

(CHg)iNFe(DCB)z

Fe(DCB);~(soln )/

Fe(DCB)(cp)/

[(CH;)uN]{Fell,2-ByHoCo(CH;)al}

Fe[l1,2-ByHoCo(CHj )zl (soln)

Fe(cp):T(soln)

[Fe(cp):) BFy(soln) . 48"

Fe(n-CsHycp)(cp) = (soln) . 38"

@ All compounds afe solids unless otherwise stated. b G.
Wilkinson, M. Rosenblum, M. Whiting, and R. B. Woodward,
J. Amer. Chem. Soc., 74, 2125 (1952). ¢F. Englemann, Z.
Naturforsch. B, 8, 775 (1953). ¢ G. Stolzle, Dissertation, Uni-
versity of Munich, 1961, ¢J. S. Little, P. S. Welcker, N. 7J.
Soy, and S. J. Todd, Inorg. Chem., 9, 63 (1970). 7/ DCB =
1,2-ByC,H 2~ ¢ From ref 12; magnetic moments measured in
acetone solution. * Measured in dilute HeSOs by Evans’ nmr
method,? at an ambient probe temperature of 42°.

.99¢
31

k\’JI\DE\'J»—ﬂl\')K\’JN)I\DI\')i\')I\Z)l\DlOI\DMI\DI\DK\’J
(%23
el

tion from the spin-only value of 1.73 BM establishes
the ?Eg, ground state for the ferricenium ion, in agree-
ment with two esr studies,®? and shows that the low-
symmetry distortion (or Jahn—Teller) is not as large as
was assumed by German and Dyatkina.® If the dis-
tortion were so large, the orbital contribution to the
magnetic moment would be quenched leaving an essen-
tially spin-only value for ue; Sufficient precautions
were taken to rule out the alternative possibility of a
A4, ground state with paramagnetic impurities.

The solution moments measured for the two different
ferricenium ions are relatively low. In the case of two
iron dicarbollide complexes both solid and solittion mo-
ments are known and the latter are appreciably smaller.
These data suggest that in solution the ferricenium ion
is much more significantly distorted than it is in the
solid (see Figure 1).

Sofne evidence for solvent interaction with ferricen-
ium complexes was found in the nmr experimentation.
In our application of the nmr method for solution mag-
netic moments feri-C.H,OH (29, in H.O) was used as
the monitor of the bulk susceptibility of the solution.
We have found that for aqueous solutions of Fe(cp),™
and Fe(n-CiHqep)(cp) ™ the shift in the water peak
greatly exceeded (~709,) that observed in the tert-
CiHOH peak. Close radial (i.e., xy plane) approach
would result in a pseudocontact interaction causing a
larger peak shift for the water protons. Thus there is
clear indication of a specific interaction of water with
the ferricenium ion. Our conclusion is further sup-
ported by evidence which shows that the aqueous ferri-
cenium ion is bound by certain carboxylic acids.!
It appears that in solution the ferricenium ion is coor-
dinated to a solvent molecule and that this coordination
results in a distortion greater than that experienced in
the solids. Any consideration of the temperature de-
pendence of the solution ues or other magnetic property

(18) T. D.Smith, J. Inorg. Nucl. Chem., 14, 290 (1960).
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(e.g., pseudocontact nmr shift) of the ferricenium ion
would require a careful evaluatiorn of this effect.
Variable-Temperature Measurements.—Variable-
temperature magnetic susceptibility studies in the
range of 40-300°K resulted in the pe vs. T curves de-
picted in Figures 2-5. In the case of four compounds,

28 T T T T T T T
26 - -
o) <]
N | 08970 |
=
2
= 24 -
©
3, L -
o
22 n o an nooh |
o
2 1 1 1 1 ] 1
20 o] 100 200 300 400

TEMPERATURE , T (°K)

Figure 2.—Curves of the effective magnetic moment {(uesr) vs.
temperatire for two iron(III) dicarbollide (4.e., 1,2-ByCoHy?~ =
DCB?~) compounds: O, [(CH;kN][Fe(DCB)]; 0O, Fe(cp)-
(DCB). The solid line is a theoretical curve for the thermal
population model with § = 240 ecm™! and AE [E'(*Ay) —
Y17 (*Ey,)] = 520 em L

25 FF 1

=< =

L oy (BM)

A b
AAASL
26 2 -
00000 Ooo‘
)

1 ] ! 1 L i 1
24 o] 100 200 300 400

TEMPERATURE,T (°K)

Figure 3.—Curves of the effective magnetic moment (uess) vs.
temperature for three different ferricenium hexafluorophosphates:
T, [Fe(n-CiHoCsH,y)]PFs; A, [Fe(CsH;)|PFe; O, [Fe(n-
CiH(CsH,)(CsH;)]PFe.  The solid lines are theoretical curves for
the thermal population model: a, § = 180 cm~! AE = 540
em~l; b, =160cm™!, AE = 400cm 1

data were only collected down to S80°K. It is clear
from these figures, however, that all 11 ues ws. T curves
have essentially the same shape. Ring substitution
and counterion interchange have the effect only of dis-
placing the curve for a particular compound to higher or
lower effective magnetic moment. Thus mhonobutyla-
tion leads to a ~0.1-BM change for the hexafluorophos-
phates (see Figure 3), whereas, 1,1’-dibutylation leaves
the moment essentially unchanged. It seems that the
more asymmetric the ion as a restlt of substitution, the
more pronounced is the change in pes. Monobutyla-
tion in the picrate and triiodide series (see Figures 3 and
4) gives the samie order of change in u.y as observed for
the hexafluorophosphates. Unfortunately, we were
not able to prepare the disubstituted ferricenium picrate
and triiodide compounds. Total interchange of the
dicarbollide ion for the cyclopentadienide ion results in
no dramatic change (compare the position of the curve
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for the bis-dicarbollide compound in Figure 2 with those
for various unsubstituted ferricenium salts in Figures
3-5). Replacement of one of the cyclopentadienyl lig-
ands by dicarbollide, giving the nonionic compound
Fe(cp)(1,2-ByCeHy), results in a low magnetic moment
(see Figure 2). Since this is the only nonionic d?

T 1 T T T T T
ool e
261 BB = L] 4
ja)
= K o b -
= (*) [e2e}
2t 1
by s <
L'} = P
3 L 4
AA ¢
24 -
X
H 1 ! i 1 L 1
22 0 100 200 300 400

TEMPERATURE, T(°K)

Figure 4.—Curves of the effective magnetic moment (uess) vs.
temperature for three ferricenium salts: O, [Fe(CsH;)pic;
O, [Fe(n-CH CsH,)(CsHs)]pic; A, [Fe(CsH;):]BFs. The solid
lines are theoretical curves for the thermal population model:
a,8 = 200 em~}, AE = 460 cm™!; b, 5 = 330 ecm™1, AE = 400
em™Y ¢,8 = 330 em™!, AE = 380 cm~!. The X represents the
#ett obtained by esr in ref 6 for frozen DMF and acetone solutions
of [FC(C5H5)2]BF4.
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Figure 5.—Curves of the effective magnetic moment (uets) vs.
temperature for three ferricenium salts: O, [Fe(n-CH,Cs;Hi)-
(CsHa)]Is; O, [Fe(C5H5)2]Ia; A, [Fe(C5H5C5H4)(C5H5)]I4. The
solid line is a theoretical curve for the thermal population model
with 8§ = 330 cm~! and AE = 400 em~!. The X represents the
wett Obtained by esr in ref 6 for frozen DMF and acetone solutions
of [Fe(C(,Hs)z]Ia.

ferricenium-like complex considered, it is reasonable to
suggest that the low moment is due to a distortion
caused by packing the asymmetric molecule into the
crystal.

The solution moment (Table IT) determined for the
ferricenium ion is essentially that found for either
[Fe(cp)2]BFu(s) or [Fe(cp):]ls(s). It appears that the
distortion felt by the ferricenium ion in solution is the
same as that in the triiodide and tetrafluoroborate sol-
ids. Prins and Reinders® measured the esr spectra for
these same two solids in frozen solutions of dimethyl-
formamide and acetone at 20°K. Their g values give
pett = 2.36 BM at 20°K for the ferricenium ion; it is
thus not surprising that this u.s value fits on our s s.
T curves for both [Fe(cp):]BFi(s) and [Felcp)2]ls(s)
(see Figures 4 and 5).
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From Figures 1-5 it can be seen that we are dealing
with ferricenium ions or iron(III) dicarbollide ions
which are seemingly experiencing low-symmetry crystal
field distortions (8 = (es,*|Heit'le2,™)) in the range of
~200-300 ecm—!. Distortions of this magnitude would
be difficult to detect in an X-ray structure determina-
tion. X-Ray structure determinations have been re-
ported for two ferricenium salts, [Fe(cp):}I5!® and [Fe-
(cp)zlpic.® 1In both cases it was not even possible to
give a good description of the cyclopentadienide ring
conformations. Some evidence for distortion of the
ferricenium ion has been obtained, however, in an in-
frared study of a series of ferricenium salts.?!

A comparison of the experimental ueg; vs. T data (Fig-
ures 2-5) with the theoretical curves (Figure 1) gener-
ated for the ?E,, ground state ferricenium ion experi-
encing a temperature-independent, low-symmetry dis-
tortion (8) is instructive. Theoretically ues should in-
crease with increasing temperature, but experimentally
west 18 found to be relatively temperature independent.
In the Theory two different modifications of the theo-
retical susceptibility expression were proposed to give a
temperature-independent uoy. Perhaps the simplest
approach would be to take § as temperature dependent.
From Figure 1 we can see that if ¢ increases with in-
creasing temperature the experimental curves can be fit.
Thus as the crystal expands with increasing tempera-
ture, the low-symmetry distortion increases, possibly
due to increased motion of the cyclopentadienyl! rings.

The second modification of the susceptibility expres-
sion given in the Theory involves consideration of the
low-lying 2A,, state.'® If this state becomes thermally
populated as the temperature increases, a temperature-
independent u. could result. Assuming ¢ = 0 (see
Theory), theoretical curves (see Figures 2-5) have been
visually fit to the experimental data for seven of the
compounds. We have elected to assume the same or-
bital reduction parameter (° = 0.80) in each case.
Within the framework of this thermal population model
the distortion parameter § for these seven compounds
varies from ~160 to ~330 cm~!, whereas AE[?A;, —
¢+*(*Es,) ] varies from ~380 to ~540 cm~!. The
variation in § is well outside the range of experimental
uncertainties; the distortion seems to reflect changes in
the anion environment mainly, where small anions and
water solvent molecules cause the larger distortions.
Thus changing the anion from PFs~ to the relatively
small BF,~ results in a difference of ~0.2 BM in e
for the unsubstituted ferricenium ion.

In summary, it is clear that the experimental mag-
netic susceptibility curves obtained for various ferri-
cenium compounds cannot be explained by considering
only the two Kramers doublets from the %E,, ground
state with a temperature-independent distortion 6. It
is necessary to introduce 8(7") or thermal population of
the 2A;, state to explain the relative temperature inde-
pendence of ue;. We are undertaking spectroscopic
studies and single-crystal susceptibility measurements
in an attempt to distinguish between these possibilities.
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