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Abstract: Raman spectra of uranocene obtained with tunable dye laser excitation, in the region of the visible charge transfer 
transitions, contain polarized bands at 211 and 754 cm-1, assigned to ring-metal-stretching and ring-breathing modes, and 
an anomalously polarized band at 466 cm-1, assigned to an electronic transition because of its lack of deuterium shift. Circular 
polarization measurements establish that ,iA/j = ± 1 for this transition. A reanalysis of the magnetic susceptibility data indi
cates that the uranocene ground state is the A/j = ±4 level of the 3K^ manifold and that the first excited state is the 466-ctrT' 
level, with A/j = ±3. The polarizations of the charge transfer transitions are deduced from the Raman polarizations. The vi
brational modes are resonant with the z-polarized but not the .x,>>-polarized transitions. For the highest energy charge transfer 
state, appreciable origin shifts are inferred from the 0-1 intensity of the ring-breathing mode and the overtone intensity of the 
metal-ring stretch. This state is split by 160 cm-1, as determined by a quantitative fit of the 466 cm-1 mode intensity data. An 
excited state Jahn-Teller effect is suggested. A remarkable dispersion of the 466 cm-1 band depolarization ratio is shown to 
result from interference between scattering contributions from adjacent charge transfer states. 

Uranocene, the bis(cyclooctatetraene) (COT) complex 
of uranium, has attracted much interest since its preparation 
and characterization by Streitwieser and Muller-Westerhoff.1 

It was the first extension of the 7r-sandwich compounds, ex
emplified by ferrocene, to the actinides, with their valence f 
orbitals. Streitwieser et al.2 proposed a plausible bonding 
scheme involving overlap of the highest filled (e2U) T orbitals 
of the COT2- rings with the K = ±2(fxvr,fZ(X2.>.2)) uranium 
5f orbitals. These overlaps are quite favorable, within the 
simple one-electron description, and they presumably account 
for the remarkable chemical and thermodynamic stability of 
uranocene. 

A number of physical and spectroscopic studies provide some 
understanding of the role of the f electrons in ring-metal 
bonding and have been recently reviewed.3 Several crystal field 
and molecular orbital calculations on uranocene46 have been 
inconclusive in establishing its electronic structure, because 
of a lack of accurate crystal field parameters. The present study 
provides information relevant to establishing the nature of the 
low-lying f-orbital states as well as higher lying charge transfer 
states. 

Uranocene is an attractive candidate for resonance Raman 
(RR) spectroscopy. It has well resolved and moderately intense 
visible absorption bands2 which are attributable to charge 
transfer transitions from the COT2- T orbitals to the uranium 
f orbitals. The molecular symmetry, Z)g/,, is very high, making 
polarization measurements especially useful. Despite the large 
number of atoms, there are only four totally symmetric vi
brational modes: ring-metal stretching, ring breathing, and 
carbon-hydrogen stretching, and a perpendicular carbon-
hydrogen bending. The first two are observed and readily 
identified in the RR spectra reported herein. In addition, we 
observe a third band, with anomalous polarization, which can 
be convincingly demonstrated to be an electronic Raman 
transition. Such transitions have normally been observed in 
solids at low temperatures,7 but there have been two recent 
reports of electronic Raman bands in solution spectra.8'9 These 
arise from transition metal ion d-d transitions and are quite 
broad. In contrast the uranocene electronic Raman band is 
narrow, consistent with its assignment to a transition between 
nonbonding 5f orbitals. Excitation profiles and polarizations 
of the three uranocene RR bands, together with a reanalysis 
of magnetic susceptibility data, provide a satisfying picture of 
several of the uranocene energy levels. 

0002-7863/78/1500-7865S01.00/0 

Experimental Section 
Uranocene was a generous gift of Professor A. Streitwieser. It was 

dissolved in tetrahydrofuran (THF), which was distilled from so-
dium/benzophenone and then degassed by several freeze-pump-thaw 
cycles. Concentrations for the Raman experiments were ~1 X 10-3 

M. Solutions were prepared in a Vacuum Atmospheres drybox and 
placed in a modified spinning cell equipped with a Teflon stopper 
immediately before the Raman experiments, even though the highly 
air-sensitive uranocene solution typically showed no decomposition 
in the spinning cell for several days. 

Uranocene-rfi6 was prepared by the method of Streitwieser,2 using 
cyclooctatetraene-^8 from Merck & Co. as the starting material. 

Laser excitation was obtained using a Coherent Radiation 490 dye 
laser pumped by a Spectra Physics 170 Argon laser. Rhodamine 6G, 
rhodamine B, and sodium fluorescein dyes were used. Raman spectra 
were taken with a Spex 1401 monochromator equipped with a cooled 
phototube and photon counting electronics. 

Peak areas for excitation profiles were determined using a pla-
nimeter, with the 914 cm- 1THF solvent band used as a reference. The 
polaroid sheet analyzer used for the polarization measurements was 
checked using the 460 cm-1 (p = 0) and 314 cm-1 (p = 0.75) bands 
of CCI4. Circular polarization measurements were obtained using a 
mica quarter-wave retardation plate and the optical arrangement 
described in ref 10. 

For concentrated solutions, reabsorption effects on the relative 
intensities are large due to the sharpness of the absorption bands. The 
problem was minimized by lowering the concentration sufficiently 
such that the estimated corrections were <2.5% for X > 600 nm and 
< 10% for X <600nm. 

Results and Discussion 
Vibrational Raman Bands. Laser excitation in the vicinity 

of the uranocene visible absorption bands produces a resonance 
Raman (RR) spectrum with three bands, at 211,466, and 754 
cm-1. Figure 1 shows the spectrum obtained with 614.7-nm 
excitation. The 211- and 754-cm-1 bands are polarized, while 
the 466-cm_1 band is anomalously polarized (pi > 0.75). The 
intensities vary rapidly with laser wavelength, and the exci
tation profile for the 466-Cm-1 band is quite different from 
those of the 211- and 754-cm-1 bands (vide infra). This ex
plains the fact that previous reports of uranocene Raman 
spectra appear to be contradictory. Karraker et al.4 observed 
the 466-cm_1 band, using 632.8-nm excitation, while Hodgson 
et al." observed the 211- and 754-cm_l bands, with excitation 
that was presumably one of the Ar+ lines in the blue or green 
region. 
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Figure 1. Resonance Raman spectra of uranocene (U(C8Hg)I, parallel 
and perpendicular components) and uranocene-di6 (UfCgDgh) in THF 
with 614.7-nm excitation. Conditions: spectral slit width = 6 cm - 1 , time 
constant = 3 s, scan speed = 0.5 cm - 1 /s, laser power ~ 175 mW, sensitivity 
~1000 Hz. concentration ~1 mM. 

Table I. Electronic Raman Tensor Patterns for Transitions within 
the 3 H 4 Multiplet in a Dih Crystal Field 

a c 0 
-c a 0 
0 0b 

AA/j = 0 

Also shown in Figure 1 is the RR spectrum ofuranocene-
d\t,. The 754- and 21 1-cm-1 bands shift down, by 29 and 9 
cm -1, respectively, on deuterium substitution, while the 
466-cm-' band is unshifted. The 754-cm-1 band is assigned 
to the ring-breathing mode, which is found at 737 cm -1 in 
cyclooctatetraene dianion.12 Its deuterium shift is similar to 
those observed for the ring-breathing modes of ferrocene13 and 
bis(benzenechromium).14 The 21 1-cm-1 band is assigned to 
the symmetric metal-ring stretch, fsym. The asymmetric 
counterpart, i>a^m, is known from infrared data to be at 240 
cm"1.15 For a linear triatomic model with point mass ligands 
(V = 238.03, C8H8 = 104.153) these frequencies are calcu
lated16 with a primary force constant k = 2.31 mdyn/A, and 
a stretch-stretch interaction constant k' = 0.42 mdyn/A. The 
predicted deuterium shift for vsym is 8 cm-1, in excellent accord 
with the observed 9-cm-1 shift. The linear triatomic model has 
been used successfully for cyclopentadienyl sandwich com
plexes.17 For ferrocene, values of k = 3.17 and k' = 0.54 
mdyn/A are obtained from i/sym = 311 and vasym = 478 cm - ' . 
The smaller primary force constant of uranocene suggests a 
weaker metal-ring bond, consistent with the expected smaller 
overlap of f orbitals than d orbitals. 

Electronic Assignment for the 466-cm-1 Band. The anom
alous polarization observed for the 466-cm-1 band requires 
that its scattering tensor contain an antisymmetric contribu
tion.1819 In the D8/, point group appropriate to uranocene20 

this is possible only for vibrations of aag and eig symmetry. 
Uranocene has one a2g and five eig normal modes. The a2g vi
bration involves in-plane C-H bending which should occur 
above 1000 cm -1 , and should shift markedly on deuterium 
substitution. The eig vibrations include three with substantial 
C-H bending character, a C-C stretch, and the symmetric 
ring-metal-ring tilt. All of them should be sensitive to deute
rium substitution; the analogous modes in ferrocene13 and 
bis(benzenechromium)14 shift by at least 30 cm -1. 

The lack of deuterium shift renders any vibrational as-
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Figure 2. Circular polarization of the Ac = 466 cm - 1 mode of uranocene 
in THF with 614.6-nm excitation. Conditions: spectral slit width = 6 cm -1 , 
time constant = 3 s, scan speed = 0.5 cm"' /s . laser power ~125 mW, 
sensitivity = 250 Hz, concentration ~1 mM. The features at the high-
frequency (left) end of the || and CON components are due to glass scat
tering. 

signment of the 466-cm-1 band implausible. We assign it in
stead to an electronic transition. Electronic Raman bands are 
normally, much broader than vibrational Raman bands7 be
cause of large vibronic contributions. As far as we are aware, 
this is the first observation of a narrow (M 7 cm-1 bandwidth) 
electronic Raman band in solution. The assignment is rea
sonable for an "f-f" transition; such transitions, which are 
weakly coupled to molecular vibrations, are normally nar
row.21 

Uranocene contains U ,v, with a f2 electronic configuration 
and a 3H4 ground state.3 This is split by the Dn crystal field 
into five levels, with M3 = 0, ±1, ±2, ±3, and ±4. Electric 
polarizability selection rules allow Raman transitions for which 
AMj = 0, ±1, or ±2 (i.e., AMS = 0 and AML = 0, ±1, or ±2). 
The scattering tensors for these transitions are given in Table 
I. Antisymmetric contributions are possible only for AMj = 
0 o r ± l . 

Transitions with Mj = 0 have diagonal as well as antisym
metric off-diagonal scattering elements, while those with AMj 
= ±1 have zero trace. These possibilities can be distinguished 
with the aid of circular as well as linear polarization mea
surements.10-22 Figure 2 shows complete polarization mea
surements for the 466-cm-1 band, obtained in backscattering: 
parallel and perpendicular linear components (7|| and I±) and 
CO- and contrarotating circular components (/c0 and /con)- The 
polarization components are related to the Raman tensor in
variants as follows18,19 

/|| = K(45a2 + 47s
2) 

Ix = K(3y2 + 57as
2) 

/co = K(6ys
2) 

lQOn = K(ASa2 + y2 + 57as2) 

(D 
(2) 

(3) 

(4) 

where K is an instrumental constant and the invariants are 
defined by; 

«2 = 'ML""')2 (5) 
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EXCITATION PROFILES 

HkK) 

Figure 3. Absorption spectrum (solid line) of uranocene and excitation 
profiles for the 211-cirr1 (A) and 754-cm-1 (O) vibrational modes. The 
excitation profile is plotted as the ratio of the intensity of the uranocene 
Raman band to the intensity of the 914-cm-' THF solvent band. 

7s2 = 1IiL («"" - a"")2 + 3/4 "7Jf \a<"> + aP"\2 (6) 

Tas2 = 3A i f \aa"-aP"\2 (7) 
ptr 

where aap is the <rpth component of the 3 X 3 scattering ten
sor. 

Three polarization measurements are sufficient to determine 
the three tensor invariants, while the fourth measurement 
provides a check. The experimental intensities, IfI±:ICo'-Icon 
= 1.00:1.83:1.49:1.25, yield the following relative values of the 
invariants: 7s2:7as2:a2 = 1.00:0.88:0.0009. The propagation 
of an estimated 5% error in the intensity measurements yields 
a value for the trace of the tensor which is within experimental 
error of zero. This result identifies the 466-cm_l band with a 
AMj = ±1 transition. 

Excitation Profiles. The visible absorption spectrum of ur
anocene, shown in Figure 3, contains four well-resolved, fairly 
strong (e = 300-2000 M - 1 cm"1) bands between 600 and 700 
nm. Their separations are not the same, and do not correspond 
to vibrational frequencies. While f-f transitions are expected 
in this region of the spectrum they should be very much weaker. 
The most plausible assignment of the observed bands is to 
charge transfer transitions from filled TT orbitals on the cy-
clooctatetraene rings to f orbitals on uranium. The weakly 
bonding character of the f orbitals could account for the rela
tively small (~250 cm-1) bandwidths. (Ligand -* metal 
charge transfer transitions terminating on d orbitals are usually 
quite broad.) 

Also shown in Figures 3 and 4 are excitation profiles for the 
three Raman bands, obtained with tunable dye excitation. The 
available dyes (rhodamine 6G, sodium fluorescein, and rho-
damine B) provided excellent coverage of the first three ab
sorption bands, which we label I, II, and III in order of de
creasing wavelength, but not the fourth. The experimental 
curves are striking. The two vibrational modes, 211 and 754 
cm -1, are in resonance with bands I and III, but show no en
hancement under band II. In contrast, the 466 cm-1 electronic 
mode is maximally enhanced via band II, and to a lesser extent 
under band I, while band III gives no enhancement. 

The 754-cm-1 profile shows an additional maximum about 
one vibrational quantum (~750 cm-1) above the band I res
onance, as expected for scattering from the 0-1 vibrational 
level of the excited state. The comparable 0-1 and 0-0 en
hancements imply an appreciable origin shift of the excited 
state along the ring-breathing normal coordinate.18 For the 
21 l-cm_1 mode, the 0-0 and 0-1 separation is too small to be 
resolved in the excitation profile, but the intensity maximum 

T r 1 i s I I I 

$ EXCITATION PROFILE 

! / I k K ) 

Figure 4. Excitation profile for the 466-cm-1 transition of uranocene. The 
solid line shows the absorption spectrum. The theoretical fit (dashed line) 
is calculated with eq IO and parameters given in the text. 

is appreciably shifted (~150 cm-1) from the band I maximum. 
This shift could be due to a substantial 0-1 intensity contri
bution. (The situation is further complicated by evidence, 
presented below, for a 120-cm-1 splitting of the electronic 
transition under band I.) For the 21 1-cm-1 mode, we were able 
to observe the first overtone, at 422 ± 3 cm-1, as a shoulder 
on the 466-cm-1 band. Its intensity relative to the fundamental 
was found to be 0.12 ± 0.03. This leads to an estimate for the 
excited state ring-metal displacement, 8, of ~0.03 A (about 
1.5% of the ground state ring-metal distance, 1.92 A)23 using 
the relation24 (appropriate for a linear triatomic molecule) 

5 = (^ir)(Nh/cML^ymy/2 (8) 

where N is Avogadro's number, h is Planck's constant, c is the 
velocity of light, ML is the ligand mass (in amu), i»svm is the 
vibrational frequency (in cm -1), and A is the displacement 
parameter, which is here given approximately by A = 
v7 overtone/ 'fundamental) 

Excited State Assignments. For the 211 - and 754-cm"' vi
brational modes, the linear depolarization ratio is within ex
perimental error of '/3 and shows no dispersion with excitation 
wavelength. This is the value expected if only a single diagonal 
component of the scattering tensor has a nonnegligible value. 
For molecules such as uranocene with a threefold or higher 
rotation axis, z, symmetry requires that axx = ayy while a" 
is independent. The most reasonable way for the depolarization 
ratio to approach '/3 in this situation is for a:: to be the domi
nant tensor element. This requires bands I and III, with which 
the 211- and 754-cm-1 modes are resonant, to be z polarized. 
These excited states must have the same orbital angular mo
mentum as the ground state, i.e., AMj = 0 (since AML = 0 and 
AMs = 0). This inference is consistent with the MCD spec
trum,25 which shows only a weak inflection under band I. 

The MCD spectrum shows a large inflection under band 
II,25 implying a change in orbital angular momentum, and x,y 
polarization for the transition. The lack of resonance en
hancement for vibrational modes implies little geometric dis
tortion in this excited state. It is well coupled, however, to the 
466-cm-1 electronic transition, for which AMj is ±1. Band 
III disappears in low-temperature spectra25 and is therefore 
a hot band.26 Its separation from band II is 465 ± 15 cm-1, the 
same energy as that of the electronic Raman transition. 

These considerations are sufficient to establish the energy 
level scheme shown in Figure 5. The three electronic excited 
states, labeled f, en, and e] at 466, 15 635, and 16 270 cm -1, 
with AMj = ±1, ±1 and 0, respectively, account for the ab
sorption bands I, II, and III, and for the electronic Raman 
band, resonant with bands I and II, but not band III. The two 
vibrational Raman bands are resonant with bands I and 
I I I . 2 6 
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Figure 5. Energy level schemes for the optical and resonance Raman 
transitions of uranocene. g and f are two sublevels of the 3FU ground 
multiplet with A/j and A/j ± 1, respectively. e\ (and e'i) and en are com
ponents of the ligand-metal charge transfer state with A/j and Mi ± I. 
(a) Transitions associated with the absorption bands I, II, and III (see 
Figure 3), the polarizations being given in parentheses, (b) Raman tran
sitions for the 21 l-cm_l vibration, given by go -* gi and fo -* fi, where 
the latter arises due to thermal population of the fo level, (c) Raman 
pathways for the 466-cm-1 electronic Raman transition, which occur via 
the C| (and e'i) and en intermediate levels, the polarizations being given 
in parentheses. 

Polarization Dispersion of the 466-cm-1 Mode. Although 
the 466-cm-' mode is always anomalously polarized {p\ > 3/4), 
the values of the linear depolarization ratio vary markedly with 
excitation wavelength, as shown in Figure 6. At energies well 
above resonance, the values are very high, only the perpen
dicular component appearing with measurable intensity. As 
resonance is approached, p\ drops sharply, reaching a minimum 
value close to % between bands I and II, then rising steeply 
again. At resonance with either band I or band II, the value is 
close to two. This behavior is the inverse of that seen for por
phyrin vibrational modes of mixed polarization in the region 
of Q-band resonance.18'19-27'28'31 In that case, p\ reaches a 
maximum between the 0-0 and 0-1 vibronic levels, due to 
constructive interference between their antisymmetric scat
tering contributions and destructive interference between their 
symmetric contributions, and falls rapidly to zero outside the 
resonance region due to destructive interferences. 

The present situation differs because the Raman transition 
involves two different electronic states. The resonant levels 
contribute asymmetric scattering terms which interfere des
tructively in the wavelength interval between them, and con
structively elsewhere. This behavior can be understood with 
reference to the specific Raman pathways illustrated in Figure 
5c. Scattering from excited state level ei involves a z polarized 
incident photon and an x,y polarized scattered photon. The 
scattering tensor elements that are enhanced via band I are 
therefore ax: and a?z. For scattering from en, the polarization 
components are reversed, and az>' and azx are enhanced. Ei
ther resonance in isolation would produce a depolarization ratio 
of 2.0 (via eq 1, 2,6, and 7); this is close to the observed values 
at the centers of bands I and II. 

The dispersion of the a'Tp element of the scattering tensor 
as given by second order perturbation theory is 

«fg° %? 
'<fU.leXeU.lg> , (fU.leXelft.lg)' 

êg — "o + 'Te Cee + Vs + 'Te 
(9) 

reg 

where p.a and np are dipole moment operators with polarization 
directions a and p, g and f are the initial and final states, e is 
an excited state of bandwidth Te, veg is the transition frequency, 
and VQ and vs are the frequencies of the incident and scattered 
photons. Near resonance the second term in eq 9 can be ne
glected. In the present case, we consider two nearby contri
butions in the summation, ei and en-

- i 

- 2 

175 170" 165 

Figure 6. Dispersion of the linear depolarization ratio for the 466-cm - ' 
transition of uranocene. The solid line shows the absorption spectrum. The 
theoretical fit (dashed line) is calculated with eq 11 and parameters given 
in the text. 

The intensity and depolarization ratios become 

/ = (3/2)A:[7|a^ + azx\2 + 5\axz - azx\2] 

and 

PI = % + 5A 
r | a xz _ a z * m 

LIa-" + azx\2\ 

(10) 

( H ) 

where 

K^eig - «Tj + Mei )J 

a » = l / y . f ^! 1 
L("eng - C0 + /Te,|) J 

The numerators TV1 and TVn (where TVi = (f|Mx,y|ei>(ei|^z|g) 
and TVn = <f|^z|en> <en|/xx->,|g>) are different. The larger 
enhancement observed from band II implies that \N\/N\\\ < 
1. 

The denominators change signs at resonance. At wave
lengths between the ei and en resonances, the two terms will 
have opposite signs if the signs of 7Vj and TVn are the same; they 
will have the same signs if the signs of N\ and Nu are opposite. 
The latter situation must apply, since the depolarization ratio 
approaches3/4 (symmetric anisotropic scattering) between ei 
and en; at this point a

xz(yz) and azx(zy\ having reached the 
same magnitude, must also have the same sign. At energies 
higher than ei or lower than en the resonance denominators 
have the same sign, and the opposite signs of Ni and N N pro
duce the antisymmetric combination of the scattering tensor 
elements. Consequently, p\ rises above two. Since \N\/N\\\ < 
1, there will be some point on the high-energy side where 
azxUy) approaches — axz<yz^ and p\ approaches infinity. At still 
higher energies azx(z^ > -a

X!l^z\ as the importance of the 
resonance denominators diminish, and p\ is predicted to fall 
again (although the intensity may be too low to allow the 
prediction to be checked). On the low-energy side a2x<-">) > 
_axr(.vz) for a | | ene rgieS; P] j s predicted to reach a finite max
imum and then decrease again. 

Splitting of ej. The dashed lines of Figures 4 and 6 are the 
466-cm-1 excitation profile and depolarization dispersion 
calculated with eq 10 and 11. An accurate fit to the data re
quired the assumption of a 160-cm-' splitting of the ei level 
into two unequal components, ei and ei'. The curves shown 
were calculated with the following parameters: ce|]g = 15 630 
cm"', ceig = 16 260 cm - ' , ee]<g = 16 420 cm - ',Te11 = Te] = Te,' 
= 120 cm -1, AV^ii = -0.45, and Ni'/Nn = -0.18. 

The splitting of the ei level is plausibly due to an excited state 
Jahn-Teller distortion. The charge transfer process proposed 
for this transition would place an electron in a degenerate pair 
of weakly antibonding 5f orbitals. The degeneracy would be 

'%3cfU.leXeU.lg
fU.leXelft.lg)'
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broken by a molecular distortion that destroyed the axial 
symmetry, e.g., a tilt or a slip of the cyclooctatetraene rings. 
The vibrational mode leading to this distortion would be subject 
to resonance enhancement, but the frequency might be too low 
to permit its detection. 

Magnetic Susceptibility and the Ground State. The Raman 
data do not identify the ground state of uranocene, but they 
do restrict the possibilities for interpretation of the magnetic 
moment whose variation from/ieff = 2.4 HB at ~1 OK to 2.6 ^B 
at room temperature6 reflects contributions from low-lying 
excited states. Amberger et al.,6 fitted their magnetic sus
ceptibility data to a model with an M) = 0 ground state and 
Mj = ±1, ±2 excited states at 17 and 200 cm-1, respectively. 
This interpretation is inconsistent with the present finding of 
a AMj = ±1 transition at 466 cm -1, and also with magnetic 
data on substituted uranocenes. 

The magnetic moment can be calculated for each of the Mj 
levels using the (M}\KLZ + 2Sz\Mj) = (2/5)MJ(3K - 1) 
relation,3 the matrix elements of the Zeeman operator where 
K is the covalency reduction factor. The low-temperature value, 
ixcff = 2.4 MB- 's obtainable for either M) = ±4 or ±3 with 
reasonable reduction factors, K = 0.84 and 1.00, respectively. 
With M) = ±2 or ±1 unrealistic values of K, substantially 
greater than unity, are required to obtain /ueff = 2.4 /UB- The 
temperature variation of the magnetic susceptibility can be 
calculated with Van Vleck's formula29 which includes the first 
and second Zeeman terms. For a two-level system the ex
pression is 

X = 

Np2[m2/kT+ {ixu
2/kT)e-^kT+ (4MI.II2/O))(1 - e~"/kT)] 

3(1 +e-^kT) 

(12) 

where p,] and /̂ n are the magnetic moment matrix elements 
from the ground and excited levels, ^i n is the off-diagonal 
matrix element (i.e., <±4|KZ., + 2SX\±3) = [2(2'/2)/5](3/< 
- l)or <±3|/cL.v+ 2SA.|±2> = [14'/2/5](3/< - I)), ./V is Av-
ogadro's number, /3 is the bohr magneton, and u is the excited 
state energy, 466 cm - ' above the ground level. Since AA/j = 
±1, this state is A/j = ±3 if the ground state is A/j = ±4. If the 
ground state is M) = ±3, then the excited state may be either 
M) = ±4 or ±2. Theoretical curves for these three possibilities 
are compared in Figure 7 with the susceptibility data of Am
berger et al.6 The fit for an M) = ±4 ground state is clearly 
superior to the other two possibilities. It would be improved 
even more with inclusion of a small contribution from a higher 
lying M) = ±2 level, which would lower 1 /x slightly at higher 
temperatures. This conclusion is consistent with the interpre
tation of the NMR study of Edelstein et al.30 

Some time ago, Karraker et al.4 noted that the M) = ±4 
level would lie lowest if the crystal field parameter BQ2 is much 
larger than B0

4 and fi0
6, as expected for a simple axial field. 

If this is the case, then the location of M) = ±3 at 466 cm -1 

permits an estimate of B0
2 = 2112 cm - ' and a prediction of 

the remaining levels at 799, 999, and 1065 cm -1 for M) = ±2, 
±1, and 0, respectively, from the (B0

2/2)(M)\(3 cos2 6 -
1)| A/j) matrix elements. The transition to A/j = ±2 is Raman 
allowed and might be expected to be resonant with the en state, 
which would provide an intermediate level with AA/j = ±1 
relative to both initial and final states. We searched the Raman 
spectra carefully in the region of 799 cm -1 but could find no 
evidence for another band. Perhaps the transition moment 
between the A/j = ±2 level and en is too small to provide ap
preciable Raman intensity. 

Conclusions 
The following inferences about uranocene emerge from the 

resonance Raman data and the reanalysis of the magnetic 
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Figure 7. Temperature dependence of the reciprocal of the magnetic sus
ceptibility for uranocene with the calculated fits assuming the following 
M) values for the ground level and the 466-cm-1 excited level: (—) Mj 
= ±4 ground level, Mj = ±3 excited level, MI.I = 2.4, MII.M = 1.83, and MI,n 
= 0.86; (—) M) = ±3 ground level, A/j = ±4 excited level, MI.I = 2.4, 
Mii.ii = 3.2, and MI,11 = 1.132; (- • -) M) = ±3 ground level, M) = ±2 ex
cited level, MI.I = 2.4, MM.M = 1 -6, and MI.II = 1 -5; (• • •) experimental data 
from the fit in ref 6 with Curie-Weiss relation x = CJ(T + S), using C = 
0.725 and B = 2.9 below 100 K and C = 0.85 and 6 = -3.0 above 200 
K. 

susceptibility: 
1. The ground state is the A/j = ±4 level of the 3H4 mani

fold. 
2. The first electronic excited state is the A/j = ±3 level, 

466 cm -1 above the ground state. It gives rise to a sharp 
Raman band, which exhibits resonance enhancement and 
depolarization dispersion in the vicinity of the visible charge 
transfer bands. 

3. The polarizations of three of the charge transfer bands, 
one of them a hot band with the 466-cm-1 level as its initial 
state, are deduced from the Raman polarizations. The sym
metric metal-ring stretching and ring-breathing vibrations are 
enhanced via the z-polarized transitions. For the highest energy 
charge transfer state appreciable origin shifts are inferred from 
the 0-1 intensity of the ring-breathing mode and the overtone 
intensity of the metal-ring stretching mode. 

4. The highest energy charge transfer state is split by 120 
cm -1, as determined from a quantitative fit of the 466-cm-1 

mode excitation profile and depolarization dispersion. An 
excited state Jahn-Teller effect is suggested. 
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Chemically Modified Electrodes. 13. Monolayer/Multilayer 
Coverage, Decay Kinetics, and Solvent and Interaction 
Effects for Ferrocenes Covalently Linked to 
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Abstract: Surface synthesis, electrochemical properties, and second-order ferricinium decay kinetics are described for a series 
of ferrocene carboxylic acids immobilized on PtO surfaces using aikylaminesilane chemistry. For immobilized ferrocenylphen-
ylacetamide, surface activity nonideality parameters are smaller and ferricinium stability is enhanced for immobilized multi
layers as compared to monolayers. 

The reactions which an electrode-immobilized molecular 
charge-transfer state can undergo during repetitive cycling 
between different oxidation states are pertinent to any eventual 
electrocatalytic utility. Appreciation of the various chemical 
stabilizing and destabilizing factors in the surface molecular 
structures is presently fragmentary. Efforts'~6 have been both 
limited and hampered by modest chemical lifetimes of avail
able surface structures plus poor definition (signal/back
ground) of electrochemical electron-transfer responses. This 
paper describes the synthesis and properties of a series of fer-
rocenecarboxylic acids demonstrably covalently linked to 
electrogenerated Pt| PtO surfaces using the aikylaminesilane 
3-(2-aminoethylamino)propyltrimethoxysilane (en-silane) and 
carbodiimide-assisted amidization (reaction 1). Ferrocenyl-

Pt>OH e n S ' l Q n e ) Pt-0)xSKCH2)3NH(CH2)2NH2 

RCOOH1DCC 
'•> P t 

O (D 
•0)xSi(CH2)3NH(CH2)2NHCR 

CpFeCp-Ph-(p)CH2<jOH CpFeCp-PtI-On)COH CpFeCpC(CH2)2C±OH 

i n I 
CpFeCpCOH CpFeCpC-Ph-(Tn)COH (HOCCp)2Fe HOCCpFeCpCHPh 

TZ Y ZL 3ZE 

phenylacetic acid, I, immobilized in this manner, exhibits re
markable chemical and electrochemical stability and well-
defined cyclic voltammetric response. We present here quan
titative information on decay kinetics of redox molecules im
mobilized on electrodes. The decay, interestingly, is second 

order in ferricinium. We also describe an analysis of interac
tions based on solvent and surface activity effects. We have 
prepared both monolayer and multilayer coverages of I on 
electrodes and report the first comparison of electrochemistry, 
chemical stability, and surface activity of a covalently linked 
molecule at monolayer and multilayer coverage. 

Experimental Section 

Chemicals. 3-(2-Aminoethylamino)propyltrimethoxysilane (en-
silane, PCR) was distilled when received and routinely redistilled 
thereafter. Acetonitrile (Spectrograde, MCB) was dried over mo
lecular sieves and benzene over sodium. Dicyclohexylcarbodiimide 
(DCC, Aldrich) was used as received. Tetraethylammonium per-
chlorate (Eastman, recrystallized three times from water) was sup
porting electrolyte throughout. 

All ferrocene compounds were courtesy of Professor W. F. Little 
(UNC, Chapel Hill) except IV and VI (Aldrich) and l,l'-bis(tri-
methylsilyl)ferricinium tetrafluoroborate (from Professor M. 
Wrighton, MIT). 

Apparatus. Current-potential waves were observed by cyclic vol-
tammetry using electrochemical equipment and cells of conventional 
design. Potentials are referenced to a NaCl saturated calomel elec
trode (SSCE). Fast sweep data were obtained with a PARC Model 
173 potentiostat and iR compensation. Pt disk electrodes (area 0.102 
to 0.153 cm2) were silver soldered to brass rods; some for inter
changeable use in electron spectroscopy and electrochemical experi
ments were fitted with Teflon shrouds. X-ray (Mg anode) photo-
electron spectra (XPES) were obtained with a DuPont 650B electron 
spectrometer,7 data acquisition and manipulation on which were fa
cilitated by a microprocessor system.8 Intensities are expressed as 
integrated peak areas. 

Procedure. Mirror polished (1 micron diamond paste) Pt disk 
electrodes are cleaned by 5-min anodization in 1 M H2SO4 (+1.9 V 
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