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bstract

Spectral and photochemical studies of ferrocene, ruthenocene, and several of their benzoyl-substituted derivatives have provided valuable
nformation about the electronic structures and excited state reactivities of these group 8 metallocenes. The presence of a benzoyl group on one or
oth cyclopentadienyl rings of the metallocene strongly influences the electronic transitions observed in the UV–vis spectral region. While the parent
omplexes display low-intensity, solvent-insensitive ligand field absorption bands, the monobenzoyl and 1,1′-dibenzoyl derivatives exhibit bands
hat are much more intense and sensitive to the solution environment. This behavior results from the mixing of appreciable metal-to-ligand charge
ransfer (MLCT) character into the low-energy excited states of the benzoyl-substituted complexes. Resonance Raman data lend strong support to

his MLCT assignment. Irradiation of a metallocene dissolved in ethyl 2-cyanoacrylate results in the anionic polymerization of the electrophilic

onomer. Studies of the kinetics and mechanism of this photoinitiated polymerization process reveal that it occurs by two competing charge transfer-
nduced pathways, the relative importance of which depends upon the identity of the metal and the presence or absence of the benzoyl substituent.

2006 Elsevier B.V. All rights reserved.
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. Introduction
Five decades have passed since the discovery of ferrocene
1,2], Fe(�5-C5H5)2 (Fc in Fig. 1), yet interest in this remark-
ble organometallic compound shows no signs of waning. The

∗ Corresponding author. Tel.: +1 706 542 0012; fax: +1 706 542 9454.
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nitial reports of the existence of a thermally stable compound
ontaining only iron, carbon, and hydrogen caused a spate of
tudies that established its unique sandwich molecular structure,
trong metal-ring � bonding, facile redox behavior, and ease
f derivatization [3]. A diverse assortment of ferrocene deriva-

ives have been prepared and recent work has focused on the
pplications of these compounds in areas such as homogeneous
atalysis, polymer chemistry, molecular sensing, and nonlinear
ptical materials [4].

mailto:ckutal@chem.uga.edu
dx.doi.org/10.1016/j.ccr.2006.02.028
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Fig. 1. Structures o

Several studies from this laboratory have explored the use
f Fc and other group 8 metallocenes as photoinitiators for
he polymerization of epoxy and acrylate monomers [5–10].

hile the detailed mechanism of photoinitiated polymeriza-
ion depends upon the chemical composition of the system
e.g. monomer, photoinitiator, solvent) and the experimental
onditions employed (e.g. excitation wavelength), in general,
he overall process can be dissected into two essential steps
11]. Initially, the absorption of a photon by the photoini-
iator, PI, results in the photochemical generation of one or

ore reactive species, IN (Eq. (1)). In a subsequent thermal
tep, IN reacts with the monomer to initiate polymer formation
Eq. (2)).

I
hv−→IN (1)

N + monomer → polymer (2)

For the vast majority of reported photoinitiators, IN is a rad-
cal or a strong acid [12,13]. In contrast, we have found that
c and several of its derivatives generate an anionic initiat-

ng species when irradiated in solutions containing an alkyl
-cyanoacrylate monomer. Our results indicate that this pho-
ochemical process can occur by two distinct pathways that
riginate in electronic excited states of different orbital parent-

ge. In succeeding sections of this article we present spec-
roscopic and photochemical evidence that has allowed us to
haracterize these excited states and elucidate the mechanisms
y which they react to generate anions. For comparison, we
lso describe results obtained for the analogous ruthenocene
ompounds.

e
e

t
l
l

p 8 metallocenes.

. Spectroscopy and photochemistry of unsubstituted
roup 8 metallocenes

.1. Ferrocene

This prototypical metallocene adopts a sandwich structure
Fig. 1), with only a small energy barrier separating the stag-
ered (D5d symmetry) and eclipsed (D5h symmetry) rotational
rientations of the parallel cyclopentadienyl rings [14]. Impor-
ant features of the electronic structure and spectroscopy of Fc
an be described by reference to the qualitative molecular orbital
iagram in Fig. 2 [15,16]. In idealized D5d symmetry, the 10
� orbitals of the two rings form the symmetry-adapted com-
inations a1g, a2u, e1g, e1u, e2g, and e2u. Interaction of these
igand-centered orbitals with the metal 3d, 4s, and 4p valence
tomic orbitals of appropriate symmetry generates the molecu-
ar orbitals shown in the center of the diagram. The best overlap
ccurs between the ligand e1g set and the 3dxz,3dyz orbitals. The
esulting 1e1g molecular orbitals are mostly ligand in character,
trongly bonding, and filled with two pairs of electrons, while
he corresponding 2e1g

* antibonding orbitals are predominantly
etal in character and unoccupied. Poor �-type overlap between

he 3dx2−y2,3dxy orbitals and the e2g ring orbitals leads to weak
onding, and, as a consequence, the filled 1e2g molecular orbitals
etain a large percentage of metal character. The near-zero over-
ap of the 3dz2 and ligand a1g orbitals results in a nonbonding,
ssentially pure metal molecular orbital, 2a1g, that contains two
lectrons and is the highest occupied level in the complex.
Because the 1e2g, 2a1g, and 2e1g
* molecular orbitals con-

ain substantial metal 3d orbital character, we can treat the
ow-lying electronic transitions of Fc within the formalism of
igand field theory [15,17]. The 1A1g ground state of this 3d6
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Table 1
Electronic absorption spectral data for ferrocene compoundsa

Compoundb Solvent λmax (nm), ε (M−1 cm−1)

Band 1 Band 2

Fc Methanol 442 (91.5) 325 (51.3)
Fc Isooctane 440 (95) 326 (55)

BFc Methanol 483 (903) 363 (1360)
BFc Acetonitrile 472 (780) 358 (1340)
BFc Isooctane 459 (610) 355 (1220)
BFc-3Me Methanol 483 (783) 355 (1360)
BFc–Cl Methanol 483 (885) 358 (1340)

DFc Methanol 486 (943) 353 (2090)
DFc Acetonitrile 480 (885) 353 (2240)
DFc Cyclohexane 469 (713) 352 (2020)
DFc Isooctane 470 (700) 354 (1970)

DFc-o-Me Methanol 483 (898) 346 (2080)
DFc-m-Me Methanol 486 (945) 353 (2100)
DFc–3Me Methanol 486 (852) 345 (2160)
DFc–Cl Methanol 486 (915) 347 (2170)
DFc–Cl Cyclohexane 473 (672) 346 (1900)
DFc–F Methanol 484 (963) 349 (2180)

fi
a
r
a
f

t
I
a
S

ig. 2. Qualitative molecular orbital diagram for ferrocene. Box encloses the
olecular orbitals that contain appreciable metal d-orbital character. Repro-

uced from Ref. [26]. Copyright 1997 American Chemical Society.

etallocene arises from the (1e2g)4(2a1g)2(2e1g
*)0 electronic

onfiguration. Photoexcitation of a 2a1g electron to the empty
e1g

* orbitals produces an E1g excited state, while E2g and
1g excited states result from photoexcitation of a 1e2g elec-

ron to the 2e1g
* orbitals. Accordingly, three spin-allowed ligand

eld transitions are expected: 1A1g → a1E1g, 1A1g → 1E2g, and
A1g → b1E1g. The first two transitions are unresolved and give

ise to the band at 442 nm in the absorption spectrum of Fc
n room-temperature tetrahydrofuran (Fig. 3, spectrum a). The
hird transition is responsible for the band at 325 nm. Both bands
re weak owing to the Laporte-forbidden d–d character of ligand

ig. 3. Electronic absorption spectrum of Fc: (a) in pure tetrahydrofuran; (b) in
2:3 (v:v) mixture of ethyl 2-cyanoacrylate and tetrahydrofuran. Inset shows the
ifference spectrum of (a) and (b). Reproduced from Ref. [9]. Copyright 2002
merican Chemical Society.
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a Data from Ref. [26].
b See Fig. 1 for structures.

eld transitions. Moreover, because such transitions involve an
ngular redistribution of electron density centered on the metal
ather than a vectorial displacement of charge between the metal
nd ligands, the bands undergo only minor shifts in energy as a
unction of solvent polarity (Table 1).

Higher-energy features in the electronic absorption spec-
rum of Fc arise from intramolecular charge transfer transitions.
n isopentane, the intense band at 200 nm has been assigned
s ligand-to-metal charge transfer (LMCT) in character [17].
houlders observed at 265 nm and 240 nm have been attributed

o LMCT and metal-to-ligand charge transfer (MLCT) transi-
ions, respectively [18].

Despite possessing several potentially reactive ligand field
nd charge transfer excited states, Fc undergoes no discernible
hotoinduced metal-ring bond cleavage or redox processes in
on-halogenated solvents such as cyclohexane, acetone, and
ethanol [19]. This lack of reactivity suggests that these excited

tates undergo very rapid electronic and vibrational relaxation to
he ground state. The absence of luminescence from Fc supports
his interpretation.

Ferrocene exhibits additional spectral and photochemical fea-
ures when dissolved in a good electron-accepting solvent such
s a halogenated hydrocarbon [20] or ethyl 2-cyanoacrylate (CA)
9]. The metallocene and solvent form a photoactive ground-
tate donor–acceptor complex, a process often accompanied by
he appearance of an absorption band characteristic of the new
pecies (Fig. 3, spectrum b and inset). Given the ease of oxidiz-
ng Fc and the electron-accepting character of the solvent, this
and has been attributed to an intermolecular charge-transfer-

o-solvent (CTTS) transition. Direct support for this assignment
s provided by the observation that irradiating the complex in the
avelength region of this transition causes the one-electron oxi-
ation of Fc to the ferricinium cation and reduction of the solvent
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o its corresponding radical anion (Eq. (3)). Secondary reac-
ions of these photogenerated species lead to permanent products
21–23]. When the solvent is CA, the radical anion formed in the
rimary photochemical process functions as an effective initia-
or for the anionic polymerization of the cyanoacrylate monomer
Eq. (4)) [9].

c + CA � [Fc, CA]
donor–acceptor complex

hv−→Fc+ + CA
•̄

(3)

(4)

.2. Ruthenocene

This 4d6 metallocene (Rc in Fig. 1) adopts a sandwich struc-
ure with an eclipsed orientation of the cyclopentadienyl rings.
pplying the same type of analysis used earlier for Fc leads

o the prediction of three spin-allowed ligand field transitions
or Rc : 1A′

1 → a1E′
1,

1A′
1 → 1E′

2, and 1A′
1 → b1E′

1. The first
wo transitions overlap and contribute to the weak band observed
t 321 nm in room-temperature methanol (Fig. 4). The third
ransition gives rise to the weak band at 278 nm. Higher-
nergy absorption features have been attributed to intramolec-
lar MLCT or LMCT transitions [17]. Weak phosphorescence
rom a ligand field triplet state of Rc has been observed at low
emperature [24,25].

The photochemical behavior of Rc is very similar to that of
c. The 4d metallocene is photoinert in non-halogenated media,
ut it can form a photoactive ground-state donor–acceptor com-
lex with a good electron-accepting solvent such as CA [9].
he complex exhibits an absorption band in the near ultraviolet
egion that arises from a CTTS transition. Irradiation at wave-
engths that excite this transition results in oxidation of Rc and
eduction of the solvent (analogous to the behavior described by
q. (3)). The radical anion generated via this photoredox pro-

ig. 4. Electronic absorption spectra of Rc, BRc, and DRc in room-temperature
ethanol. Reproduced from Ref. [36]. Copyright 2005 American Chemical
ociety.
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ig. 5. Electronic absorption spectra of Fc, BFc, and DFc in room-temperature
ethanol. Reproduced from Ref. [27]. Copyright 2003 American Chemical
ociety.

ess then initiates the anionic polymerization of the monomer
Eq. (4)).

. Spectroscopy and photochemistry of
enzoyl-substituted group 8 metallocenes

.1. Benzoyl-substituted ferrocenes

Adding an electron-withdrawing benzoyl group to one or both
yclopentadienyl rings of ferrocene causes a significant pertur-
ation of electronic properties [19,26,27]. This substituent effect
s evident from the electronic absorption spectra of the represen-
ative complexes shown in Fig. 5 and the spectral data compiled
n Table 1. In contrast to the weak ligand field bands dis-
layed by Fc, the benzoyl-substituted derivatives exhibit bands
designated 1 and 2) at longer wavelengths and with signifi-
antly higher intensities. Moreover, the maximum of band 1
ndergoes a significant bathochromic shift in more polar sol-
ents (Table 1). We have attributed these spectral characteristics
f benzoyl-substituted ferrocenes to the mixing of appreciable
etal-to-ligand charge transfer character into their low-energy

lectronic excited states. This MLCT contribution can be repre-
ented by a limiting resonance structure of the type depicted in

ig. 6, where the formal charges on iron and oxygen signify the
ectorial displacement of electron density from the metal to the
igand. Conjugation between the � orbitals of the cyclopentadi-
nyl and phenyl rings and the adjacent carbonyl group allows the

ig. 6. Resonance structure depicting the MLCT character of the low-energy
lectronic excited states of benzoyl-substituted group 8 metallocenes. Formal
harges on atoms are circled. Reproduced from Ref. [36]. Copyright 2005 Amer-
can Chemical Society.
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ransferred charge to be delocalized over several atoms, thus sta-
ilizing the MLCT excited state relative to the ground state and
owering the transition energy [28]. Polar solvents also lower the
ransition energy owing to the greater Coulombic stabilization
f the dipolar (charge-separated) excited state. Mixing charge
ransfer character into the transition lessens its Laporte forbidden
haracter and thereby increases the intensity of the absorption
and.

Further evidence that the low-energy electronic absorption
ands of benzoyl-substituted ferrocenes contain MLCT char-
cter is provided by resonance Raman spectroscopy. Charge
ransfer transitions are particularly effective for inducing inten-
ity enhancement of the Raman-active vibrational modes of
hromophores when the excitation frequency lies within the
bsorption envelope. Moreover, to a first approximation, this
esonant enhancement is most pronounced for vibrations that
imic the distortion in the electronic excited state populated

29]. Referring to the excited-state resonance structure shown in
ig. 6, we expect that excitation into the low-energy absorption
ands of benzoyl-substituted ferrocenes should cause selective
nhancement of in-plane vibrations of the cyclopentadienyl and
henyl rings owing to changes in conjugation between the two
ings, as well as strong enhancement of the carbonyl vibrational
ode due to lengthening of the C–O bond.
These expectations are borne out by the low-temperature

olid-state Raman spectra of BFc shown in Fig. 7 (similar results
re obtained for DFc), where the band intensities measured at
ach excitation wavelength have been normalized relative to the
on-resonantly enhanced band of the sulfate ion at 985 cm−1

27]. The preresonance spectrum obtained with 647-nm excita-
ion is dominated by the 1624 cm−1 band corresponding to the

(C–O) stretching mode of the benzoylcyclopentadienyl ligand
nd the 1105 cm−1 band arising from the ν(C–C) symmetric
reathing mode of the unsubstituted cyclopentadienyl ring. All
ther bands are readily assigned to internal modes of the ben-

ig. 7. Solid state, low-temperature (17 K) Raman spectra of BFc using 488-,
68-, and 647-nm excitation. The Raman intensities at each excitation wave-
ength have been normalized to the intensity of the sulfate band at 985 cm−1

marked with an asterisk). Reproduced from Ref. [27]. Copyright 2003 Ameri-
an Chemical Society.
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oylcyclopentadienyl ligand. Excitation at 568 nm into the low-
nergy tail of electronic absorption band 1 selectively enhances
he Raman intensities of the C–O stretching mode and other
ibrations associated with the benzoylcyclopentadienyl ligand.
n contrast, no resonant enhancement occurs for the 1105 cm−1

and of the unsubstituted cyclopentadienyl ring. These results
re fully consistent with the bonding changes expected upon
opulating an excited state containing appreciable MLCT char-
cter.

Excitation at 488 nm near the low-energy absorption band
aximum of BFc causes extensive sample decomposition as evi-

enced by the substantially lower intensities of all Raman bands
elative to the sulfate standard (Fig. 7). We have proposed that
his photoreactivity is another consequence of mixing MLCT
haracter into the low-energy excited states of the benzoyl-
ubstituted ferrocenes [26,27]. Examination of the resonance
tructure in Fig. 6 reveals that this charge transfer contribution
ormally reduces the hapticity of a cyclopentadienyl ring from
5 to �4, thereby weakening ring-metal bonding. Furthermore,

he enhanced eletrophilicity of the metal center assists the forma-
ion of bonds to incoming ligands. Both of these photoinduced
hanges in electron density should facilitate the loss of a ben-
oylcyclopentadienide anion.

We have investigated the solution photochemistry of benzoyl-
ubstituted ferrocenes in considerable detail [26,27]. In one
tudy, an acetonitrile (AN) solution containing DFc and Na+

as the carrier cation) was irradiated in the transparent tip of
n electrospray ionization mass spectrometer system. As seen
n Fig. 8, the mass spectrum of the photolyte contains three

ajor product series: (1) adducts of benzoylcyclopentadiene
nd a proton (m/z = 171.1) or a sodium ion (m/z = 193.0 and
63.1); (2) adducts of half-sandwich iron(II) complexes and a
roton (m/z = 154.0 and 174.5); (3) fully ring-deligated iron(II)
omplexes of general formula [Fe(AN)n]2+ (m/z = 89.5, 110.0,

nd 130.5 for n = 3, 4, and 5, respectively). Observation of the
rst two product series strongly supports the assignment of
eterolytic metal-ring bond cleavage (Eq. (5); L denotes a sol-
ent molecule) as the primary photochemical reaction of DFc.

ig. 8. Electrospray ionization mass spectrum of a photolyzed (488 nm) acetoni-
rile solution originally containing 130 �M DFc and 120 �M Na+. Reproduced
rom Ref. [27]. Copyright 2003 American Chemical Society.
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Table 2
Disappearance quantum yield (φdis) data

Runa Compoundb φdis
c

1 BFc 0.083
2 BFc–Cl 0.098

3 DFc 0.42 ± 0.06
4 DFcd 0.37 ± 0.02
5 DFce 0.36 ± 0.01
6 DFcf <10−4

7 DFc-o-Me 0.41 ± 0.02
8 DFc-m-Me 0.41 ± 0.02
9 DFc–3Me 0.34 ± 0.00

10 DFc–Cl 0.41 ± 0.01
11 DFc–F 0.47 ± 0.02

a Experimental conditions: excitation wavelength, 546 nm unless noted other-
wise; temperature, 22 ± 2◦ C; solvent, methanol unless noted otherwise; deoxy-
genation by bubbling with argon did not change φdis.

b See Fig. 1 for structures.
c Where quoted, error limit represents mean deviation of two or more runs.

Estimated accuracy of φdis is 10–15%.
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d Excitation wavelength is 488 nm.
e Excitation wavelength is 406 nm.
f Excitation wavelength is 488 nm; solvent is cyclohexane.

he benzoylcyclopentadienide anion released in this process is
ufficiently basic to abstract a proton from ambient traces of
ater or other protic impurities, thereby producing the neutral
-benzoyl-1,3-cyclopentadiene molecule. The carbonyl oxygen
tom of the benzoyl group forms Lewis acid–base adducts with
proton or a sodium ion to yield the ionic products detected.
alf-sandwich complexes also contain a basic carbonyl oxy-
en and undergo adduct formation with a proton to yield the
icationic species observed. The fully ring-deligated iron(II)
omplexes that comprise the third photoproduct series most
ikely result from thermal decomposition of the initially-formed
alf-sandwich complex.

Disappearance quantum yield (φdis) data compiled in Table 2
eveal that the number of benzoyl-substituted rings present in a
errocene molecule is a key determinant of its excited-state reac-
ivity. Thus, 1,1′-dibenzoylferrocenes generally undergo loss
f a benzoylcyclopentadienide anion much more efficiently
han their monobenzoylferrocene analogues. Substituents on the
henyl ring of the benzoyl group exert relatively little influence
n this ring-loss process. The electron-withdrawing fluorine
toms in DFc–F increase φdis relative to the electron-releasing
ethyl groups in DFc-o-Me (runs 11 and 7), but the effect is
odest. Steric effects also may contribute to the smaller φdis

alue for DFc–3Me (run 9), since this is the only complex
tudied that contains two ortho substituents on each phenyl

ing for shielding the metal from attack by entering solvent
olecules.
Values of φdis remain reasonably constant over a range of

xcitation wavelengths that encompass absorption bands 1 and

d
r
l
M
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(5)

of DFc (Table 2, runs 3–5). This behavior suggests that the ini-
ially populated Franck–Condon excited state undergoes very
apid electronic and vibrational relaxation to yield a common
hermally equilibrated excited (thexi) state of the metallocene.

etal-ring bond cleavage then occurs from this thexi state
irectly or from a close lying reactive state reached by ther-
al upconversion [30]. Solvent plays an important role in the

hotochemical process as evidenced by the sharp decrease in
dis upon switching from methanol to cyclohexane (compare

uns 4 and 6). We have suggested that photoinduced loss of the
enzoylcyclopentadienide ligand proceeds via a succession of
ing-slipped intermediates such as the �5,�3 complex shown
n Eq. (6) [26,27]. Solvent can assist in the formation of this
pecies by attacking the electrophilic metal center in the excited
tate and partially displacing the five-membered ring. The �5,�3

ntermediate then has the option of reacting further with solvent
o yield the half-sandwich product or expelling the coordinated
olvent to regenerate the parent complex. Strongly coordinating
olvents such as methanol favor the former path, which leads to
high value for φdis, whereas poorly coordinating solvents such
s cyclohexane favor the latter path and a low φdis value. When
benzoyl-substituted ferrocene is irradiated in neat CA, the lib-
rated benzoylcyclopentadienide serves as a potent initiator for
he anionic polymerization of the monomer [7].

(6)

Some intriguing similarities exist between the electronic
roperties of benzoyl-substituted ferrocenes and their highly-
trained analogues, the [1] ferrocenophanes, as exemplified by

he phosphorus-bridged complex, 1 (Eq. (7)). Typically, the low-
st energy band in the electronic absorption spectrum of a [1]
errocenophane is red-shifted and more intense than the low-
st ligand field band in Fc [31]. Molecular orbital calculations
32] attribute this behavior to the bridge-induced tilting of the
yclopentadienyl rings, which decreases the energy gap between
he highest occupied and lowest unoccupied molecular orbitals
f the [1] ferrocenophane. Most importantly, this tilting imparts
degree of MLCT character to the electronic transition between

hese orbitals. Irradiation of a [1] ferrocenophane complex in a
ucleophilic medium results in cyclopentadienyl ring slippage
nd, ultimately, metal-ring bond cleavage to generate interme-

iates that react further with the parent complex to yield a
ing-opened metallopolymer (Eq. (7)) [33–35]. This behavior
ends further credence to our earlier generalization that mixing

LCT character into the low-energy electronic excited states of
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Table 3
Solvent dependence of the electronic absorption spectrum of BRca

Solvent Dielectric
constant

λmax
b (nm) εmax (M−1 cm−1)

Methanol 32.7 365 1250
Acetonitrile 37.5 356 977
Cyclohexane 2.02 342 1020
Carbon tetrachloride 2.24 345 1320
Chloroform 4.81 358 1340
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DRc than in the corresponding ferrocenes owing to the greater
radial extension of 4d versus 3d orbitals and the resulting better
overlap with the exocyclic double bond of the fulvene moiety.
a Reproduced from Ref. [36]. Copyright 2005 American Chemical Society.
b Maximum of low-energy absorption band.

errocene derivatives facilitates photoinduced ring loss.

(7)

.2. Benzoyl-substituted ruthenocenes

Changes in electronic absorption spectra resulting from the
ddition of a benzoyl group to one or both rings of Rc are
hown in Fig. 4 [36]. Both BRc and DRc (see Fig. 1 for struc-
ures) exhibit bands at longer wavelengths and with significantly
igher intensities than the parent metallocene. Moreover, band
ositions depend upon the polarity of the solvent (Table 3).
sing arguments identical to those presented earlier for the cor-

esponding ferrocene compounds, we attribute these spectral
haracteristics to the mixing of metal-to-ligand charge trans-
er character into the low-energy electronic excited states of
enzoyl-substituted ruthenocenes. Supporting evidence for the
mportance of this MLCT contribution again is provided by res-
nance Raman spectroscopy [36]. The relative intensities of the
aman bands observed for DRc (Fig. 9; similar behavior occurs

or BRc) change dramatically with respect to each other and
he sulfate internal standard when comparing spectra obtained
sing non-resonant (568 nm) and resonant (406 nm) excitation.
ntensity enhancement occurs selectively for vibrations of the
enzoylcyclopentadienyl ligand, with the largest enhancement
eing observed for the C–O stretching mode at 1633 cm−1.
hese results are consistent with the bonding changes expected

o occur following the population of an excited state containing
ignificant MLCT character (Fig. 6).

While absorption band positions are sensitive to changes in
olvent, no feature attributable to a CTTS transition is evident
bove 300 nm in the spectra of BRc or DRc measured in CA or
alogenated media. Instead, the spectra vary in a manner that
orrelates reasonably well with solvent polarity. Thus the low-
nergy band occurs at very similar wavelengths in the nonpolar

edia cyclohexane and carbon tetrachloride, but shifts to longer
avelength in the more polar chloroform (Table 3). We conclude

rom these results that CTTS transitions of benzoyl-substituted
uthenocenes in good electron-accepting solvents occur at rela-

F
i
a
C

arks the sulfate band at 985 cm−1, which is used as an internal standard for the
xtent of resonance enhancement. Reproduced from Ref. [36]. Copyright 2005
merican Chemical Society.

ively high energy and are effectively masked by the more intense
ands containing MLCT character.

Prolonged irradiation of BRc or DRc in methanol, acetoni-
rile, or cyclohexane causes no discernible change in the elec-
ronic absorption spectrum. These results allow us to place
n upper limit of 4 × 10−4 on the quantum yield for photoin-
uced ring loss. This striking lack of photoreactivity was con-
rmed in another set of experiments that employed electrospray

onization mass spectrometry to analyze samples. No peaks
ttributable to half-sandwich compounds or other photoproducts
ere observed in the mass spectra of photolyzed acetonitrile

olutions of the metallocenes. Collectively, these results indi-
ate that BRc and DRc are photoinert in poor electron-accepting
edia. This photoinertness correlates with the greater ground-

tate metal-ring bond strength of 4d versus 3d metallocenes [3],
uggesting that the photoexcited ruthenocene compounds retain
ufficient bonding to prevent ring loss. Moreover, the residual
onding in the excited state may be enhanced by �6-fulvene
oordination of the labilized ring as depicted in Fig. 10 [37].
his coordination mode should be more important in BRc and
ig. 10. Resonance structure depicting �6-fulvene bonding of the labilized ring
n the low-energy electronic excited states of benzoyl-substituted group 8 met-
llocenes. Formal charges on atoms are circled. Reproduced from Ref. [36].
opyright 2005 American Chemical Society.
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Table 4
Maximum rate (Rp) data for photoinitiated polymerization of CAa

Photoinitiatorb Concentration
(mM)

Light intensity
(mW/cm2)

Rp (M/s)

Fc 9.6 110 0.060
DFc 2.7 30 1.7
Rc 10.0 33 0.56
Rc 10.0 117 0.94
BRc 10.5 126 0.68
DRc 11.6 105 0.14
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While BRc and DRc resist photoinduced metal-ring bond
leavage, both compounds function as photoinitiators for the
nionic polymerization of CA. We turn next to a discussion of
he mechanism of photoinitiation by these and the other group
metallocenes discussed in this article.

. Anionic polymerization using group 8 metallocene
hotoinitiators

Our original impetus for studying the spectroscopy and pho-
ochemistry of Fc, Rc, and their benzoyl-substituted derivatives
rose from the search for new anionic photoinitiators [8,10].
hese group 8 metallocenes possess several attractive proper-

ies including solubility in a broad range of nonaqueous solvents,
xcellent thermal stability, and absorption in the ultraviolet and
isible wavelength regions. Moreover, earlier studies indicated
hese compounds undergo photochemical reactions that release
nionic species [38]. For these reasons, we investigated their
ehavior as photoinitiators for the polymerization of ethyl 2-
yanoacrylate.

Solutions of neat CA containing millimolar concentrations of
c, Rc, or one of their benzoyl-substituted derivatives undergo
o discernible change in viscosity for at least 24 h when stored
n the dark at room temperature. Upon being irradiated with
olychromatic light, however, these solutions polymerize to a
ard, plastic-like solid. Representative plots of percent poly-
erization versus irradiation time are displayed in Fig. 11 for

amples of CA containing Rc. Plots with very similar char-
cteristics are obtained for the other metallocene photoinitia-
ors tested [36]. Typically, polymerization exhibits an induction
eriod that depends upon light intensity (compare curves b and
) and the quantum efficiency of generating the active initiating

pecies. Thereafter, polymerization accelerates rapidly before
nally approaching a plateau at 75–85% conversion. The induc-

ion period arises from the presence in the commercial monomer
f an acid stabilizer, which scavenges adventitious traces of basic

ig. 11. Plots of percent polymerization vs. time for samples of CA containing
0.0 mM Rc: (a) non-irradiated, (b) irradiated with 33 mW/cm2 of polychromatic
ight, (c) irradiated with 117 mW/cm2 of polychromatic light, (d) irradiated with
17 mW/cm2 of polychromatic light after addition of 133 ppm of methanesul-
onic acid. Reproduced from Ref. [36]. Copyright 2005 American Chemical
ociety.
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a Reproduced from Ref. [36]. Copyright 2005 American Chemical Society.
b See Fig. 1 for structures.

mpurities. Polymerization is inhibited until enough anionic
pecies are photochemically generated to neutralize this acid,
hereupon rapid consumption of monomer commences. In sup-
ort of this interpretation, we find that adding extra acid to a
ample lengthens the induction period (compare curves c and d)
nd slows the ensuing anionic polymerization.

The rate of photoinitiated polymerization, Rp, at any point
uring a run can be determined from the conversion-time plots.
o establish a common basis for making comparisons, we calcu-

ated the maximum rate attained with each photoinitiator during
he acceleratory period of the polymerization process. These
ata, which are compiled in Table 4, reveal two contrasting
rends. First, for the ferrocene compounds, Rp decreases in the
rder DFc > Fc, indicating that the presence of a benzoyl group
as a salutary effect on the rate of photoinitiated polymerization.
his result agrees with prior observations that CA solutions con-

aining DFc or BFc require shorter irradiation times to undergo a
isually detectable change in viscosity than solutions containing
c [5]. Second, the benzoyl group has the exact opposite effect
ithin the ruthenocene series, with Rp decreasing in the order
c > BRc > DRc.

This reversal in the trends of Rp values for corresponding 3d6

nd 4d6 metallocene photoinitiators can be understood in terms
f the competition between the two charge-transfer-induced
athways that yield the active initiating species: intermolecular
etallocene → CA electron transfer, which produces the radical

nion of CA (Eq. (3)) versus intramolecular heterolytic metal-
ing bond cleavage, which affords the benzoylcyclopentadienide
nion (Eq. (5)). Electron-rich Fc favors the former pathway,
hile BFc and DFc, which bear the electron-withdrawing ben-

oyl group, prefer the latter. The observed trend in the maximum
ate of photoinitiated polymerization, DFc > BFc > Fc, reflects
he contributions of two factors. First, the MLCT bands of BFc
nd DFc possess higher molar absorptivities and extend over a
roader wavelength range than the CTTS band of the [Fc, CA]
onor–acceptor complex (compare spectra in Figs. 3 and 5).
onsequently, the benzoyl-substituted derivatives can use a

arger fraction of the incident radiation in forming the active initi-
ting species. Second, the photochemical reaction that generates
he initiating species occurs with higher quantum efficiency for

Fc than for BFc (Table 2) [26].
Both photoinitiation pathways are available to the ruthenium-

ontaining metallocenes, but strong metal-ring bonding pre-
ludes efficient heterolytic bond cleavage. Hence, only photoin-
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uced metallocene → CA electron transfer should be effective
n producing the initiating species. While a CTTS band is not
vident in the absorption spectrum of BRc or DRc dissolved in
A, the maximum rate of photoinitiated polymerization and the
ase of oxidizing the metal center [39] follow the same trend,
c > BRc > DRc. This correlation between photoinitiation and

edox properties supports a mechanism whereby photoinduced
etallocene → CA electron transfer generates the active initiat-

ng species, which, by analogy to Eq. (3), is assigned as the CA
adical anion.

. Summary and outlook

Considerable progress has been made in understanding the
lectronic structures and excited state reactivities of group 8
etallocenes. Several key findings are summarized below.

(i) Fc and Rc are photoinert in poor electron-accepting sol-
vents such as cyclohexane and methanol. This behavior is
somewhat surprising given the potentially reactive ligand
field and intramolecular charge transfer excited states pop-
ulated under these conditions.

(ii) Fc and Rc form a photoactive ground-state donor–acceptor
complex in good electron-accepting media such as halo-
genated hydrocarbons and ethyl 2-cyanoacrylate. Popu-
lating the CTTS excited state of the complex results in
oxidation of the metallocene and reduction of the solvent.

iii) Placing a benzoyl group on one or both rings of Fc and
Rc introduces MLCT character into the low-energy excited
states of the resulting derivatives.

iv) This MLCT contribution facilitates heterolytic metal-ring
bond cleavage in benzoyl-substituted ferrocenes. In con-
trast, strong residual bonding in the excited states of the
corresponding ruthenocenes renders them photoinert to
ring loss.

(v) Group 8 metallocenes undergo two photochemical reac-
tions that generate an active initiating species for the anionic
polymerization of CA: intermolecular metallocene → CA
electron transfer (Eq. (3)) from a CTTS excited state, and
intramolecular heterolytic metal-ring bond cleavage (Eq.
(5)) from a state containing MLCT character. Fc, Rc, BRc,
and DRc favor the first process, while benzoyl-substituted
ferrocenes prefer the second.

vi) The generalization that mixing MLCT character into the
low-energy electronic excited states of ferrocene deriva-
tives facilitates photoinduced metal-ring bond cleavage
appears to apply to highly-strained [1] ferrocenophanes.

Future studies from this laboratory will explore the
pectroscopy and photochemistry of the 5 d metallocenes—
smocene, benzoylosmocene, and 1,1′-dibenzoylosmocene.
everal related questions will be addressed. Does the presence
f the benzoyl group introduce MLCT character into the low-

nergy electronic excited states of the latter two compounds?
o these compounds undergo photoinduced ring loss analo-
ous to Eq. (5), or does strong residual metal-ring bonding in
he excited state render them photoinert? Are osmocene and its

[
[

[

istry Reviews 251 (2007) 515–524 523

enzoyl-substituted derivatives effective as anionic photoinitia-
ors, and, if they are, by what mechanism(s)? Comparing the
esults of these studies with those obtained for the correspond-
ng ferrocene and ruthenocene compounds should lead to a better
nderstanding of the electronic factors that influence the spectral
nd photochemical behavior of group 8 metallocenes.
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