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Hexafluorophosphate and trichloroacetate (TCA-) salts of tlecamethylferricenium (DecaMFc+), 1 ,l'-dimethylferricenium 
(DMFc+), and 1,l'-trimethyleneferricenium (TMFc+) ions are studied with Raman, infrared, electronic absorption (20°K), 
and epr (12OK) spectroscopies. Raman and infrared data give the low-energy vibrational frequencies for the 2E2g ground 
states of the substituted ferricenium systems and these are compared with the corresponding frequencies for the 1Aig ground 
states of the substituted ferrocenes to ascertain qualitatively the relative importance of the e2g(dXz-p, dxy) orbital in ring-metal 
bonding. Resonance-enhanced symmetric ring-metal-ring stretches (v4) are seen in the Raman spectra a t  304 and 307 
cm-1, respectively, for the PF6- and TCA- salts of unsubstituted ferricenium ion and it is concluded that the e2g orbital 
has little bonding involvement. Precession photography for (DMFc+)(TCA-).TCAA shows that the DMFc+ cation has 
its two rings situated such that the two methyl groups are po!iitioned as far apart as possible; resonance Raman enhancement 
is only seen for ~4 at 322 cm-1. In contrast, the methyl groups in DMFc+PF6- are eclipsed leading to resonance enhancement 
for v4 at 327 cm-1 and for the C 4 H 3  deformation band at  2tll cm-1. TMFc has as strong features in the Raman spectrum 
a dominantly ring-metal-ring symmetric stretch at 329 cm-1 and a "ring-torsion" mode at  246 cm-1, while the corresponding 
bands for (TMFc+)(PFs-) are 316 and 218 cm-1, respectively, and for (TMFc+)(TCA-).2TCAA are 311 and 216 cm-1, 
respectively. Some e2g bonding is indicated for TMFcf. Resonance Raman enhancement is seen for the v4 and symmetric 
ring tilt bands in the DecaMFc+ spectra: PFs-, 173 and 369 cm-1, respectively; TCA-, 167 and 365 cm-1, respectively. 
The resonance Raman effect, as a function of laser exciting line, is3iscussed for various bands. The complex low-temperature 
vibrational structure seen for the 2Eiu[eiu3aig2e2g4] + 2Ezg[eiu4aig2e2g3] electronic transition is identified for the various 
Substituted ferricenium ions and is used, via a comparison with frequencies for the 1Aig ferrocenes, in a discussion of the 
relative ring-metal bonding characteristics of the eiu (potentially metal 4px and 4py) orbital. For many of the salts, transitions 
from the lowest energy 2E2g Kramers doublet to the two doublets of the 2Eiu excited state are assigned and it is found 
that for all of the TCA- salts the 2Eiu excited-state splitting (6') due to low-symmetry distortion is 17@180 cm-1, whereas 
for the PF6- compounds the splitting is in excess of 200 cm-1 in each case. As was previously15 suggested for unsubstituted 
ferricenium systems, multiple (e.g., generally four) electronic origins are clearly identifiable for most of the substituted 
ferricenium compounds. Possible explanations for the muliiple origins are advanced in terms of inequivalent crystal sites 
or exciton interactions or low-energy librational modes. Epr results (X band, powders a t  - 12OK) are presented for the 
six substituted ferricenium compounds and the low-symmetry distortions (6) in the 2E2g ground states are evaluated. Because 
of a parallel between 6 and 6' and the temperature independence of 6' as inferred from the electronic spectra, it is concluded, 
contrary to MCD and susceptibility work, that 6 is not temperature dependent. 

Introduction 
It has been said that ferrocene is the benzene of inorganic 

chemistry, which is a reasonable statement in light of the range 
and depth of physical a n d  theoretical studies carried o u t  o n  
ferrocene a n d  its simplest derivative the  ferricenium ion.3 The 
statement can also b e  said to reflect the fact that ferrocene 
is a fundamen ta l  s t ruc tu ra l  uni t  and model compound for 
thousands  of other  organometall ic systems. The physical a n d  
theoretical studies of ferrocene a n d  ferricenium ion generally 
have as their objective the elucidation of the electronic structure 
of these two  species. The relative energies of the ground and 
excited states can be de termined ,  and these, in combination 
wi th  such observables as vibrational frequencies for  bo th  
ground and excited states, can b e  used  to deduce  the com- 
position of the one-electron molecular orbitals. It is with this FC DecaMFc DMFc TMFc 
in mind tha t  w e  have initiated (and herewith report the initial 
f indings of) a s tudy  of a selected series of ferr icenium ions 

result ing from oxidation of the ferrocenes 

H3C*CH3 p c H 3  &"* 
I \  7"' H3C Fe & H3c$ H3 hCH3 &Hz 

H3C 
CH3 

The three ferr icenium ion derivatives incorporate  ring sub- 
sti tutions that provide differing degrees  of electronic a n d  

'955 



geometric ~ ~ ~ ~ ~ ~ ~ a ~ ~ o ~ ~ s ~  For example, in comparison to the 
ferricenium i ~ n ,  the decamethylferricenium ion (DecaMFc+) 
is probably piorb geometrically distorted with respect to axial 
symmetry but the ring permethylation modulates the electronic 
properties of the rings (i.e., inductive effects). The di- 
m e t h y l f e ~ i ~ ~ ~ M ~  ion (Bi&I[Fc+) is asymmetrically substituted 
and this can lead, tc; both geometric (ring tilting) distortions 
as well as e%ectrsnic effects. The geometric distortion is 

! in the I , I  I-trimethyleneferricenium ion 
e elected to study these four fcrricenium 

ions with Raman9 infrared, low-temperature (-20’K) 
electronic absorption, and epr spectroscopies. 

As indicated by magnetic susceptibility4 and epr,5-7 the 
‘le of the ferricenium ion is a doublet, 
the one-electron molecular orbitals are 

probably dominantly d orbital in character: aig(dzz) and 
e2g(dXz-p, dxy) (the ferricenium ion is assumed to have D5d 
symmetry with the z axis along the fivefold rotational axis). 
The details of 5i-ti.ng the magnetic properties of the ferricenium 
ion show that fhr: %g state is split into two Kramers doublets, 
$+a and $4, $47 spin-orbit interaction and low-symmetry 
distortions. Electrcm paramagnetic resonances-’ has been used 
to assess the low-symmetry distortion in the ground state. 
There is one Enw=lying excited state, the 2Aig[aiglezg4] state, 
with the “hoole” in rht: dz2 level. The exact location of this state 
has not been de“cmined;4J in fact, the ordering of the aig and 
e2g one-electron lev& for ferrocene is still a matter of some 
dispute.6>9-12 Of particular interest to this work is the 
2Eiu[eidaig*e2gd] charge-transfer excited state where an 
electron is excited froin the eiu orbital of the cyclopentadiene 
system to the e2g “hole” on the iron atom. This gives rise to 
the strong absorption band in the visible region which exhibits 
vibrational structure at low temperat~res.9~13-15 An analysis 
of the vibrational structure associated with the 2Eiu excited 
state compared to that for both the ferricenium 2E2g ground 
state and the ferrocene 1Aig ground state can potentially lead 
to an understanding of the composition of the various molecular 
orbitals.15 The 2Eiu ferricenium state would also be expected- 
to be split into two Kramers doublets, I)AC and $4, by 
low-symmetry crystal fields. Recent low-temperature electronic 
absorption9:13 and MCD studiesl6J7 have detected such a 
splitting in the ferriceniiam 2Eiu excited state. 

With respect to the electronic structure of the ferricenium 
ion there are still many unanswered questions, some of which 
follow. ( I )  What is the energy separation between the 2E2g 
and 2Aig states? or, more properly, what are the energy 
separations between the 2Aig state and the two Kramers 
doublets from the 2E2g state? ( 2 )  What are the vibrational 
characteristics of thc ferricenium $~(2E2g) and 2Eiu (actually 
$kc and $4) states and how do they compa’re with each other 
and with that for the ground state of ferrocene‘? (3) As has 
been proposed in the susceptibility and MGD work, are the 
low-symmetry distortion parameters for the ferricenium 2E2g 
and 2Eiu states temperature dependent? (4) Can Raman 
spectroscopy, via the resonance Raman effect (RRE), give any 
leads as to which vibrational modes are coupled to the 2Eiu - 2E2g charge-transfer transition? Results bearing on 
questions 2-4 will be presented in this paper for the above series 
of four ferriceninrn ions. 
~~~~~~~~~~~~ Set:tion 

C ~ m p ~ ~ n d  ~ ~ ~ ~ ~ a ~ ~ Q ~ ~  Ferrocene, 1 ,l’-dimethylferrocene, and 
decamethylfeerrocene were obtained from commercial sources, while 
a sample of 1, I ‘--lrimethyleneferrocene was obtained from Professor 
K. L. Rinehart. 

All hexafluorophosphate salts were prepared by dissolution of the 
neutral molecules in concentrated sulfuric acid, followed by dilution 
with water (cooling in ice-water bath), filtration, and then addition 
to the filtrate of an aqueous solution of N”PF6. The PFs-~  salt 
immediately precipitates out in all cases and the analytical data in 
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Table 118 show that all PF6- salts were obtained in reasonably pure 
form. 

The trichloroacetate salts (TCA- = trichloroacetate and TCAA 
= trichloroacetic acid) were prepared in several ways, but the most 
general way is to dissolve the neutral molecule ( - 200 mg) in benzene 
and then to add -400 rng of trichloroacetic acid dissolved in benzene 
resulting in a solution with a total volume of - 50 ml. Oxygen gas 
is bubbled through the solution for 15-20 min and then the flask is 
stoppered and set aside for 1-2 days. It will often be found that 
excellent crystals of the appropriate salt of the oxidized compound 
have grown on the walls of the container. A second batch of crystals 
may be obtained by decanting the mother liquor into a beaker where 
evaporation is allowed to proceed slowly over a period of 1 or 2 days. 
All trichloroacetate salts analyzed well with the exception of (De- 
caMFc+)(TCA-)~21’CAh3 whish is also the only compound that does 

thought that the impurities in the sample of (DecaMFc+)- 
(TCA-)e2TCAA might be some (b)ecaMFc’)(TCA-).TCAA. 
Preparation of a I>ecaR/iFc+ salt hy dissolution of DecaMFc in 
concentrated H2S0.1 followed b$ addition of a water solution of 
trichloroacetic acid gave a product which had an analysis consistent 
with (DecaMFc+)(TCPa-).TCAA. Although not reported in this 
paper, the low-temperature electronic spectrum of this compound 
indicated vibrational progressions of - 370 Gin-1, which is consistent 
with our observations on the TCA---ETGAfi compound (vide infra). 
The strongest peak in the spectrum is at 8108 A, which corresponds 
to a valley in the spectrum we report for the TGA-02TCM compound, 
and it is concluded that this TCA--TCAA impurity is not present. 
It may be, however, that whatever amount of some impurity is present, 
it does give noticeable effects in the epr (vide i~i~a). Additional ways 
of preparing trichloroacetate ferriceniurn salts are mentioned in our 

remewts. Infrared spectra for all compounds were 
recorded on a Beckman IR-12 spestromter. The samples were 
prepared as dilute 13-mm KWr pellets. The far-ir spectrum of a pellet 
of (DecaMFc+)(PFs-) was also studied to 200 cm-1 with a Beckman 
TR-I 1 instrument. 

Raman spectra were obtained using a Spex Model RS2 Ramalab 
system with a Coherent Radiation argon-krypton laser. Four laser 
lines could be used; they are in the blue (20,483 cm-l), green (19,428 
cm-I), yellow (17,596 cm-l)? and red (15,443 cm-1) regions of the 
visible spectrum. For most of the work in this paper the output power 
of the laser was quite low, on the order of 30-40 mW at the exit 
window (under optimum conditions it could reach 300-400 m w ) .  The 
low power was generally due to deterioration of the dielectric mirrors, 
and resulted in a lowering of the quality of some of the spectra. 
Narrow band-pass interference filters were used to filter out all laser 
side bands which would interfere with the Raman spectrum. These 
filters cut the intensity of the laser line by roughly 75% Because there 
was available no filter for the yellow line, the yellow line could only 
be used where the spectral peaks could be readily distinguished from 
the laser lines. 

Raman samples were all prepared as pure (80 KBr) 13-mm pressed 
pellets, which were mounted in a rotating sample holder which was 
purchased from Spex Inc. It was found that for the dark blue to green 
ferricenium compounds it was necessary to have the sample spinning 
in the laser beam in order to obtain any spectrum at  all. Since many 
of the pressed samples had highly reflective surfaces, it was necessary 
to carefully adjust the positioning of the pellet such that only scattered 
light and not reflected light entcred the slit. 

The low-temperature electronic spectra were taken on a Gary Model 
14 spectrophotometer. Two different methods wcre used to cool the 
samples: one employed a double-vacuum-jacketed glass dewar, and 
the other, a Cryogenics Technology, Inc., Spectrim Cryocooling 
Module. The former method allowed direct immersion of the sample 
into a reservoir of liquid helium (with a liquid nitrogen heat shield). 
Although bubbling of the coolants was a frequent problem with this 
method, sample temperatures as low as 42’K were available only 
with this setup. The Spectrim unit is a closed-cycle helium gas 
refrigerator which develops a cold-station temperature of - 16’K. 
The cold station is linked to the sample by a copper rod, and sample 
temperatures of 20*K are possible. All samples were prepared as 
KBr pellets (very thin with a small amount of compound in -90 mg 
of KBr). Mounting of the ‘I 3 -mm KBr pellets on the Spectrim unit 
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was accomplished by pressing them into a threaded holder which was 
made of chromium-plated copper. The metal surface in contact with 
the pellet was greased with thermal conducting grease. To ensure 
that the pelleting agent does not make a difference in the observed 
spectrum (Le,, differences in molecular distortions), the spectrum of 
(DMFc+)(TCA-).TCAA was also run as a CsI pellet. Results 
identical with those from the KBr pellet were obtained. 

Electron paramagnetic resonance data were obtained using a Varian 
Model E-9 spectrometer with an Air Products Heli-tran liquid helium 
cooling device. The sample temperatures obtained with this unit were 
on the order of 12'K. 
Results and Discussion 

Before describing the results a few words about the paper 
organization might be beneficial. After presenting data 
germane to the structural characteristics of the three sub- 
stituted ferricenium ions, the low-energy vibrational fre- 
quencies, as deduced from infrared and Raman measurements, 
for the ground state, $~(2E2g), of the ferricenium systems will 
be presented. Electronic spectra for the various ferricenium 
systems will give a sounding as to some of the vibrational 
frequencies of the 2Eiu charge-transfer excited state. In the 
esr section we will ascertain the low-symmetry distortion 
parameters for the 2E2g ground states and these parameters 
will be contrasted with the low-symmetry distortion parameters 
for the 2Eiu excited states as deduced in the electronic 
spectroscopy. Throughout this adventure we will try to keep 
an eye to determining the orbital composition of the various 
one-electron molecular orbitals that are involved in our 
measurements. 

Cmmetry. The structure of only one substituted ferricenium 
compound has been reported, that for 1,l I-dimethylferricenium 
triiodide.19 The results are for the most part consistent with 
what would be expected from chemical intuition. As is found 
in the X-ray structural work20921 for unsubstituted ferricenium 
cations, the metal-ring distances are quite similar to those for 
ferrocene.22 The average Fe-C distance in the 1,lI-di- 
methylferricenium ion is 2.07 A which is insignificantly larger 
than the 2.05 A found23 in (Fc+)(TCA-).2TCAA or the 2.06 

found21 in (Fc+)(picrate-). This constancy of F e C  distance 
in going from ferrocene to ferricenium ion is, of course, a 
reflection of the fact that the e2g electrons are very weakly 
bonding. With respect to 1 ,l'-dimethylferricenium triiodide, 
it is curious that the methyl groups are eclipsed; the eclipsing 
leads to a 6.6O angle between the two ring planes. Whether 
this tilting is to be found in other salts of 1,l'-dimethyl- 
ferricenium ion has not been discussed in the literature. It 
should be possible to observe other rotamers of this ion in salts 
with other anions. 

Two different salts of the 1,l '-dimethylferricenium cation 
were prepared in this study: the PF6- and a compound that 
analyzes as (DMFc+)(TCA-).TCAA (see Table 118). The 
triiodide ion is too intensely colored to allow a thorough 
determination of the electronic absorption characteristics of 
any ferricenium counterion. A single crystal of (DMFc+)- 
(TCA-).TCAA was studied with X-ray precession photog- 
raphy. It was found that the space group is the orthorhombic 
Cmca (the centric choice) and by density measurement pmeasd 
= 1.62 g/cm3, which agrees with pcalcd = 1.66 g/cm3 for four 
(DMFc+)(TCA-)(TCAA) units in a unit cell of dimensions 
a = 10.66 A, b = 18.62 A, and c = 10.82 8, (2 = 539.9). 
Consideration of the symmetry properties of the Cmca space 
group24 shows that, in order to put only four cationic molecules 
in a unit cell, they must be placed on either of two sets of 
special positions, (1/2,0,0) or (0, 0, 0,). The crystallographic 
point symmetry of each of these special positions is 2/m, which 
requires that the molecule possess a twofold rotation axis and 
a perpendicular mirror plane. This requirement in turn says 
that the methyl groups cannot be eclipsed but must in fact be 
perfectly staggered, that is, 180° away from eclipsed as in- 
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dicated in 

Fe + FeS 

( TC A- - T C A A 1 (PF6-1 

It is interesting that this would occur for it also requires the 
ring carbon atoms to be staggered and as such the rings will 
be more nearly parallel than in (DMFc+)(I3-). It should be 
pointed out that the (DMFc+)(TCA-).TCAA system is un- 
usual in that it crystallizes with only one TCAA. The 
structural work23 on (Fc+)(TCA-).2TCAA and the analogous 
cobalticenium salt shows that in each compound two tri- 
chloroacetic acid molecules dimerize through the formation 
of hydrogen bonds and a third has been deprotonated to form 
the trichloroacetate anion. For (DMFc+)(TCA-).TCAA it 
is an extraordinary bit of guesswork to suggest that a TCA- 
anion and a TCAA molecule have formed a dimer and that 
there is one dimer at each of the other four special positions. 

For (DMFc+)(PFs-) there is no crystallographic evidence 
for any specific structure of the cation. Both 13- and PF6-- are 
relatively rigid and it could be guessed that the cation in 
(DMFc+)(PFs-) has eclipsed rings in analogy with 
(DMFc+)(I3-). Some support for this proposal will be 
presented in later sections (e.g., see the epr section). 

Conclusions as to the structure of the 1,lWimethylene- 
ferricenium cation are easier to reach. In contrast to the 
situation with the other cations, the ring substitution in TMFc+ 
prevents rotation of one ring relative to the other. It would 
be desirable to know the angle between the ring planes in 
TMFc+. Although no structural work has been reported for 
an unsubstituted 1,l '-trimethylene-bridged metallocene, the 
structure25 of a-keto-1,lWimethyleneferrocene is of use. Since 
the rings in this substituted ferrocene are tilted at  an angle 
of 8.8' and because models suggest that the deviation from 
ring parallelism should be greater for TMFc than for the a-keto 
compound, we suggest that the TMFc+ cation has the greatest 
ring nonplanarity of the ferricenium systems considered in this 
work and that the rings are tilted by w 9 O .  It may be expected 
that there will not be a large difference in the TMFc+ 
structures for the two salts prepared (PF6- and TCA-02TCAA). 
Support for this statement will be given in the epr section. 

I t  is very probable that the DecaMFc+ cation in its com- 
pounds shows nearly perfect axial symmetry and no ring tilting. 

As set out above, the observed geometric distortions for the 
three substituted ferricenium ions will give us some qualitative 
guide as to expected trends in low-symmetry distortion pa- 
rameters; however, it cannot be expected that complete 
transferability will be found. There is a possibility of dynamic 
Jahn-Teller distortions in these ferricenium systems. 

Vibrational Spectra. In this section the ground-state vi- 
brational modes of each of the four ferricenium systems will 
be discussed. Of major concern will be those gerade low-energy 
modes which might appear as vibrational structure on the 2Eiu 
+- 2E2g charge-transfer electronic absorption band. It is 
generally quite informative to know the type of vibration 
coupled to an observed electronic transition. 

No fewer than eight papers have been published emphasizing 
various aspects of the ir and Raman spectra of ferrocene,?s-33 
while only a few34-36 have discussed the ferricenium ion, and 
these have only been infrared studies. A Raman spectrum of 
the ferricenium cation has not been reported. The frequencies 
of the gerade vibrational modes of ferrocene and their de- 
scriptions are given in Table 11. The ~ E I U  excited-state analogs 
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Table 11. Reported Frequencies for the ( h a d e  Vibrational Modes of Ferrocenea ~ _ _ _ _ - ~ _ _  ____ - -__-_I__ _-_l___ll___l_l_l_ 

SvrnmPtrv Designation Ref 28  R d  30 Kef 29 Ref 33 Ref 26 Descriotion 
3100 3109 
81 2 A45 

11u5 I l O P  
301 309 

11196 
3085 3100 

999 998 
835 815 

1412 1410 
390 389 

3070 3088 
1175 1191 
1059 1 os9 
1356 I356 

892 89 7 
600 597 

3112 
81.5 

1106 
31 1 

3089 
1001 
81 5 

1414 
393 

3103 
1197 
1062 
1358 

600 
a Frequencies are in cni-' . 

of the low-energy modes v4 (qymmetric ring metal stretch), 
v i 6  (symmetric ring tilt), and $128 (I ring distortion) are each 
likely candidates to appear as vibrational structure on the 2F,iu 
+- 2E2g transition and, as such, particular attention will be paid 
them. Comparisons will be made in this section between the 
ferrocene frequencies and whatever ferriccnium ground-sta te 
frequencies that can be identified. 

The infrared spectra reported34 36 for the ferriceniuai ion 
have two rather curious features, one being that the number 
of strong bands is noticeably reduced from the number found 
for ferrocene. The other puarle lies in the location of the 
asymmetric ring-metal-ring stretch. This band has bcen 
assigned as a strong band at 478 ciii-1 for ferrocene; however, 
for the ferricenium ion this band ha$ been assigned 35.36 as a 
moderately intense band in the region of 4135-423 cm-1. Such 
a large shift in position in going from ferrocene to ferricenium 
seems inconsistent with the proposed nonbonding or weakly 
bonding character of the e7g molecular orbital. With respect 
to the overall charge on the ferricenium ion, it should be noted 
that the asyinmetric ring- metal--ring strctck for d6 cobaloi- 
cenium ion has been located29 at 455 crn 1. As an alternative 
explanation for the appearance of the ferricenium ir spcctrurn 
we suggest that this asymmetric ring -metal- ring stretch band 
is greatly decreased in intensity in going from ferrocene to 
ferricenium ion. This suggestion is siibsPdntiatd by the Ranian 
spectra for (Fct)($F6-) and (Fc+)(I'cA )-2r@/aa which are 
reproduced in Figure B along with the Raman spcctruna for 
I(PF6. The most intense feature found in both of the Fc' 
spectra is undoubtedly v4, the symmetric ring-metal stretch, 
and because it is found at essentially the Same position as foiind 
in ferrocene (see Table II), it is very reasonable to expect the 
asymmetric ring-metal-ring stretch for Fc-+ to be close to that 
found for ferrocene. It i s  known that the structure of the, 
ferricenium ion is negligibly different from the structure of 
ferrocene, so it seems that some rearrangement of charge has 
taken place such that the dipole derivatives with respect to 
metal-ring modes have been decreased. I n  Table ITXI8 are 
given the low-energy Raman data obtained for thc various 
ferricenium compounds as well as data for a cobalticeniuin 
salt and it can be seen that thc Raman data (v4 315, v i 6  486, 
and v28 5 8 5  cm-1) for the latter d6 salt fire similar to  those 
for the d5 salts. 

I t  is interesting that in the Rainan spectrum of the ferri- 
cenium ion very few bands are observed. This is not, however, 
related in cause to the ir phenomenon just discussed. 0 1 1  the 
contrary, it is supposed that the v4 symmetric stretch i s  the 
strongest band due to resonance enhancement brought about 
by lasing the sample near the ring-to metal charge-transfer 
electronic transition. Were it not for this effect, i t  is likely 
that, due to the deep color of these salts. no spectrum would 

31 10 
814 

11'36vs 1102 
311 v) 3 09 

1250 
3086 

997 w 998 
844 

1410 
195 vs 389 

3100 
1191 

I060 w 1058 
1356 
897 
597 

Syrn (33 str 
Sym CFI L bend 
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Syrn tilt 
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! 
304 

E3 

/- / j  

Figure 1.  Raman Fpectra of rotating preswl pelletn of KPF, (A), 
(Fc+)(PF, ) (B), and (Fc+)(TC'A').2TCAA ( 4 ) .  In the latter two 
spectra solid clots rleqignatc countenon peaks. 

be observable, We will discuss this apparent resonance Raman 
effect further in a iatier section. 

~ J ~ c ~ ~ r s ~ a ~ ~ ~ n ~  the ground-state vibrational structure of 
I. , I  'dimethylferrocene and i t s  oxidiied salts is made relatively 
straightforward by the study of ailey and Lippincmtt36 where 
the Raman and ir data for 1,1.',,dim~thylferrocene are presented 
and assigned. A comparison of their observed frequencies with 
the: bands in the ir spectra of (DMlE'c+)(PF6-) and 
~~~~~+~~~~~ >.TCAA (see Figure 21s) shows that all the 
ring fundamentals are easily observable. However, the very 
strmg J J ~  I asynnnietric ring--rnetal-ring stretch in the neutral 
molecule at 482 cm 1 now i s  at most a weak band in the 
DMFc+ compounds, and the same may he said for the 
asymmetric tilting vibration seen at 496 cm-1 in the neutral 
molecule. Again it must be assumed that some intensity- 
reducing mechanism is in effect in DMFc+ for the metal-ring 
modes, especially as there are no strong bands in the low- 
frquency ir spectrum to 3013 cm-1 but also k a u s e ,  as is shown 
in Figure 3, in the Raman spectra for (DMF'c+)(PF6-) and 
(DMFc+)(TGA-)~TC%A many of the low-energy bands for 
DMFc+ appear where they were foound36 in the neutral 
molecule (only the lower energy regions of the Raman spectra 
are shown became only very weak bands are wen at higher 
energies). 
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i Iuz" '242 

H 

Figure 3. Ranian spectra of rotatlng pressed pellets of (I)MFc')- 
(PF,-) (A) and (DMFc+)(TCA').TCAA (B). The solid dots indicate 
counterion peaks. 

The differences between the low-energy Raman spectra of 
(DMFc+)(PFs -) and (DMFc+)(TCA-).TCAA are interesting 
and seem to be explicable in light of the differences in mo- 
lecular structure of the cation in these two compounds. In the 
"trans" configuration that is indicated for the cation in 
(DMFc+) (TCA-).TCAA, the C--CH3 deformation vibration, 
observed by Lippincott36 at 330 cm-1 as a strong band in the 
neutral molecule, would not be strongly coupled to the *Eiu - 2E2g ring-to-metal charge-transfer transition. If the C-CH3 
deformation mode has no energy contribution from metal-ring 
stretching, then there will be no mechanism of resonance 
enhancement of this band by exciting the Raman scattering 
at the frequency of the 2 E i u  transition and the C-CH3 de- 
formation band will be weak. The band at 322 cm-l in the 
Raman spectrum of (DMFc+)(TCA-).TCAA can be assigned 
as 214, the symmetric stretch. 

The Raman spectrum of (DMFc+)(PF6-) is not only 
consistent with but offers support for the previous discussions. 
There is a symmetric stretch at 327 cm-1 and the band at 3 1 1 
cm-1 is the C-CH3 deformation mode, which, because there 
is inter-ring methyl-methyl repulsion, would be coupled to the 
symmetric ring- metal--ring stretch. The two motions are 
mixed, leading to resonance enhancement of both. The 
low-energy Raman bands observed at 242 cm-1 (PF6 ) and 
226 cm-1 (TCA-) are most likely the 1,l'-dimethylferricenium 
counterparts of the weak 268-an-1 ring torsion mode observed 
for 1,l l-dimethylferrocene and assigned36 as a ring torsion 
mode. It is anticipated that this torsion vibration may be more 
noticeable in the Raman spectrum of 1,l-trimethylene- 
ferrocene. 

The ir spectra of TMFc, (TMFc+)(PFc) ,  and 
(TMFc+)(TCA-).2TCAA are shown in Figure 4.18 When 
they are not masked by counterion bands, most of the cy- 
clopentadiene and trimethylene bridge bands that are observed 
in TMFc are also visible for TMFc+. Again, as above, the 
low-energy ring-metal-ring bands either are missing or are 
of lowered intensity. Although the number of low-energy 
features makes any individual assignments uncertain, it is clear 
that (TMFc+)(PFs-) has no observable low-energy bands and 
only the cluster at -500 cm- 1 is found for the TCA- compound 
and this is probably not a ring-metal-ring vibration. The 
low-energy Raman spectra for these same three compounds 
are reproduced in Figure 5 (only very weak bands are seen 
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Figure 5. Kanian spectra of rotating pressed pellets of 'TMFc (A), 
(TMFc+)(PF,-) (U), and (TMFc+)('ICA-).'LTCAA (C). The solid 
dots designate counterion peaks. 

at higher energies). Only two low-energy Ranian bands are 
observed for TMFc, one at 329 cm-1 which is very strong and 
shouldered at low energy and a medium-intensity band at 246 
crn-1. The higher energy band is assigned as a mode that is 
dominantly a symmetric ring-metal-ring stretch, but with a 
little bridge deformation mixed in. As proposed for the 
DMFc+ systems, the lower energy band is possibly a modified 
ring torsion mode. Due to the tilt of the rings and the in- 
terconnection via the bridge any twisting of the rings will 
probably involve some deforniation of the metal-ring vectors 
as well. Thus, for the (TMFc+)(PFs-) and (TMFc+)- 
(TCA-)d'TCAA compounds the torsion bands have increased 
intensities relative to the u4 bands. The "torsion bands" also 
seem to be sharper than u4 in the TMFc+ salts. 

The frequencies of the Raman bands for (TMFc+)(PF6-) 
and (TMFc+)(TCA-).2TCAA relative to those for TMFc are 
somewhat revealing. The u4 stretch is decreased by 13 and 
18 cm-1 in the PF6- and ' E A -  salts, respectively, as compared 
to TMFc. Perhaps this is evidence that the e2g(dxy, dX2-y2) 

metal orbital is now more bonding with the ring than when 
the rings were planar. Furthermore, the torsion mode in the 
oxidized systems is at 28 cm-1 lower energy in both cases than 
was found for TMFc, again implicating e2g participation in 
the bonding. A complete normal-coordinate analysis is needed 
to check that these shifts are not just due to "mixed" modes. 

The ir spectrum of DecaMFc, heretofore unreported, is 
illustrated in Figure 618 along with ir spectra for (De- 
caMFc+)(PF6- ) and (DecaMF+)(TCA--).2TCAA. Infrared 
and Raman peaks found above 600 cm-1 are given in Table 
IV; the more important region of the spectrum, for this work 
that below 600 cm-1, is reported separately in Table V, where 
two possible assignments are given. Comparison of the ir 
spectra of DecaMFc and DecaMFc+ shows that there are only 
small changes in the high-energy region. The relative in- 
tensities of the U C H ,  vs. SCII, and CC modes are interesting, 
but in no case is there a difference such as would imply a major 
change in structure. It is remarkable that all of the sub- 
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Table IV. Infrared and Raman Bands for DecaMFc and 
DecaMFc+ Salts above 600 cm-’ 

D. Michael Duggan and David N. Hendrickson 

- T v - -  !‘I”--’ I I I I I I I n I rl 
(DecaMFc+)(TCA-). 

DecaMFc (DecaMFc+)(PF, -1 2TCAA 

- Rarnan Ir Rarnan Ir Raman Ir 

3002w 2980s 3000 mw 2990 mw 
2963m 2960s 2975 mw 2982 mw 
2941 m 2910vs 2925 m 2910m 2925 rn 2920rn 
2887vs 2865 s 2860 sh 
2611vs 2715w 2875 sh 
2176 vw 
1476m 1438m 1478 ms 1480 s 
1449m 1452m 1423m 1460sh 1 4 2 3 m  1460sh 
1425s  1428m 1428 mw 1430 mw 
1386m 1378s 1367 m 
1225 w 

-_ 

1395 s 1392 s 
1385 s 1386 s 

1068vw 1075mw 1030w 1075 mw 1030w 1080mw 
1036 w 1032 ms 1030 ms 1038 ms 
794 w 

600-cm-1 ir vibrations are still visible in going from DecaMFc 
to DecaMFc+. The shift in position of any of the four bands 
is less than -20 cm-1 and this again adds further support to 
the proposal that the asymmetric ring-metal-ring stretch is 
not shifted by 70 cm-1 in going from ferrocene to ferricenium 
ion. 

Before assignments are given for the low-energy vibrational 
bands, it is useful to consider the Raman spectra of these three 
compounds as shown in Figure 7. For DecaMFc an excellent, 
well-resolved Raman spectrum can be obtained relatively easily. 
Apparently, the same four low-energy bands are seen as were 
seen in the infrared spectrum. The 515-cm-1 ir band is 
tentatively associated with the 550-cm-1 Raman band; similar 
shifts in band positions from the infrared to the Kaman spectra 
are not observed for the other three peaks. The intensity and 
position of the 590-cm -1 DecaMFc Raman band indicate it 
to be the perpendicular ring deformation mode, designated u28 
for ferrocene. In addition to this perpendicular ring defor- 
mation mode, there are four other modes expected in the 
low-energy region: the asymmetric and symmetric ring tilting 
modes and the asymmetric and symmetric ring-metal-ring 
stretching vibrations. In ferrocene the asymmetric modes are 
always at higher frequency than their symmetric counterparts 
and the ring tilts are higher in energy than the stretches. The 
DecaMFc bands at -376 and -453 an-1 show an alternation 
in intensity in passing from the ir to the Raman spectrum. For 
assignment no. 1 in Table V, we have taken the 453-cm-1 band, 
which is the strongest ir band and a fairly weak Raman band, 
as the asymmetric stretch; the symmetric tilt is assigned to 
the 373-cm 1 band which is more intense in the Raman than 
in the ir spectrum; and, the -530-cm-1 band is assigned to 
the asymmetric tilting mode which may well be at  higher 
energy than found in ferrocene (492 cm-1) due to the in- 
teraction of the methyl groups. If this assignment is correct, 
then the Symmetric stretch u4 is to be found at even lower 
frequencies and as such the - 180-cm-1 band is tentatively 
assigned as v4. To check this possibility an approximate 

I 1  

Figure 7.  Raman spectra of rotating pressuxed pellets of DecaMFc 
(A), (DecaMFcC)(TCA-).2TCAA (B), and (DecaMFc*)(PF, -) (C). 
‘The counterion peaks are indicated by solid dots. 

calculation of expected symmetric and asymmetric stretching 
frequencies for DecaMFc was carried out using the same 
metal-ring force constant k and interaction constant k12 as 
were found for ferrocene and changing only the mass of the 
rings. For an XY2 molecule the analytical expressions for the 
symmetric and asymmetric vibrational frequencies are given 
by Herzberg37 as 
v s =  [(k 4- k12)/0.589My]”2 

In these expressions MY and Mx are the masses of Y (the 
permethylated ring) and X (the iron atom). In the case of 
ferrocene, values of k = 3.14 and ki2 = 0.56 mdyn/A with 
masses appropriate for ferrocene give va 473 and vs 3 1 1 cm-1, 
which are close to the experimental values. Using the same 
force constants for DecaMFc leads to Va 436 and US 220 cm-1. 
It can be seen that small adjustments in k and ki2 would give 
the assignment no. 1 experimental peaks of va 453 and v s  180 
cm-1. 

In the alternative assignment no. 2 for DecaMFc the strong 
and weak ir bands at 455 and 375 cm-1 are taken to be the 
ua and us vibrations. If the asymmetric tilt is assigned as above, 
then either the symmetric tilt is not observed in either the ir 
or the Raman spectrum or it is coincidentally degenerate with 
another band. Calculating the metal-ring force constants that 
would be required for assignment 2 gives k = 7.1 1 and kiz  
= 4.31 mdyn/i%. Force constants are determined not only by 
orbital overlap and bonding considerations but also by nuclear 

v, = [(l + 2My/Mx)((k - k12)/0.589My)11’2 

~ _ _  Table V. Low-Energy Infrared and Raman Bands for DecaMFc and DecaMFc+ Compounds 
(DecaMFc+)(TCA-).ZTCAA 

.- 
DecaMFc (DecaMFc+)(PF, -) 

Raman Ir Raman Ir Raman Ir Assignment 1 Assignment 2b 

179 w 218 w,  br 
285 w 283 w 

451 mw 455 s 454 mw (466) 454 mw Va Va 
550 mu‘ 515 mw 546 mw 536 mw -546 536 mw Asym ring tilt Asym ring tilt 
590 s 595 w 599 w 595 w 593 m n  59s w 1 def 1 def 
618 mw 625 

- - 
169 w 173 msa 167 msa V S  

378 Ins 3’75 m 369 sa 355 mw 365 sa 355 rnw Sym ring tilt US 

a Bands appear to be resonance enhanced in intensity. u s  and u, are the symmetric and asymmetric ring-metal-ring stretches. 
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and electron cloud repulsions; however, it is not anticipated 
that the inter-ring methyl interactions would lead to such a 
large interaction constant. Assignment 2 is probably incorrect; 
assignment 1 will be further substantiated as we now turn to 
the Raman spectra of DecaMFc+ salts. 

In reference to assignment 1, the Raman vibrations of 
(DecaMFc+)(PFs-) and (DecaMFc+)(TCA-).2TCAA (see 
Figure 7) show that in each spectrum two bands are resonance 
enhanced. The two enhanced bands are the symmetric tilting 
band at - 367 cm-1 and the symmetric ring-metal-ring stretch 
at N 180 cm-1. In all of the systems discussed in this paper 
this is the best example of resonance enhancement. The fact 
that these two bands have been assigned as symmetric modes 
is in keeping with the coupling of only symmetric modes to 
the 2Eiu - 2E2g transition. Tilting of the rings in DecaMFc+ 
would probably be coupled, as in the case of DMFc+, to 
ring-metal-ring stretching; both mixed modes are somewhat 
resonance Raman enhanced. 

A closer look can be taken at the supposed resonance Raman 
effect as it is occurring in these DecaMFc+ compounds. The 
most unified body of work on the theory of the resonance 
Raman effect (RRE) over the past 1.5 decades has been 
presented by Albrecht and coworkers.3*-41 In the Raman 
spectrum of a molecule the intensity of a given line may be 
expressed as a function of the polarizability tensor, cyYpa. The 
polarizability tensor can be written as a sum of three terms, 
apa = A + B + C. The C term has been shown38-41 to be in 
general quite small. The B term is associated with Raman 
scattering through the presence of two vibronically coupled 
excited states, le") and Is"). Both of the electronic transitions 
from the ground state, Ig"), to these two excited electronic 
states need to be electric dipole allowed. Greatly enhanced 
Raman scattering occurs when the laser exciting frequency 
approaches the energy of the go - eo or go -+ so electronic 
transitions. Those vibrational modes that most strongly couple 
to the electronic transition will be most highly resonance 
enhanced. 

The A term represents the case of Raman scattering off one 
excited electronic state, le" ). In this case, it is also required 
that the go - eo transition be electric dipole allowed. The 
difference in the A and B mechanisms is detectable experi- 
mentally due to the difference in frequency factors. The two 
frequency factors may be written 

The intensity of a particular band is proportional to the square 
of the appropriate frequency factor and in these equations vo 
is the laser frequency, V e  and US are the excitation frequencies 
to the two excited states, and v = YO - Av, where Av is a 
vibrational quantum. 

The 2Eiu - 2E2g ferricenium electronic transition is electric 
dipole allowed and as such the 2Eiu excited state could be the 
le" ) state in a resonance Raman enhancement. Any vibrational 
modes that are strongly coupled to the 2Eiu - 2E2g excitation 
would be enhanced in the Raman spectrum. For reasons given 
above, the symmetric ring-metal-ring tilt (368 cm-1) should 
be coupled to the 2 E i u  - 2Ezg excitation in the case of 
(DecaMFc+)(PFs-); however, the methyl carbon-hydrogen 
deformation (1422 cm-1) would most likely not be strongly 
coupled to this electronic transition. Thus, for (De- 
caMFc+)(PFs-) the relative intensity of these two Raman lines 
should give an approximation as to the amount of enhancement 
in the tilt at 368 cm-1. If the frequency dependence of this 
enhancement is studied, the energy separation (EP - Ego) can 
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Figure 9. Wide-scan “Raman” spectra for rotating pressed pellets of KPF, (A), (Fc*)(PF,-) (B), (Fcf)(TCA3.2TCAA (C), (DMFc+)(PF,-) 
(D), (DMFc+)(TCA-).TCAA (E), and (TMFct)(PF, -1 (F). 

experimental curves and it is concluded that the resonance 
enhancement in (DecaMFc+)(PFs-) probably occurs due to 
excitation of the system into the lowest energy 2Eiu state alone. 

While carrying out Raman measurements on several of the 
ferricenium systems, it was noticed that very broad features 
could be seen, features that are believed to be molecular 
fluorescences. Figure 9 shows the wide-scan “Raman” spectra 
that were obtained for the various ferricenium compounds. The 
wide-scan spectrum for KPF6 is also shown and it can be seen 
that there is a fluorescence at - 18,000 cm-1 attributed to PFs-. 
Both of the Fc+ systems show a broad feature at -14,800 
cm-1; the feature moves to lower energies as the rings are 
alkylated: (DMFc+)(PFs-), 13,600 cm-1; (DMFc+)- 
(TCA-).2TCAA, 13,780 cm-1; (TMFc+)(TCA-).2TCAA, 
14,100 cm-1, The fluorescence is from the lowest energy 2Eiu 
state and in all cases the observed fluorescence occurs at lower 
energy than is found for the origin of the absorption (vide 
infra), which is to be expected if the ground-state geometry 
is different from that of the 2Eiu excited state. It is intriguing 
that no fluorescence was observed for the PF6- or TCA-. 
2TCAA salts of DecaMFc+. 

By way of summary and in anticipation of the next section, 
some relevant low-energy gerade frequencies for the various 
substituted ferrocenes and ferricenium systems are collected 
in Table VI (see Table V for the DecaMFcg systems). Bands 
that appear to be resonance Raman enhanced are indicated 
by an asterisk. It will be of considerable interest to see which 
vibrational modes are coupled to the 2Eiu - 2E2g electronic 
transition as indicated by low-temperature electronic absorption 
spectroscopy. 

The 2Eiu - 2E2g Transition. The blue or green coloration 
of the various ferricenium ions is due in large part to the 
*E iu  [eiu3a 1 g2ezg4] - 2E2g [ei ,4a electronic transition 
which appears in the region of - 12,000 to - 16,000 cm-1 
depending on the particular ferricenium ring substitution. The 
structure observed at low temperatures for this transition can 
be usedls-15 to gauge the low-symmetry (lower than Ds) 

Table VI. Summary of Relevant Symmetric Vibrational 
Frequencies (cm-’ ) in Ferricenium Systems and 
Analogous Ferrocenesa 

compa ’4 ’16 vas  

FeCp, 308 391 599 
(FeCp, W F ,  -1 304” 
(FeCp, ‘)(TCA-).2TCAA 307* 
DMFc 318 330 (402and631) 
(DMFc+)(PF, -) 311* 327” 
(DMFc+) (TCA-).TCAA 
TMFc 246* 329 
(TMFc’)(PF, -) 218“ 316 
(TMFct)(TCA-).2TCAA 21 8” 31 1 

3 2 2 * 

a The asterisk indicates resonance-enhanced bands; obviously, 
some bands are not strictly assignable to certain modes and the text 
should be consulted for individual assignments. 

distortional splitting of the 2Eiu excited state into the two 
Kramers doublets $& and $d (separated in energy by the 
distortion parameter 8’) and the energies of the 2Eiu 
excited-state vibrations that are coupled to the 2Eiu - 2Ezg 
transition. As alluded to in the Introduction, this latter in- 
formation can in turn be converted in a qualitative way to an 
understanding of the composition of the dominantly ring-based 
eiu orbital.15 For example, the metal 4px and 4py orbitals are 
of elu symmetry in the Dsd point group. If there is little 
involvement of these two metal orbitals in the metal-ring 
bonding, then the metal-ring vibrational energies would be 
very similar for 2Eiu ferricenium and lAig[eiu4aig2ezg4] 
ferrocene. In fact, in our recent paper’s just such an analysis 
was presented for the 2Eiu - 2E2g vibrational structure seen 
for (Fc+)(PF6-), (Fc+)(TCA-)-2TCAA, and (Fc+)(BF4-) 
where from observed vibrational progressions the symmetric 
ring-metal-ring stretches (v4) were found to be 303, 307, and 
304 cm-1, respectively (cJ the ferrocene value of 309 cm-1). 
When observed, the symmetric ring-metal tilt v i 6  also was 
found to be very close to the value found for ferrocene. On 
the contrary, the perpendicular ring bend (~28) for the 2Eiu 
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ferricenium state was found (-468 cm-1 average) to be 
appreciably smaller than the 600-cm-1 1Aig ferrocene value 
in agreement with the ring-bonding character of the elu orbital. 
I t  was also observed in these unsubstituted ferricenium ion 
studies that there were apparently more than the two expected 
electronic origins, Le., $&c(2Eiu) $@(2E2g) and $+d(2Eiu) - +@(2E2g). In light of these observations on the electronic 
spectroscopy of Fc+ and the above Raman and infrared work 
on the substituted ferricenium compounds, low-temperature 
electronic absorption measurements for the substituted fer- 
ricenium compounds were deemed potentially very useful. 

For the substituted ferricenium species, shifts of the 2Eiu - 2E2g origins to lower energy are seen in reference to the 
average origin positions found for (Fc+)(PF6--), (Fc+)(BFc), 
and (Fc+)(TCA-).2TCAA at 15,715, 15,831, and 15,640 cm--1, 
respectively. Since all of the substitutions are alkylations, the 
observed shift to lower energy is in qualitative agreement with 
the assigned ligand-to-metal charge-transfer character of the 
transition, In this section the low-temperature (some spectra 
were run at 4.2OK and they were found to be the same as those 
obtained a t  -20'K) electronic absorption spectra for 

(TCA-)*2TCAA, (TMFc+) (PF6-), (DecaMFc+) (PF6-), and 
(DecaMFc+)(TCA-).2TCAA will be reported. Initially, the 
qualitative spectral characteristics will be presented with an 
eye to identifying the low-symmetry ~ E I U  distortion parameter 
6'. This will be followed by setting out the vibrational detail 
including Franck-Condon envelopes for some of the pro- 
gressions. 

For (DMFc+)(PFs-), the spectrum of which is illustrated 
in Figure 10, the principal vibrational progressions originate 
a t  peaks 1 (14,071 cm-1) and 2 (14,234 cm-1). Two weaker 
progressions can also be seen. The (DMFc+)(TCA-)-TCAA 
compound (lower tracing in Figure 10) seemingly has four clear 
origins at 14,384, 14,457, 14,526, and 14,556 cm-1. It is 
interesting that all of the 2Eiu - 2E2g transitions for the 
TCA-.TCAA salt are at appreciably greater energies than 
those for the PF6- salt. This probably is a reflection of the 
difference in ring configurations of the two DMFc+ cations 
as we discussed in the previous sections. If the difference in 
transition energies is due to differences in ground-state energies, 
it could be said that the eclipsed rings in the PF6- compound 
are tilted and the e2g(dx2-p, dxy) metal orbitals are now bonding 
more with the rings and the energy of the e2g molecular orbital 
is lowered. However, it is suspected that the magnitude of 
the difference is small enough to have many possible causes. 

For (TMFc+)(PF6-), the best estimate of the origin position 
is 14,780 cm-1, although the spectrum was only partially 
resolved, as shown in Figure 11. The spectrum of the 
(TMFc+)(TCA-)-2TCAA salt, as illustrated in Figure 12, has 
four apparent origins (14,882, 14,970, 14,981, and 15,065 
cm-1) and they center at  14,972 cm-1, which is -200 cm-1 
different from the PF6- compound. It seems that appreciable 
average origin energy differences can exist even when 
ground-state geometric differences are possibly quite small. 

Both of the DecaMFc+ salts start their first two vibrational 
progressions at 12,273 and 12,362 cm-1, and the average origins 
of their four vibrational progressions are 12,385 cm-1 for the 
PF6- and 12,360 cm-1 for the TCA- compound. The two 
spectra are reproduced in Figure 13. The similarity in these 
values for the two systems suggests that it might be possible 
to find clues to the identity of the four closely spaced excited 
states from which the four progressions arise. 

In Table VI1 the apparent electronic origins found for the 
2Eiu - 2E2g transition for each of the nine compounds are 
reported. In Figures 10, 12, and 13 are indicated vibrational 
progressions that start from the various origins. Empirically 
we find that in the four cases where the vibrational features 

(DMFc+)(PFs-), (DMFc+)(TCA-)*TCAA, (TMFc+)- 
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Table VII. Vibrational Origins for the ZE,, t ZEzg Transition in 
the Various Ferricenium Compoundsa 

Origin position, cm-' 
Compd 1 2 3 4 

(FC+)(PF,-)~ 15,596 
(Fc+)(BF, - )b  15,723 
(Fc+)(TCA-).2TCAAb 15,552 
(DMFc+)(PF, -) 14,071 
(I)MFc+)(TCA-).TCAA 14,384 
(TMFc+)(PF, -) 14,780 
(TMFc+)(TCA-).2TCAA 14,884 
(DecaMFc+)(PF, -) 12,273 
(I>ecaMFc+) (TCA -).2TCAA 12,27 3 

15,833 
15,819 15,952 
15,731 
14,234 ? ? 
14,457 14,526 14,556 

(1 4,970)' 15,065 
12,362 12,418 12,497 
12,362 12,384 12,447 

a Origin positions are numbered-in order; Le., the numbering does 
not indicate an assignment. Only an average posi- 
tion of no. 2 and 3 origins can be given due to overlapping and low 
intensities. 

See ref 15. 

could be defined well enough to find four origins, that is for 
(DMFc+)(TCA-).TCAA, (TMFc+)(TCA-).ZTCAA, (De- 
caMFc+)(PF6-), and (DecaMFc+)(TCA-)-2TCAA, if the l 
and 4 positions and the 2 and 3 positions are averaged for each 
spectrum, it is found that in all cases the two averages are very 
close tqidentical. In other words the 1,4 and 2,3 pairs of 
transitions seem to be split from a common center of gravity. 
Another interesting observation is that in the DecaMFc+ 
systems, while bands 1 and 2 have the same energy independent 
of the counterion, bands 3 and 4 change by 34 and 50 cm-1, 
respectively, upon changing the counterion from PF6- to 
TCA-.2TCAA. A second observation can be made before 
speculation as to the details of the vibrational structure is 
advanced. As stated in the Introduction, it was thought that 
the energy levels in DMFc+ and TMFc+ should be similar due 
to the similar electronic properties of methyl and methylene 
moieties. This is the case for the 2Eiu - 2E2g transitions of 
both DMFc+ and TMFc+ are shifted - 1000 cm-1 from that 
for Fc+. Additional methylation to give DecaMFc+ leads to 
a -2300-cm-1 shift. It is concluded that a variety of different 
geometric distortions do not affect the e2g or elu molecular 
orbitals anywhere near as much as do ring substitutions. 

In part because of the appearance and centering of the 1,4 
and 2,3 "origins" it is our present interpretation that the 
expected low-symmetry 2Eiu excited-state splitting parameter 
6' is to be gauged by the separation between the 1 and 4 origins. 
This leads to the conclusion that for all three TCA- salts 
studied the 2Eiu excited-state splitting is 170-180 cm-1, 
whereas for the PF6- compounds 6' is in excess of 200 cm-1 
in each case. This is in accord with statements made earlier 
as to the relative packing merits of TCA- and PF6-. Previous 
work15 gave 6' values of -240 and 180 cm-1 for (!?C+)(PF6-) 
and (Fc+)(TCA-).2TCAA, respectively. It will be of interest 
to see if the low-symmetry 2E2g ground-state splitting pa- 
rameter, as determined for instance by epr, will parallel the 
2Eiu 6' parameter. In this regard it is important to note that 
McCaffery and coworkers16J7 have pointed out two important 
facts. First, the excited-state distortion 6' is resultant from 
an operator of different symmetry from that associated with 
6, the ground-state distortion parameter. Thus, if the ground 
state is distorted, the excited state need not be split propor- 
tionally or even in the same sense. The second relevant point 
is that the two excited-state Kramers doublets will give rise 
io absorption bands of different intensity, one weak and the 
other strong. 

Additional information as to the identity of the excited states 
for the 2Eiu - 2E2g transitions can potentially be obtained 
from the Franck-Condon contours of the various vibrational 
progressions. If the geometries of the excited and ground states 
are the same, then the (0,O) vibrational component would be 
the most intense feature in a progression. A difference in 
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Figure 11. Low-temperature (-20°K) electronic absorption 
spectia of a dilute KBr pellet of (TMFc+)(PF,-). 

geometries leads to the most intense component being other 
than the (0,O). Plots of the Franck-Condon envelopes for the 
main progressions in (D_MFc+)(PFs-), (DMFc+)(TCA-)- 
TCAA, (TMFc+)(TCA-).ZTCAA, arid (DecaMFc+) (PFs-) 
are shown in Figure 14. The plot for (DecaMFc+)- 
(TCA-).2TCAA is not shown because it looks very similar to 
that for the other DecaMFc+ compound. For the compounds 
(D M Fc+) ( PFG-) and (TMFc+) (TCA-) s2TCAA progression 
number 1, which is always the strongest for all the ferricenium 
compounds, is characteristic of an excited state somewhat 
distorted from the ground state. For the other compounds the 
number 1 envelopes are characteristic of identical geometries. 
Inspection of all of the curves does not, unfortunately, suggest 
any pairwise (or otherwise) associations of progressions that 
work for all of the compounds. If the origins labeled 1 and 
4 are properly assigned as the transitions to the split 2Eiu state, 
then it is to be noticed that only in the DecaMFc+ cases do 
both of the two excited states have geometries close to the 
ground state. 

’The presence of four electronic origins warrants an ex- 
planation because only the $*C(2Eiu) - +@(2E2g) and 
+&(2EiU) +- $ ~ ( % 2 g )  transitions are expected since the 
$ 4 2 E 2 g )  Kramers doublet is not thermally populated. One 
possible explanation for four origins is that there are two 
different site symmetries in the unit cell for the ferricenium 
ions. There must be two crystallographically inequivalent types 
of cations for each system. Objections to this may be raised 
along the following lines. (1)  It is unlikely that all five of the 
systems clearly showing four origins would have such similarly 
distributed states through such an “external” mechanism. (2) 
For several of the systems it would appear from the envelopes 
that if a two-site mechanism were accepted, one would have 
to justify the fact that one of the sites is more distorted than 
the other. (3) The crystallographic symmetry discussed for 
(DMFc+)(TCA-)-TCAA requires that all four molecules in 
the unit cell have the same environment; thus no site splitting 
is possible for this system. 

Another possible explanation for the multiple origins is 
exciton splitting. The exciton coupling mechanism has been 
studied in many other systems.42 A particular requirement 
for this splitting is that it takes place via interactions of 
molecules not related by merely translational operations in the 
lattice. For example, in the case of (DMFc+)(TCA-).TCAA 
the four molelcules in the cell are not restricted to having 
parallel symmetry axes, and thus exciton splitting is not ruled 
out for this compound. A doping experiment might give a 
direct indication of the magnitude of this effect. (Fc+)(PF6-) 
was doped at the level of a few per cent into (Co(cp)2+)(PFs-) 
and the visible spectrum was run at low temperatures. It was 
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Figure 13. Low-temperature (- 20" K) electronic absorption spectra of dilute KBr pellets of (DecaMFc+)(PF,')(top) and (DecaMFc')- 
('rCA-)*2TCAA (bottom). In each case four main vibrational progressions are indicated, and in the PF,- case four additional 
progressions are identified. 

A 

C 

B 

D 

Figure 14. Franck-Condon envelopes for the four main vibrational progressions in the spectra of (DMFc+)(PF,-) (A), (DMFc')(TCA-). 
TCAA (B), (TMFc+)(TCA-).2TCAA (C), and (DecaMFc+)(PF;) (D). 
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found that, although considerably weaker than for the pure 
compound, the observed spectrum was equally well resolved 
and showed no differences in either intense or weak features. 
This is, of course, inconsistent with an exciton model where 
dipoledipole interactions between ferricenium molecules would 
be expected to decrease as r-3.  Substituted cobalticenium salts 
were unavailable. The ideal experiment would be to study, 
including measurements of polarization, the doped single 
crystals of [Fe-Co(cp)z] (TCA).2TCAA; however, due to the 
difficulty of obtaining [CO(C~)~] (TCA) .~TCAA crystals of 
suitable size and shape, this study could not be carried out. 

A third possible explanation for some of the apparent 
electronic origins concerns the presence of low-energy lib- 
rational modes. Hyams33 very recently reported the obser- 
vation of a relatively strong librational mode at 62 cm-1 in the 
Raman spectrum of ferrocene. He also found three librational 
bands at 40, 52, and 60 cm-1 for perdeuterated ferrocene. 
These same librational modes would be expected for the 
ferricenium ions; the potential well of the $&(2E2g) Kramers 
doublet could be structured by various low-energy vibronic 
levels. If there is thermal population in, lets say, two different 
local minima of the $ia(2E2g) ground-state well, then there 
could be electronic transitions from both, and four electronic 
origins would be found. For example, the 1,4 origins could 
be resultant from one minimum in the $&a well and the 2,3 
origins from another. This does not seem to be the case, for 
we have not seen any appreciable intensity changes of certain 
low-energy peaks relative to others throughout the range where 
reasonable resolution is seen (easily 4.2-77’K). The ++c(2Eiu) 
and $4(2Eiu) excited states could also be coupled to various 
low-energy librational modes and the two additional origins 
(e.g., origins 2 and 3) are in fact two different (1,O) vibrational 
components in two different librations and these two com- 
ponents have as their origin the intense, lowest energy origin 
1. This would require that combination bands (libration plus 
some other vibration) would be visible from these two lib- 
rational components, whereas no overtones of the librations 
would be seen. The corresponding librational components of 
the origin 4 would also be required to be nondetectable. All 
in all, the explanation employing librational modes seems quite 
inadequate and for now we can only say that further work is 
needed to understand the additional origins. 

Independent of the assignment of the multiple electronic 
origins, it is possible and potentially very beneficial to in- 
vestigate the vibrational progressions that are evident in Figures 
10, 12, and 13. The electronic spectrum of (DMFc+)- 
(TCA-).TCAA is given in Figure 10 and the observed bands 
are given in Table VILI.18 It is found that, for the two most 
easily measured of the four progressions, the initial spacings 
of the progressions labeled 1 and 3 are 317 and 322 cm-1, which 
gives an average of 320 cm-1. Because we have seen that the 
symmetric ring-metal-ring stretch in DMFc is 3 18 cm-1 and 
also that it is 322 cm-1 for the 2E2g ground state of 
(DMFc+)(TCA-).TCAA, it is concluded that in this system 
neither the e2g nor the eiu orbital is appreciably bonding 
between the metal and the ring. This again is consistent with 
our earlier observation that the rings are probably close to 
parallel, as in ferrocene and unsubstituted ferricenium where 
similar conclusions about the e2g and elu orbitals have been 
made.15 A fifth -320-cm-1 progression labeled A in Table 
VI1118 and Figure 10 is built on what may be one quantum 
of the perpendicular ring distortion frequency impressed on 
either the no. 1, 2, or 3 origin or possibly it is one quantum 
of symmetric ring tilt impressed on origin 4. Although there 
is no definite way to distinguish between these possibilities, 
the 578-cm-1 perpendicular distortion frequency calculated 
if the no. 1 origin assignment is correct is probably too close 
to the DMFc value (631 cm-1) to demonstrate adequately the 
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- I. 30-cm-1 reductions in this frequency that we have already 
seen15 for the Fc+ systems. And since a progression of this 
duration ( ix . ,  progression A) would not be expected to arise 
from origins with intensities as low as seen for 2 and 3, we 
would opt for assigning the A progression as the origin (4) f 
v28 + nu4, where v2s (symmetric tilt) is 406 cm-1. The closeness 
of this v28 value to what is found in DMFc (402 cm-1) cor- 
relates with both the assignment and previous discussion. 

The case of (DMFc+)(PF6-) is most unusual. As Table 1x18 
and Figure 10 show, every detectable peak in this spectrum 
has been assigned as part of a progression stemming from one 
of four origins. The vibrational frequency of these progressions 
is found to be 379 cm-1! This is indeed puzzling, for the 
Raman spectrum (Figure 3) of this compound indicated that 
both the symmetric ring-metal-ring stretch and the ring-CH3 
deformation are coupled to the 2Eiu - 2E2g transition, and 
these lie at 31 1 and 327 cm-1, respectively, in (DMFc+)(PF6-) 
and 318 and 330 cm-1, respectively, in DMFc. It is under- 
standable that due to the tilting of the rings the elu orbital 
would tend to bond with the metal, and by removing an elu 
electron for the 2Eiu excited state certain molecular frequencies 
would decrease, but at the moment it is not understood why 
it is that a change from the DMFc value by as much as 49-68 
cm-1 is observed and that the 2Eiu vibrational energy is greater. 
As was found for the TCA- salt, there is a fifth -379-cm-1 
progression which, although it cannot be identified due to the 
weakness of two of the origin peaks in this system, begins 619 
cm-1 from origin 1. 

The electronic spectra of the 1,1 I-trimethylene-bridged 
ferricenium systems have also presented some interesting 
results. The assignments of the bands in the (TMFc+)(PF6-) 
and (TMFc+) (TCA-)dTCAA systems are indicated in Tables 
XI* and X1,18 respectively. For the PF6- salt the spectrum 
is poorly resolved and it can only be said that the initial peak 
spacing of 258 cm-1 is probably within 10 cm-1 of the energy 
of the individual progressions. However, it is to be noted that 
this corresponds to the 259-cm-1 progressions found in the 
well-resolved TCA- spectrum. The listing below shows the 
frequencies of what has been assigned previously as a “torsion” 
mode for the three relevant states of TMFc and TMFc+. 

2E,g, TMFc” 2El,, TMFc’ 
21 8 cm-’ 259 cm-’ 

,T,;c 

The explanation of the 218-cm-1 band position entailed a 
suggestion that due to the bending of the rings the e2g orbital 
takes part in bonding to the ring. It was simplistically thought 
that the resonance enhancement of the 21 8-cm-1 band in the 
Raman spectrum was possible through some component of 
metal-ring stretching being involved in the mode. The dif- 
ference in frequencies between 1Aig TMFc and 2Eiu TMFc+ 
is somewhat reminiscent of what was found for (DMFc+)- 
($F6-); the 2Eiu frequency is higher, although in this case the 
difference of 13 cm-1 is much smaller. In the TMFc systems 
it seems that even though the e2g orbital has become somewhat 
bonding in nature, the elu orbital does not become appreciably 
involved in the metal-ring bonding. In other words, with 
respect to those molecular forces that determine the frequency 
of the so-called “torsion” mode, the increased overlap of the 
e2g orbital upon tilting the rings has a considerable 
strengthening effect, whereas the elu overlap results in a 
decrease in the force constants. 

In the case of the DecaMFc+ systems vibrational pro- 
gressions are seen at 370 and 367 cm-1, respectively, for the 
PF6- and TCA-S~TCAA salts (see Tables XI118 and XI1118 
and Figure 13). Recall that the Raman spectra of these two 
materials show symmetric tilts at 369 and 365 cm-1, re- 
spectively, and the symmetric tilt for DecaMFc is 379 cm-1. 
For these decamethylated molecules the difference between 
the lAig DecaMFc and 2E2g DecaMFc+ frequencies was 
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explained above as being caused by bonding overlap of the e2g 
metal orbitals with the rings concurrent with the tilting motion. 
The 2Ei!1 DecaMFc+ frequencies are also reduced from the, 
nmiral nnolecule values and this suggests that the c i U  orbital 
is involved in metal-ring bonding in much the same way as 
is the e2g orbital. Since all these differences are small, it should 
be stated that they are significant with respect to the error in 
measurements. The postulation of nearly equal e2g and elu 
metal-ring bonding upon tilting of the rings seems to contrast 
with what was found for the TMFc+ system. In that system 
for a permanently bent molecule the e2g orbital is more bonding 
than the elu with respect to the forces involved in the observed 
normal coordinate. If it is a basically "torsion" mode that 
is involved in the TMFc+ systems, it may be concluded that 
the e2g orbital in these systems is disposed such as to stabilize 
the rings to both tilting and twisting forces, while the el 11 orbital 
does riot change energy greatly as a function of twist or torsion. 

Also in Tables XI118 and XI1118 are indicated for the 
DecaMFc+ compounds two more progressions, B and C (see 
Figure 13). These are probably built on one quantum of 
perpendicular ring distortion from two of the origins. 

Epr Resaallts. Prim6 has given g-value expressions appropriate 
for ferricenium systems 

& - g l / = 2  +4k[-((/6)/(1 f ( 2 / F j 2 ) 1 ' 2 ]  

g, =g, =g1= 2/(1 + p / S 2 ) 1 ' 2  

Here, 4 is the spin-orbital coupling constant and 6 is a 
one-electron splitting parameter gauging the effects of crystal 
fields lower in symmetry than Ds. The g va!w for ferriceniurn 
systems are generally quite different from 2.0, a reflection of 
the presence of some orbital angular momentum, which is 
quenched as 6 increases. Thus, for ferricenium derivatives with 
the largest low-symmetry distortions the g values are closest 
to 2.0 and the effective magnetic moments approach the 
spin-only value of 1.73 ISM. Epr can to be used to gauge the 
6 distortion parameter for the 2E2g ground state. It should 
be added here that for several years there was a running debate 
concerning the correct g values for the ferricenium ion. While 
Wassermann5>7 argued that impurities were giving rise to the 
signals reported by Prins, it is currently believed8 that Prins' 
values are correct. This is supported iri part by the epr data 
reported in this paper for (DecaRriFc+)(PFs--). The g-value 
arguments are reviewed by Anderson and Rai8 and it is re- 
ported there that only Prins' values are consistent with their 
ferricenium and dimethylferricenium nmr contact shift data, 
St is quite possible that a dynamic pseudo-Jahn-Teller dis- 
tortion could be present for a ferricenium i011;43 however, it 
appears that our data do not warrant the consideration of such 
an effect. 

The epr spectra obtained for pure powdered samples of the 
various substituted ferricenium systerns at - 12°K are shown 
in Figure 15. There are two points to be made about the 
appearance of these spectra, First, for each of the spectra of 
the three trichloroacetate salts on the right side of Figure 15 
there are weak features observed between the g~i and g 1. values. 
Although for the (DecaMFc+)(I'CA-).ZTCAtB case it is 
probable that some of the spectral features are due to the 
presence of impurities in the sample, it is clear that for the 
DMFc+ and TMFcf trichloroacetates all unlabeled features 
are due to the fact that these samples are microcrystalline arid 
could not be ground by hand sufficiently well to average 
completely over all crystallite orientations. The positions of 
all peaks intermediate between gi and gi in the spectra of these 
two compounds were found to change upon rotation of the 
sample tube. Another observation of interest concerning the 
epr spectra relates to the line widths, particularly the com- 
parison between the spectra of (TMFc+)(PI;6-) and 
(TMFc+)(TCA-)-2TCAA. No explanation will be advanced 
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Figure 15. X-Band powder epr spectra for six substituted fer- 
riceniurn compounds at - 12°K. The three spectra on the right 
are spectra for the three trichloroacetates, while the three on the 
left are those for the PF,' salts. 

Table XIV. Epr Data for the Various Ferricenium Systems 
Compd g /I g, Ag 8,crn- l  

____I-- 

--1-.--- 

(DMFc*)(PP, -) 4.002- 1.92 2.08 1350 
(DMFc*)(TCA-).TCAA 4.44 1.22 3.22 310 
('fNFc+)(PP, -) 3.86 1.81 2.05 850 
(TMFc+)(TCA-)-2TCAA 3.83 1.64 2.19 575  
(DecaMFc+)(PF, -) 4.433 1.350 3.083 365 
(DecaMFc')(TCA-).2TCAA 4.37 1.26 3.1 1 324 
Fc" a 4.35 1.26 3.09 322 

a See ref 6 .  

at this time for the variability in line width. 
Table XIV lists the g values, g anisotropy (dg), and 6 values 

for the various ferricenium ions. The distortion parameters 
reveal that in all cases the molecule is more distorted for the 
PF6- counterion than with the T C A - d E A A  counterion. This 
is particularly true for the DMFc+ systems, where the source 
of the difference in distortion has been mentioned in the 
Geometry section. 

Evidence has been presented in the previous sections to show 
that the 2Eiu excited-state low-symmetry parameter (SI) is also 
greater for PF6- than TCA-.nTCAA compounds. This re- 
lationship between 6 and &', although not a theoretically re- 
quired one, is empirically borne out, and we can use the re- 
lationship to deduce the temperature dependence of 6 from 
observation of electronic spectra at various temperatures. In 
our previous gaper the spectra of (Fc+)(PF6-) at 22, 83, and 
I19OK are shown. Although there is an appreciable loss in 
resolution as :he temperature is raised, the positions of the first 
two most intense peaks (counterparts of origins 1 and 4) can 
reasonably be determined, and within experimental error they 
do not move relative to each other. We have assigned these 
peaks as transitions to the $@ and $d Kramers doublets 
components of the 2Eiu excited state, so the spacing between 
them is a gauge of 6'. The temperature independence of these 
peaks then shows that the ground-state distortion parameter 
6 is most probably also independent of temperature. This is 
contrary to what has been claimed in the MCD ferricenium 
work,l6,17 where 6 is reported to change by as much as a factor 
of 4 between 300 and 4OK; it is also contrary to the first 
suggestion of 6 temperature dependence in the ferricenium 
magnetic susceptibility work.4 
~ Q ~ ~ ~ ~ s ~ Q n  

Raman, infrared, low-temperature electronic absorption, and 
epr spectroscopies were used to study PF6- and TCA- salts 
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Table XV. Summary of Spectroscopic Observables for Ferricenium Systemsa 
Fe(II1) Fluorescence 

Cation Anion Fe(I1) Raman Raman ZE,U freq 2ElU origins band 6 ‘  

FeCp,+ PF,- 3 04 303 15,596,15,833 14,800 233 
FeCp,+ BF,- 308,391,599 304,398,471 15,723,15,819,15,952 229 

307,408,466 15,552,15,731 14,800 179 FeCp,+ TCAA,- 307 
DMFc+ PF, - 318,330 311,327 379,?  14,071, 14,234, two more 13,640 >200 
DMFc+ TCAA,- 402,631 322 319,406 14,384,14,457,14,526,14,556 13,780 172 

218,316 -258 14,780 
TMFc+ TCAA,- 218,311 259 14,884,15,065, two at -14,970 14,100 183 
TMFc+ 

DecaMFc+ PF,- 379, 590 369 370 12,273,12,362, 12,418, 12,497 224 
DecaMFc+ TCAA, - 365 367 12,273,12,362, 12,384,12,447 174 

PF6- 246,329 

a All numbers are in cm-’ ; 6 ‘ is the 2El, state and 6 the ‘Ezg state low-symmetry distortion parameter. 

6 

3 22 

1350 
310 
850 
575 
365 
3 24 

of a series of ferricenium cations. Important spectroscopic 
observables are summarized in Table XV. It  should be 
recalled first of all that we are not able, through any of the 
techniques used, to study metal-ring bonding which involves 
the MO of eig symmetry. This is unfortunate in that it is 
probably by far the most important bonding orbital in the 
system. However, we have studied the effective bonding of 
the e2g and elu orbitals. 

Vibrational spectroscopy of the neutral and oxidized 
molecule ground states has been shown to be consistent with 
little e2g metal-ring bonding in ferrocene and Fc+ systems, 
and yet observable contributions from e2g bonding are deduced 
for the (DMFc+)(PF6-) and TMFc+ cases. This is consistent 
with an increased (dxz-yz, dxy)-ring overlap as the ring tilts. 

Resonance Raman effects have shown which vibrational 
modes in each system are coupled to the 2Eiu +- 2E2g ring- 
metal charge-transfer transition. As Table XV indicates, 
different modes are probably coupled in the different systems. 

The almost total assignment of vibrational structure on the 
2Eiu - 2E2g absorption band in the visible spectrum has 
allowed the measurement of vibrational frequencies of each 
molecular system in the 2Eiu excited state. Comparing these 
frequencies to those found for the ground state, 1Aig neutral 
species led to the following conclusions. (1) In the Fc+ systems 
no elu or e2g orbital participation in metal-ring bonding is 
found. (2) The (DMFc+)(TCA-).TCAA compound (with 
parallel rings) was found to have no e2g or elu contributions. 
(3) The DMFc+)(PF6-) species gives evidence of only a small 
amount of e2g metal-ring bonding character but the metal px 
and py orbitals (eiu symmetry) interact with the ring eiu 
orbitals in such a way that the removal of elu ring electrons 
strengthens the metal-ring bonding. (4) The TMFc+ salts 
show evidence of substantial e2g bonding and an elu 
“antibonding” effect similar to that found for the 
(DMFc+)(PF6-) material (the coupled vibrational mode in this 
case has been identified as more of a “torsion” motion than 
a ring-metal-ring stretch; therefore the angular bond strength 
properties of the e2g orbital are important in this case, in 
contrast to the systems above). (5) It was found that small, 
seemingly nearly equal e2g and elu bonding contributions are 
made to the potential surface for tilting vibrations of the rings 
in DecaMFc+ systems. 

Several explanations were advanced for the multiple vibronic 
origins observed in the 2 E i u  - 2E2g band for all 
ferricenium-like molecules, but no explanation was found to 
be totally adequate. All in all it has to be said that regardless 
of whatever (partial) answers were provided for the questions 
stated in the Introduction an additional related question can 
be now added to the list. 

The 2E2g ground-state distortion parameter (6) and that for 
the 2Eiu  excited state have been shown to be similarly de- 
pendent upon geometric perturbations of the system, even 
though they are not required to be so by symmetry consid- 
erations. From this information it was suggested that the 
temperature independence of the (Fc+)(PF6-) vibronic 2Eiu 

- 2E2g spectrum implies insignificant temperature dependence 
of 6. 
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The paper describes the results of paramagnetic anisotropy measurements on the single crystals of a series of halo- 
bis(diethyldithiocarbamato)iron(III) in which the ferric ion is in the intermediate spin state. A convenient method is given 
to calculate the “rhombic” principal molecular anisotropies from the measured crystalline quantities of a monoclinic system 
and is applied to calculate the molecular anisotropies of these molecules. An important result of the present measurements 
is the discovery of a large “in-plane” anisotropy in these molecules. Using spin-Hamiltonian formalism. the gi values and 
zero-field splitting (ZFS) parameters (D and E )  of the ground state of the ferric ion (4A) have been determined. The 
(E/D) ratios are observed to be large and decrease from the chloro to the iodo derivative. The total ZFS (in cm-1) is deduced 
to be 3.36, 16, and 19.1 for the chloro, bromo, and iodo derivatives, respectively. 

I. Introduction 
An intermediate spin state for a 3d5 ion (S  = 3/2) is rather 

a rare occurrence, the low (S = 1/2) and high (S = 5/2) spin 
states being the most common ones. It may be primarily 
because of this reason that the magnetic properties and 
electronic structure of S = 3 / 2  halobis(dia1kydithiocarbam- 
ato)iron(III) have been of great interest. §ingle-crystal X-ray 
structural studies are now available on different halogeno- 
diethyl derivatives.’-4 The molecular geometry is essentially 
the same in all cases and is diagramatically shown in Figure 
1 ~ The iron atom in these molecules has a highly distorted 
square-pyramidal geometry, the halogen being at the apex of 
the pyramid and the iron atom at the center, about 0.6 A above 
the mean rectangular basal plane of the four sulfur atoms 
belonging to the dithiocarbamate (dtc) ligands. The dtc ligands 
are not coplanar with each other, but they are so with the iron 
atom. The local symmetry at the iron site is low and is close 
to c2. 

Extensive low-temperature average magnetic susceptibili- 
ty,4-6 Mossbauer,4,5,7-9 and some e d J 0  studies have been 
reported on several derivatives of the above series. The average 
magnetic susceptibility of all of these molecules in the liquid 
nitrogen temperature range obeys the Curie law very closely 
and conforms to the spin state of S = 3/2 for the ferric ion. 
The presence of any significant exchange interaction is evident 
only below 4’K or so. The results of the Mossbauer and esr 
studies have been interpreted to establish that the ground 
electronic state of the ferric ion in this system is a spin quartet 
orbital singlet. In addition, the single-crystal esr study on the 
isopropyl homolog has given an estimate of the zero-field 
splitting (ZFS) of the ground state. A very accurate and direct 

estimate of the ZFS in some of these molecules is available 
from far-infrared spectroscopy studies.lLl2 These mea- 
surements are generally done in the liquid helium temperature 
range and hence are often handicapped because of the presence 
of magnetic-exchange interactions. 

A detailed crystal field calculation is now available, in which 
an attempt has been made to rationalize the available ex- 
perimental results on these molecules on the basis of C4” 
symmetry.13 In these calculations, a scheme for the ordering 
of energy levels for the ferric ion has been proposed. As will 
become apparent later, there are some serious discrepancies 
in these calculations. 

The present work was undertaken to deduce the ground- 
and excited-state electronic properties of the ferric ion from 
the measurements of paramagnetic anisotropy between 80 and 
300’K on the chloro, bromo, and iodo derivatives of the diethyl 
homolog, abbreviated here as Fe(dtc)zX (X = C1, Br, I). In 
this paper detailed experimental results of the paramagnetic 
anisotropy measurements on the Fe(dtc)S series are presented, 
a method of calculating molecular anisotropy is outlined, and 
finally the values of ZF§ and other parameters are calculated 
using spin-Hamiltonian formalism. A preliminary report of 
the paramagnetic anisotropy study on Fe(dtc)zCl has been 
published.14 
II. Experimental Section 

The compounds were prepared by the reported method.l16 Large 
well-developed single crystals (- 10 X 4 X 2 mm3) were obtained by 
slow evaporation of a 80:20 chloroform-toluene solution. It has been 
observed that this ratio was rather critical in getting good-quality, 
large single crystals. The crystals grow as elongated prisms with the 
long axis as the c axis. The crystals, particularly the iodo derivative, 


