624 J. Phys. Chem. R008,112,624—634

Substituent Effects in the Iron 2p and Carbon 1s Edge Near-Edge X-ray Absorption Fine
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The iron 2p and carbon 1s near-edge X-ray absorption fine structure (NEXAFS) spectra of substituted ferrocene
compounds (Fe(Cp(CHs)s)2, Fe(Cp)(Cp-COOH), Fe(Cp-COOHY), and Fe(Cp-COCH),) are reported and

are interpreted with the aid of extended diel molecular orbital (EHMO) theory and density functional
theory (DFT). Significant substituent effects are observed in both the Fe 2p and C 1s NEXAFS spectra.
These effects can be related to the electron donating/withdrawing properties of the cyclopentadienyl ligands
and their substituents as well as the presence*ofonjugation between the cyclopentadienyl ligand and
unsaturated substituents.

1. Introduction NEXAFS spectroscopy to functionalization of the Cp-ring in
ferrocene molecules.

Bis(i7°-cyclopentadienyl)iron or ferrocene was synthesized for
the first time in 1951 and its unique structure elucidated only 1
year afte2324 Ferrocene [Fe(€Hs);] is a neutral molecule
containing an iron atom in &2 oxidation state, sandwiched

Ferrocene-functionalized materials are finding a wide ap-
plication in polymer, molecular electronics, and bioorganome-
tallic materials'=® For example, the use of transition metal
species in the polymer backbone or side chain is useful for

optimizing polymer solubility, as well as the material’s electric, . X . .
P g poy y between two cyclopentadiene (Cp) rings, each bearing a negative

magnetic, optical, redox, and mechanic properti¥gith the . ;
development of new synthetic routes, ferrocene-based ponmersCharge' The two Cp rings are approximately 3.32 A from each

and macromolecules are being increasingly examingt, ~ other and are observed in eclipsdk() and staggeredDsq)

s . ;
Recent studies show potential applications as photonic devices'conformatloné The central metal atom is equivalently bound

variable refractive-index materials, magnetic and semiconducting ©© @/l 10 carbon atoms via covalent bonding interactions. The

nanomaterials, composite materials, ceramic and coating agentsIIgand field generated by the wo Cp rings is sufficiently greater

to name a few! 2 The unusual electronic properties of t’ha}n the spin pairing energy; as a result ferracene 1S lavd '
ferrocene are of interest in bioorganometallic chemistere spin diamagnetic compound with closed shell electron config-

. APt .
materials based on the ferrocene-functionalization of amino acid/ 20N (@9)* (1) in the Dsq conformation.
peptide materials or nucleic acids/DNA are being used to create Ferrocene and related species have been investigated by
biomaterials and biosensdgind where ferrocene conjugates NEXAFS spectroscopy or inner shell electron energy loss
of drug-carrier polymers show promising results in cancer SPectroscopy (ISEELS) at the Fe 1s, 2p, and 3p edges and at
chemotherapy researéh. the C 1s edgé®3! We will use NEXAFS as a generic label to
Near-edge X-ray absorption fine structure (NEXAFS) spec- 'éfer to the results of NEXAFS and ISEELS spectroscopy,
troscopy is a synchrotron based technique frequently used to€XCePt where specificity is necessary. The NEXAFS spectra of
investigate the chemical, electronic and structural properties of fransition metal compounds are subject to competing models
organic and inorganic materials!é Recently, NEXAFS spec- of atomic multiplet theor§? and covalent bonding models such
troscopy has been used to examine organoiron species such a@S Molecular orbital theo3f:****We have recently studied the
ferrocene functionalized self-assembled monola§epsep- NEXAFS spectroscopy of ferrocene ¢ and ferrocenium
tides?718 polymerst® and iron sites in biological molecul@g. (Fet) species and found that the covalent bonding model is
Our research groups are interested in the characterization oféffective at interpreting the NEXAFS spectra of closed shell
organoiron species by NEXAFS spectroscopy, for the examina- ferrocene, but that_multlplet_effects d_omlnat(_a the spectrum of
tion of ferrocene modified peptide materials (AM and R open shell ferrocgnlqﬁﬁ Previous studles. on .nlckel and copper
or to characterize functionalized organoiron polymers (SGU and COMpléxes have indicated similar contributions from covalent
E0)21220f general interest is the use of NEXAFS spectroscopy hybridization between metal 3d and ligand orbitals to Ni 2p

to explore “substituent effects”, that is, the sensitivity of and Cu 2p NEXAFS spectrd. =
Early experimental and theoretical NEXAFS or ISEELS

* Corresponding author. E-mail: stephen.urquhart@usask.ca. studies on metallocenes and carbonyl complexes showed that
IDEDaﬂment of Chemistry. o _ the metal 2p NEXAFS spectra were sensitive to the identity of
Department of Physics and Engineering Physics. the ligand, less so to chemical substitution on the ligand, and

§ Canadian Light Source. . " 26-30,40
# Contribution prepared while on sabbatical leave at the Canadian Light INSensitive to molecular symmet §.3040 Former study on

Source. alkane and alkene substituted ferrocene complexes showed that
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SCHEME 1: Chemical Structures Examined in This Paper
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ISEELS of metallocenes had at Fe 2p edge limited sensitivity 99% and K[Fe(CN)] 99%) and used as received. Sulfur hexa-
to chemical substitution at remote locations on the cyclopen- fluoride (Sk, 99%) was obtained from air liquid Canada. The
tadiene ligand? With the higher energy resolution routinely —molecular structures of the solid-phase reagents are presented

available with modern synchrotron beamlinesO(1 eV, in
contrast to the~0.5-0.7 eV resolution of ISEELS spectros-
copy), significant new chemical insight is attained in the
NEXAFS spectra of substituted ferrocene derivatives.

In this work, we explore the strength and origin of substituent
effects in the NEXAFS spectra of substituted ferrocene mol-

in Scheme 1.

Solid samples were prepared by pressing milligram amounts
of each compound into indium foil (0.25 mm thick, 99.99%
purity, Aldrich) immediately before insertion in the measurement
chamber.

Gold sample used in the normalization process were prepared

ecules. We have acquired Fe 2p and C 1s NEXAFS spectra ofpy first depositing 20 A of Chromium (chromium plated
a wide range of substituted ferrocene species, and used extendeglingsten rod; R.D. Mathis), followed by100 A of gold on

Huckel molecular orbital (EHMO) and density functional theory

clean silicon wafer (N-type, P doped, orientation (100,10

(DFT) theory calculations to help assign these NEXAFS spectra. Q/cm resistivity; Silicon Inc.), using a thermal thin film

2. Experimental Section

2.1. Reagents and Sample PreparationThe following
compounds were obtained commercially from Aldrich and use
without further purification: bis(pentamethyk-cyclopentadi-
enyl)iron (or decamethylferrocene, Fe(€(CHs3)s)2, 97%), bis-
(carboxyl4°-cyclopentadienyl)iron (or 1)4ferrocenedicarbox-
ylic acid, Fe(Cp-COOH), 96%), bis(acetyk®-cyclopenta-
dienyl)iron (or 1,1-diacetylferrocene, Fe(CCOCHg),, 96%),
and iron(lll) oxide (FgOs, 99%). (Carboxyls®-cyclopentadi-
enyl)(@7°-cyclopentadienyl)iron (or ferrocenecarboxylic acid
Fe(Cp)(Cp-COOH), 97%) was purchased from Strem Chemi-

cals and potassium hexacyanoferrate(ll) and potassium

hexacyanoferrate(lll) were purchased from BDH[fe(CN)]

deposition system (Datacomp Scientific).
2.2. NEXAFS MeasurementsThe NEXAFS spectra were
obtained by recording the sample current in total electron yield

d (TEY) mode using the spherical grating monochromator (SGM)

on beamline 11-ID.1 at the Canadian Light Source (University
of Saskatchewan, Canada). This beamline is equipped with a
Dragon-type spherical grating monochromator and was designed
for high-resolution soft X-ray spectroscopic studiésThe
spectroscopic resolving powedt/AE) is estimated as better than
3200.

At Fe 2p edge the spectra were normalized using the double
normalization method:

normalized spectra [/l 1/[1g/1oq]

1)



626 J. Phys. Chem. A, Vol. 112, No. 4, 2008 Otero et al.

wherel corresponds to the sample current dpdhe current L L L L

. SF,

from a mesh-monitor located upstream of the sample. The 6

reference currenti§) was recorded from a gold coated silicon
wafer.

At carbon edge all spectra were normalized by the following

equation:

K, [Fe(CN)(]

F 1s absorption edge

Fe 2p absorption edges

normalized spectra [sample currentl]/ o 0 s 70 s 0 s o s
[gold-reference currentg] (2) _Energy (eV)

Proper normalization is critical in C 1s NEXAFS spectroscopy. B
Full details of the normalization processes are presented in the b
Supporting Information.

2.3. NEXAFS Energy Scale Calibration.Energy values
reported in the literature for Fe 2p resonances are highly b)
inconsister®42-47 due to the lack of an accurate energy scale ot i e
calibration method. For example, the first peak iff€(CN)] 685 69 695 700 705 710 75 720 725
has been calibrated to 710.45710.09%5 or 709.2 e\ by ... /A A/ R
different authors. Here, we have calibrated the energy of B K,[Fe(CN) |
NEXAFS transitions in a series of model compounds to an ¢ ¢
absolute energy scalerovided by the F 1s NEXAFS spectrum
of SK(g) that was previously calibrated by inner shell electron
energy loss spectroscopy (ISEEI*8)SEELS measurements
provides an accurate measurement of the energy of thesd
transitions as the energy difference between the unscattereq A B K;[Fe(CN),]
electron beam (“zero loss”) and the inelastically scattered
electrons corresponding to a specific electronic transition can
be measured directly and accurately.

We have calibrated the NEXAFS energy scale for a series of
solid iron compound standards by simultaneously measuring B
the NEXAFS spectra of gaseous S&nd these solid iron
compounds. We have selected two low-spin complexgsek- A
(CN)e] and Kg[F€e'" (CN)g] and high-spin ionic compound K@
as our absolute calibration standards, to permit a direct e)
comparison to previous experimental studies that used thesg
molecules as relative calibration standadt& 47

The NEXAFS spectrum of SFwas measured in total ion 704706 708 710 712 7]154 716 I8 720 722724726728
yield (T1Y) in a gas cell upstream from the absorption chamber. nergy (eV)

; e ; ; ; Figure 1. (a) F 1s and Fe 2p NEXAFS spectra of[Re(CN)] with
;L]:js ng :"Slltlasc? IaF{ehdSbg at;,\iﬁ el gg nnmntglcgfilﬁénmg;ns V\;g]ﬂ(é\;]vtss traces of Skabsorption. (b) F 1s NEXAFS spectrum of&SEe) Fe 2p
was Tifled wi ginning u * NEXAFS spectrum of K[Fe(CN)], iron(ll). (d) Fe 2p NEXAFS

The NEXAFS spectra of the solid state standards were measuredpectrum of K[Fe(CNJ], iron(lll). (€) Fe 2p NEXAFS spectrum of
by sample current total electron yield (TEY) down stream of Fe0,.
the gas cell, at the same time as the; SFY spectra. The

resence of SFn the photon beam pathway leads to series of TABLE 1: Energy (eV) of Features in the F 1s and Fe 2p
(Fj)ips in the NEXAFSpspectrum of [t)he sta)rlldards, due to the NEXAFS Spectra of Sf, Ka[Fe(CN)e, and K[Fe(CN)e] and

E

Fe,0,

o . ) Fe03
reduced transmission at these energies. Figure la presents " o s
; pea
:Eéﬁ;izp:;égmg ff':g](:(,:\l'\giifgesdpe:c%ﬂ;'fogegeKi?F‘zo_'ge label$ (this study) (ref48) K{Fe(CN)] KiFe(CN) FeOs
(CN)g], K3[Fe(CNY], and FeOj3 are presented in Figures b ﬁ %gg-% %%%91 710.25 77%5-2778 707.97
e; '_[he resonance energy values reported after absolute calibration B 693.90 6940 711.85 710.86 709.45
using Sk are listed in Table 8 b 7115
The energy scale at the carbon 1s edge was calibrated relative ¢ 699.04 698.9 716 713.12 721.1
to the C 1s NEXAFS spectrum of urea in the solid phase. In ¢ 714.8
gas-phase urea it is characterized by a strong and narrow D 712.2 7121 722.7 719.6 722.6
absorption peak assigned to C 4sz*c—o) and reported at E 724.6 77226158

289.53 eV by Urquhart et al., after an ISEELS absolute energy

scale calibratio® aThese labels correspond to peak identification in Figure 1. Common
2.4. Calculations.Fe 2p NEXAFS spectra were interpreted labels are used for convenience and do not imply a common

with the aid of extended Hikel molecular orbital (EHMO)  SPectroscopic assignment.

theory using the computer aided composition of atomic orbitals . ) .

(CACAO) progrant® EHMO calculations are used to explore appr_opnate for organoiron compouridiowever, our particular

effects of covalent bonding in these species as they are well Version of the DFT program could not perform these Fe 2p

parametrized for organoiron species and are effective for calculations at the time of this investigation.

qualitatively exploring the effects of conjugation in the NEXAFS Cartesian coordinates of Fe(Gplre(Cp-(CHa)s)2, Fe(Cp)-

spectra of organic species®>® DFT calculations are also (Cp—COOH), Fe(Cp-COOH), Fe(Cp-COCH),, bis(methyl-
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n°-cyclopentadienyl)iron (or 1,idimethylferrocene, Fe(Cp T T T
CHa)»), and bis(bromoj®-cyclopentadienyl)iron (or 1;4dibro-
moferrocene, Fe(CpBr),) were obtained from the published
X-ray crystallography parameters.59 For Fe(Cp)(Cp-COOH)

and Fe(Cp-COCHg), the coordinates of the hydrogen atoms
were refined by geometry optimization of the molecules in the
ground state using StoBe (see below) and keeping all atoms
frozen except for hydrogen. The Cartesian coordinates of
(methyl+#®-cyclopentadienyl){>-cyclopentadienyl)iron (or me-
thylferrocene, Fe(Cp)(CpCHs)) and (bromorS-cyclopentadi-
enyl)(;°-cyclopentadienyl)iron (or bromoferrocene, Fe(Cp)}Cp
Br)) were estimated from the coordinates of the disubstituted
molecules (Fe(CpCHs), and Fe(Cp-Br),) and refined by
geometry optimization on all atoms of the molecules in the
ground state. Cartesian coordinates of (vip§deyclopentadi-
enyl)(7°-cyclopentadienyl)iron (or vinylferrocene, Fe(Cp)(€p
CH=CH,)) were estimated from the published X-ray crystal- Fe(Cp-(CH,),),
lography parameters of the biferrocene compounds and refined
by a ground state geometry optimization calculation on all atoms
in the molecule1.62

The structures for Fe(Cpand Fe(Cp-(CHs)s)2 have Dsy Fe(Cp),
symmetry, and the Fe(Cp)(€{CHs), Fe(Cp)(Cp-Br), Fe(Cp)-
(Cp—COOH), (Fe(Cp)(CpCH=CHy,), Fe(Cp-COOHY), Fe-
(Cp—COCH),, Fe(Cp-CHa),, and Fe(Cp-Br), structures are
based on an eclipse®4,) configuration. : ' : : ) ) : ' ' : '

In the EHMO calculations, the equivalent ionic core virtual 706 708 710 712 714 716 718 720 722 724 726
orbital model (EICVOM§$3 was used to account for electronic Energy (eV)
relaxation due to the creation of the core hole. In this model, Figure 2. Fe 2p edge ISEELS spectrum of Fe(€@Eproduced from
the core excited atom is replaced by the atom with one greaterref 29) and the Fe 2p NEXAFS spectra of Fe{@@Hs)s),, Fe(Cp)-
nuclear charge (e.gZ + 1 approximation), and the molecule (CP~COOH), Fe(Cp-COOH), and Fe(CpCOCH).. The spectra
is given a positive charge to correct the valence electron count. have been offset by a constant for clarity.
The atomic propensity approximation is used to calculate the
intensity of the spectroscopic features. Within the linear
combination of atomic orbitaimolecular orbital (LCAG-MO)
description, the states accessed by the highly localized core
excitation transitions are well described by the unoccupied
atomic orbitals on the core excited atom. Transitions to these
unoccupied atomic orbitals on the core excited atom can be

described by the Laporte selection rulel < = 1) for atomic maximum (fwhm) were used for transitions below 290 eV, 2

electronic transitions (e.g., 2p> 3d; 2p — 4s), and the . .
spectroscopic intensities are assumed to be proportional to thegthhbzt\?\’z%\:‘ezsgooosr:g ggg 23”?%;2:@%35322 (i)r;?etrf) dio?\t/o
sum of the square of the LCAO coefficients for these atomic :

orbitals on the core excited atom, for each virtual MO approximately match experimental line widths, mimicking
) ! i : . vibrational broadening beneath the edge and lifetime broadening
Simulated spectra were obtained by calculating a Gaussian

i h f h ”» . h ot above the core edge. Nonequivalent atoms were calculated
ine shape for each transition using the program SIMIEE2.  go 7 ately and X-ray absorption spectra summed-up afterward.

As EHMO is a valence-only method, the core binding energy (ingividual spectrum of nonequivalent carbon atoms in Fe(Cp
is not calculated, and we present our results on an orbital eNer9Y(CHa)s),, Fe(Cp)(Cp-COOH), Fe(Cp-COOHY), and Fe(Cp-

scale (orbital energy is the negative of the term value). Line COCHy), are presented as Supporting Information, Figures S3
widths of 0.6 eV full width at half-maximum (fwhm) were used 6).

for transitions to states below the ionization potential. These
values were selected to approximately model the experimental
line width.

Ground state DFT calculations and simulated C 1s NEXAFS 3.1. Fe 2p Edge.Figure 2 presents the Fe 2p ISEELS
spectra were performed using the Stockholm-Berlin version 2.1 spectrum of Fe(Cp)(reproduced from ref 29) and the Fe 2p
of deMon (StoBe2005 dated 12/9/2065Y his program is based =~ NEXAFS spectra of the substituted ferrocene compounds Fe-
on self-consistent solutions of the KochBham density func-  (Cp—(CHs)s)2, Fe(Cp)(Cp-COOH), Fe(Cp-COOH), and Fe-
tional theory (DFT). The X-ray absorption spectroscopy (XAS) (Cp—COCH).. The spectrum of Fe(Cpj)s reproduced from
calculations presented here were performed following the samethe literature as it is too volatile for examination at room
procedure as in Wilks et al. study of ferrocene-labeled peptides. temperature.
The NEXAFS spectra are simulated by calculating the transition ~ The transition energies and assignments for these compounds
probabilities between half-occupied core hole and optical orbital are presented in Table 2. The Fe 2®dge features resemble
optimized in the potential of this 0.5 occupied core hole excited those observed at the Fes2pedge; this discussion will focus
molecule. For all atoms, in the ground and excited state on transitions at the Fe 2p edge. The Fe 2p spectra of Fe-
calculations, triplez plus valence polarization (TZVP) orbital  (Cp)?82°and Fe(Cp-(CHzs)s)> show two well resolved features

Fe(Cp-COCH,),

Fe(Cp-COOH),

basis sets were used as well as TZVP derived A5 auxiliary basis
sets. For the atom from which the core excited electron
originates, the iii-igol basis set has been employed. The core
potential model was applied on all other carbon atoms to avoid
mixing with the core excited carbon atom. NEXAFS curves were
obtained by Gaussian convolution of the discrete energy values
generated by StoBe. Line widths of 0.4 eV full width at half-

3. Results
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TABLE 2: Transition Energies (eV) and Assignments for the Fe 2p NEXAFS Spectra (Figure 2) of Ferrocene and Substituted
Ferrocene Compound3

label Fe(Cp?® Fe(Cp-(CHz)s), Fe(Cp)(Cp-COOH) Fe(Cp-COOH) Fe(Cp-COCH), assignment
A 708.82 708.82 708.72 Fe ap_’ Fe 3d<z/7[* (Cp—COO H) (Cp-COR)
Fe 2[3/2" Fe 3q,zf7t*(cp)
A 708.9 708.87 Fe 2p— Fe 3duyd7* cp)
B 709.74 709.75 709.84 Fe 2p— Fe 3dft* cp-coom) (cp-cor)
C 711.5 711.18 711.17 711.14 711.34 Fe2p Fe 3di* cp)
D 712.8 712.9 712.62 Fe 2p— Fe 3dft* (cp-coom) (cp-cor)
721.2 721.27 721.50 721.11 721.08 Fe2p Fe 3du/7* (cp-coo Hy cp-cor)
Fe 2[1/2—’ Fe 3(1,{.7[*((;p)
722.6 722.5 722.5 Fe 2p— Fe 3dft* (cp-coom) (cp-cor)
723.9 723.82 723.8 723.8 724.0 Fez2p> Fe 3dft* cp)
725.8 Fe 292% Fe 3d<z/ﬂ*(cp_coo H)

@ Localization of the molecular orbital on the metal or a ligand is indicted by bold script. Transition energy values for Mef@meproduced
from ref 29.

(A and C). The Fe 2p spectra of Fe(Cp)(@pOOH), Fe(Cp-
COOH), and Fe(Cp-COCH), show features (A and C) similar

to those for Fe(Cp(CHz)s)2 and Fe(Cpy but at slightly lower
energy. In the Fe 2p spectra of Fe(Cp)(€pOOH), Fe(Cp-
COOHY), and Fe(Cp-COCHg),, two new features (B and D)
are observed at-709.7 and 712.8 eV, respectively. For
carboxylic acid substituted ferrocene compounds the intensity
of these features scales approximately with the number of
substituents on the Cp ring; i.e., B and D are stronger for Fe-
(Cp—COOHY), than for Fe(Cp)(Cp COOH). The origin of these
features will be discussed below, with the aid of EHMO
calculations.

3.2. Carbon 1s EdgeThe C 1s ISEELS spectrum of Fe-
(Cp). (reproduced from ref 31) and the C 1s NEXAFS spectra
of the substituted ferrocene compounds Fe{Q@pHs)s),, Fe-
(Cp)(Cp—COOH), Fe(Cp-COOHY), and Fe(Cp-COCH;) are
presented in Figure 3. Transition energies and assignments are
presented in Table 3.

The C 1s spectrum of Fe(€{§CHz)s), resembles that of Fe-
(Cp), with two sharp features A and C (Figure 3). An additional A
feature E is observed at 287.91 eV, attributed to rls—

0* c—n transitions from the methyl group. In the C 1s spectrum
of Fe(Cp)(Cp-COOH), the feature A shifts-0.4 eV to lower
energy and feature C appears at a similar energy. A new feature . . . . . . . .
B is observed between A and C (at 286.3 eV) as well as a broad 284 286 288 290 292 294 296 298
feature D above 288 eV. The intensity of B and D increases
approximately with the number of substituents for Fe(Cp)Cp

Figure 3. C 1s edge ISEELS spectrum of Fe(gfreproduced from
COOH) and Fe(CpCOOH). The spectrum of Fe(Cp ref 29) and the C 1s edge NEXAFS spectra of Fet@pHs)s),, Fe-

COCHg), shows a strong attenuation of the intensity of feature (Cp)(Cp—COOH), Fe(Cp-COOHY, and Fe(Cp COCH)». The specira
A. The assignment of these features will be interpreted below, have been offset by a constant for clarity.

with the aid of DFT calculations.

Fe(Cp-COCH,),

Fe(Cp-COOH),

Fe(Cp)(Cp-COOH)

Fe(CP'(CH3)5)z

Fe(Cp),

Energy (eV)

reproduction of the energy splitting is attributed to the limitations
of the semiempirical parametrization, which can reasonably be
expected to be less effective for core excited states. However,
4.1. Fe 2p EHMO Calculations.The simulated Fe 2p edge  the value of EHMO is its qualitative nature of its restitshich
NEXAFS spectra of Fe(Cp) Fe(Cp-(CHs)s)2, Fe(Cp)(Cp- is entirely consistent with our experimental restiésd not the
CHg), Fe(Cp)(Cp-Br), Fe(Cp)(Cp-COOH), and Fe(Cp)(Cp quality of its quantitative predictiorf§. To address the relative
CH=CH,), provided by EHMO simulations are presented in shortcomings of the EHMO calculations, we compare the
Figure 4a. Detailed peak assignments are provided in Table 4a.diagrams of relevant unoccupied molecular orbitals provided
Only one band is represented in these simulations becauseby ground state DFT calculations with those provided by EHMO
EHMO does not consider the sptorbit splitting that leads to  calculations (within the EICVOM approximatiéhto simulate
the separate 3p and 2p,, edges. the Fe 2p core excited state). These molecular orbital diagrams
The relative intensity of the dominant features (A and C) is are presented in the Supporting Information: Figure S2 for the
correctly reproduced in the EHMO calculation; however, the 7* MOs (LUMO to LUMO+6) in core excited Fe(Cp) Fe-
energy splitting between these features is overestimated, andCp)(Cp—CHs), and Fe(Cp)(Cp COOH), provided by EHMO
the intensity of the second feature (C) is underestimated relativecalculations, and Figure S3 for the same MOs in ground
to experiment. Difficulties with the feature intensity in EHMO- state Fe(Cp) Fe(Cp)(Cp-CHs), and Fe(Cp)(Cp COOH),
EICVOM calculations are well-know# and have been at- provided by DFT calculations performed with the StoBe
tributed to inadequacies of the EHMO wave functions. The poor program and plotted using Molekel progr&m.

4. Calculations
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TABLE 3: Transition Energies (eV) and Assignments for the Carbon 1s NEXAFS Spectra (Figure 3) of Ferrocene and

Substituted Ferrocene Compoundd

label Fe(Cp?® Fe(Cp-(CHg)s)2 Fe(Cp)(Cp-COOH)

Fe(Cp-COOH),

Fe(Cp—-COCH;): assignment

| >

285.42

285.7 285.81

286.38

|l | >

287.21 287.14

287.91

287.1

288.49

|joloimio

D

285.34

286.31

~287.2

288.41

288.82 sh

285.27 C1s Fe3d/n* (cp-cooH) (cp-cocHy)
Cls— Fe3q,Jn* (Cp)

Cls> Fe3d<z,y2/ﬂ* (Cp)

Cls> Fe3di* (Cp—COOH)
Cls— Fe3dft* (cp-cocty)

ClS—’(co) a* (c=0)

Cls> Fe3di* (Cp)
Clschy = 0% c-h)
Cl8co)— 7*(c=co)

Clgo)— *(c=co)

Cls(c-coy— 7* (c=co)
Clscry = 0% (c-h)
Clg-—coy— 7 (c=co)

286.45

287.32

288.52

@ Localization of the molecular orbital on the metal or a ligand is indicted by bold script. Transition energy values for Mef@meproduced

from ref 29.
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Figure 4. Simulated Fe 2p edge NEXAFS spectra of (a) Fef(pg-
(Cp—(CHg)s)2, Fe(Cp)(Cp-CHs), Fe(Cp)(Cp-Br), Fe(Cp)(Cp-COOH),
and Fe(Cp)(Cp CH=CHy,); (b) Fe(Cp-CHz3),, Fe(Cp-Br),, Fe(Cp-

COOH), and Fe(Cp COCH), calculated using EHMO theory (CA-
CAO program). The spectra have been offset by a constant for clarity.
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The simulated Fe 2p spectrum of Fe(g€phows two peaks,
labeled A and C. The first feature (A) arises from transitions to
a pair of degenerate MOsiesymmetry) that have a large Fe
3dand 3g, (the G axis is aligned along theaxis) contribution
mixed with Cps* character. The second peak (C) arises from
transitions to a degenerate @p MO (exg Symmetry) mixed
with a small Fe 3¢, and 3¢z-,2 contribution, as indicated by
the small AO orbital coefficient® The molecular orbitals for
features A and C have similar characters for both the EHMO

not contribute to the Fe 2p spectra within the atomic propensity
rule (identified in Table 4a as “mute”). These results are similar
to that of Hitchcock et al., who used similar EHMO calcula-
tions28 The similarity of the DFT and EHMO molecular orbitals
provides additional support for our use of the EHMO method
to simulate the Fe 2p spectra.

The Fe 2p NEXAFS simulations of ferrocene species
substituted with a Cklor Br group are similar to that of Fe-
(Cp), with a slight lifting of the degeneracy of A and C relative
to Fe(Cp). The orbital energies of Fe(CfCHa)s), are slightly
reduced compared to those for Fe(&@specially for feature
A. Substitution by a methyl or halogen group has a minor effect
on the NEXAFS spectra.

In contrast, the Fe 2p spectrum of Fe(Cp)}{@pOOH) differs
from that of Fe(Cpy), Fe(Cp-(CHs)s),2, Fe(Cp)(Cp-CHs), and
Fe(Cp)(Cp-Br), by the presence of two new features, B and
D. Feature A retains a similar character (Fg8d MO for
the LUMO and Fe 3g/z*p) for LUMO+1), although the
degeneracy of A is lifted due to delocalization of theBt cp)
LUMO onto the substituent{ COOH), which shifts the LUMO
toward more negative term values. The LUMO (~0.30 eV
higher) shows no contribution from the substituent and shows
a term value similar to that for Fe(Cp)see Supporting
Information, Figure S2, for energy correlation diagram and
drawing of the individual MOs in the excited state). Feature B
(LUMO+2) represents a new feature, where ligarigtp-coor)
character is mixed with a small Fe ,3dontribution. Feature C
corresponds to a band of three unoccupied MOs (LUNO
through LUMO+5) localized on the Cp ligands with almost no
substituent contribution and weak mixing with the Fe metal
3de-y2 and 3dy orbitals. This feature is similar to feature C in
Fe(Cp}, but here the degeneracy is lifted. The MO associated
to peak D (LUMOCH6) has mostlyt* cp-coony character with
a small Fe 3d_y2 character. The Fe 2p spectrum of Fe(Cp)-
(Cp—CH=CH,) is similar to the spectrum of Fe(Cp)(€Ep
COOH).

This increasing complexity in these spectra arises from the
presence of strong* conjugation between the Cp ring and
unsaturated substituents, which lifts thie orbital degeneracy
and adds spectroscopic features. These liganthstituentr*
interactions are absent in the alkylated and halogenated ferrocene
compounds, so their spectra are similar to those for Fe(@p)

(core excited) and DFT (ground state) calculations (Figures S2common pattern is observed in the NEXAFS spectra of

and S3 in the Supporting Information). In Fe(gpa set of

degenerate MOs exists at slightly lower energy than the
molecular orbitals for C; however, these MOs are exclusively
ligand (e) character with no Fe 3d character and therefore do

ferrocene derivatives with substituents containing unsatura-
tions: MOs withzz-bonding or nonbonding interactions between
the Cp-substituted carbon atom and the substituent appear at
lower energy (B), and MOs witlr*-antibonding interactions
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TABLE 4: Assignment of EHMO Simulated Fe 2p NEXAFS Spectra (Figure 4%
(a) Fe(Cp), Fe(Cp-(CHg)s)2, Fe(Cp)(Cp-CHa), Fe(Cp)(Cp-Br), Fe(Cp)(Cp-COOH), and Fe(Cp)(CpCH=CHy)

label Fe(Cp Fe(Cp—(CHz)s)2  Fe(Cp)(Cp-CHy) Fe(Cp)(Cp-Br) Fe(Cp)(Cp-COOH) Fe(Cp)(Cp CH=CHy,)
A Fe3ddn*(Cp ey Fe3ddn*(Cp ey Fe3d/x*(Cp) Fe3d/7*(Cp) Fe3d/n*(Cp—COOHY Fe3d/n*(Cp—CH=CHy)®
Fe3dJn*(Cp ey Fe3dJn*(Cp e Fe3d/n*(Cp) Fe3d/n*(Cp—Br)2 Fe3d/n*(Cp) Fe3dJ/n*(Cp)
B Fe3d/7*(Cp—COOH)"  Fe3dJ/m*(Cp—CH=CHy)P
mute 7*(Cp ez) 7*(Cp ez) 7*(Cp) 7*(Cp)
7*(Cp ez) 7*(Cp €2) 7*(Cp)
C Fe3dyn*(Cpezy  Fe3gyn*(Cpez)  Fe3dym*(Cp) Fe3gz-y/7* (Cp) Fe3dz-y/7*(Cp) Fede-y/7*(Cp)
mute 7*(Cp)
C Fe3g-y2/n*(Cp e2g) Fe3de-y2/7*(Cp e2g) Fe3de-y/n*(Cp) Fe3dy/z*(Cp) Fe3dy/7*(Cp) Fe3dy/7*(Cp)
Fe3de—y2/n*(Cp—Br)2 Fe3dy/n*(Cp)
D Fe3de-y/7*(Cp —COOH)2 Fe3dz-y/7*(Cp —CH=CH))?

(b) Fe(Cp-CHa),, Fe(Cp-Br),, Fe(Cp-COOH), and Fe(Cp-COCH),

label Fe(Cp-CHa), Fe(Cp-Br), Fe(Cp-COOH) Fe(Cp-COCH)
A Fe3d/7*(Cp) Fe3q/7*(Cp) Fe3d/x*(Cp—COOHY Fe3d/m*(Cp—COCH,)P
Fe3d/*(Cp) Fe3dd/*(Cp—Br)2 Fe3d/7*(Cp) Fe3d/n*(Cp—COCH;)®
B Fe3de-y2/n*(Cp—COOH)" Fe3d/n*(Cp—COCH3)"
Fe3d/n*(Cp—COOH)" Fe3d/n*(Cp —COCHj3)"
mute 7*(Cp) 7*(Cp) 7*(Cp)
C Fe3dy/n*(Cp) Fe3dy/7*(Cp) Fe3dy/7*(Cp) Fe3de—y2/n*(Cp)
mute a*(Cp—Br)?
C Fe3dy/7*(Cp) Fe3den* 2/n*(Cp) Fe3dy/7*(Cp)
Fe3de_2/n*(Cp)
D Fe3de-y2/n*(Cp—COOH)? Fe3de-y2/n*(Cp—COCH3)?
Fe3d/n*(Cp —COOH)?2 Fe3dy/7*(Cp —COCH3)?

a Superscripts indicate the nature of the interactions between Cp substituted carbon and substituent: [b] bonding, [n] nonbonding, and f&j.antibondi
Localization of the molecular orbital on the metal or a ligand is indicted by bold script.

(e.g., anode between the Cp and the substitutent) occur at higher The simulated C 1s spectrum of Fe(gpg similar to its
energy (D). This pattern is revealed in the MO diagrams, experimental spectrum, dominated by two peaks, labeled A and
provided in the Supporting Information (Figures S2 and S3). C. The lowest energy peak A is associated with a transition to
Again, the ground state DFT calculations provide molecular degenerate MOs {gcharacter) formed by the overlap of ligand
orbital diagrams simlar to those from the Fe 2p EHMO g* orbitals mixed with Fe 3¢ (LUMO) or 3dy; (LUMO+1)

calculati_ons. _ _ atomic orbitals. The second strong feature (C) corresponds to
The simulated Fe 2p edge NEXAFS spectra of disubstituted s+ orbital that is strongly localized on the Cp ring containing
ferrocene derivatives, Fe(C{CHs;)z, Fe(Cp-Br)z, Fe(Cp- the excited carbon atom. The character of the orbitals associated

COOH), and Fe(Cp-COCH),, are presented in Figure 4b.  wjith these features is similar to that observed in the Fe 2p
Detailed peak assignments are provided in Table 4b. The FEEHMO calculations; the intensity inversion of the spectral
2p spectra of the disubstituted species are similar to those forfeatyres is consistent with the increased orbital density on iron
the monosubstituted compounds. The substitution in both Cp (hand A, A) or on the Cp ring (band C, C), as probed at the Fe
rings enhances the energy splitting between the MOs associate p edgeTA stronger) or the C 1s edg_e (C stronger). Molecular
¥vithhfeatures A ;nd C. Thets;e _feattér;as have sic;nil_ar o_rigin(s as drawings of LUMO to LUMOt-6 for ferrocene, along with Fe-
or the comparable monosubstituted ferrocene derivatives ©.9-Cp)(Cp-CHs) and Fe(Cp)(CpCOOH), in the ground state
geatuie A ZEFM:;T*(CP/) imd Fe 39’1/7?@?’ Feature C: Fe  caiculated using StoBe program and plotted using Molekel
do/7" cp) aN c dz_f.n (cpy, respectively). progran¥’ are provided in Supporting Information (see Figure
In the Fe 2p simulations of Fe(SLCOOH), and Fe(Cp- S3). The assignment of the Fe(€{CHs)s), spectrum is similar

COCH,),, m* delocalization between the Cp ligand and the : "
substituent leads to additional features B and D. A similar pattern (o that fo'r Fe(Cp)for peaks A and C with addition of feature
E that originates from methyl carbon atoms.

of nonbonding (feature B) and antibonding (feature D) interac- = .
tions between the Cp ring and substituent is revealed from the The C 1s spectrum of Fe(Cp)(€LOOH) shows additional
MO diagrams. features, B and D. Feature A has an origin similar to that in
These EHMO calculations effectively simulate the- Fe(Cp), with a slight lifting of degeneracy from the contribution
conjugation effects in the Fe 2p NEXAFS spectra of substituted Of the substituent COObt*-orbital to the LUMO. The second
ferrocene compounds. These EHMO resuilts are further validatedP€ak (B) is assigned to an MO formed by the mixture of Fe 3d
by ground state DFT calculations. character mixed with the liganeg* (cp-coonyorbital. As in Fe-
4.2. Carbon 1s DFT CalculationsThe C 1s edge NEXAFS ~ (CP) the third peak (C) is strongly localized to the Cp ring
spectra of Fe(Cp) Fe(Cp-(CHa)s)2, Fe(Cp)(Cp-COOH), Fe- with the C 1s core hole, with little delocalization onto the
(Cp—COOH), and Fe(Cp-COCH), simulated by the DFT carbonyl substituent. Feature D is the overlap of the C-1s
program StoBe are presented in Figure 5. Each spectrum is the™* (c=o) transition of the carbonyl group, and B the Gy, 1s
sum of the individual spectra obtained for each carbon atom in = 7* (c=coow transition from the chemically shifted substituted
the molecules. The detailed spectra for Fe{@pHs)s),, Fe- Cp ring site (Guy (see Figure S3 of the Supporting Information
(Cp)(Cp—COOQH), Fe(Cp-COOHY), and Fe(Cp-COCH;), are for MO drawings from DFT calculations) of Fe(Cp)(€Ep
available in Supporting Information (Figures-S87). Detailed COOH) in ground sate). Similar substituent shifted transitions
peak assignments are presented in Table 5a,b. are observed in functionalized benzene groups, e.g., C-1s(C
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Figure 5. Simulated C 1s NEXAFS spectra of Fe(gpFe(Cp-
(CHg)s)2, Fe(Cp)(Cp-COOH), Fe(Cp-COOH), and Fe(Cp-COCH;),
calculated using DFT theory (StoBe program). The spectra have been
offset by a constant for clarity.

R) — * c=c) transition® This splitting is not resolved in the
experimental spectrum.

The simulated spectrum of disubstituted Fe{@XOOH),
resembles that of monosubstituted Fe(Cp{Q®OOH), with
slight variations in peak intensity. A shouldef &rises from
transitions from carbon atoms next tg gto a mixed orbital
between the two CpCOOH ligands; however, this feature is
not resolved in the experimental C 1s spectra (see Supporting
Information, Figure S5). The intensity of features D and D
increase with the number of carbonyl and substituted Cp carbon
atoms in the disubstituted Fe(E@OOH), molecule; this
splitting is resolved in the experimental spectrum.

The simulated C 1s NEXAFS spectrum of disubstituted Fe-
(Cp—COCH), differs from Fe(Cp-COOHY), in the lack of
splitting in feature B and the decreased relative intensity of
feature A. Feature B in Fe(GECOCHg), is dominated by the
strong C 1s— * c—0) transition, which appears at lower energy
in this ketone substituent relative to the carboxylic acid
substituent® This carbonyl contribution increases the intensity
of B, which now is more intense than A in the simulation and
experiment. Feature D in Fe(6€OCH), is assigned to &
1s — 7*(c=cochy transition and feature 'Dto Cchy, 1s —

0* (c-n) transition.
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The presence, intensity and evolution of features B, D, and
D' are well reproduced in the DFT simulations of the C 1s

spectrum of the substituted ferrocene species. These features

arise from the stoichiometrically weighted C 1s contribution of

the substituent groups (e.g., COOH, CO{ldr CHs) to the
spectra, as well ag* interactions between the Cp rings and
the substituents containing unsaturation. The’seonjugation

interactions provide definitive evidence for the strong role of a
covalent bonding model in the NEXAFS spectra of closed
shelled ferrocene derivatives (see ref 35 for a comprehensive
discussion).

5. Discussion

5.1. Fe 2p EdgeThe importance of covalent hybridization
between metal 3d orbitals and ligand* orbitals in the
interpretation of NEXAFS spectroscopy of transition metal
complexes has been indicated in several studigs3946.70|n

the investigation of planar Ni 3dand Cu 38° low-spin

complexes, the presence of an intense band at shent Ls
edges was assigned to metal-to-metal transition (23d),

followed by satellites peaks at a few eV higher en€eityy?®

These satellites’ features were assigned as a transition to a
molecular orbital showing strong metal-covalent character, and
identified as a metal-to-ligand charge-transfer (MLCT) transition
(2p — 3dmetalT*iigand). These assignments were supported by
Hartree-Fock-based static exchange approximation and DFT
calculations¥’ In the study of KNi(CN)4-H,0, Ni(dimethylg-
lyoximato), and [(-CsHg)sN]2 [Ni(maleonitriledithiolato)]
complexes the intensities of the MLCT transition were observed

to vary as KNi(CN)4-H20 > Ni(dimethylglyoximato)} > [(n-

C4Ho)4N]2 [Ni(maleonitriledithiolato)].3° The authors indicated

that the 3@etalT*jigand Valence MO was formed by occupied

metal orbital mixed with unoccupied ligand-orbital, corre-
sponding to a metal to ligand back-donation MO. The decrease
in MLCT transitions intensity was then found consistent with
the reduction in the back-donation strength among these three
complexes, supporting strongly the importance of covalency in
the NEXAFS spectra of these speci&g? A separate study on
ferrocene and ferrocenium hexafluorophosphate showed that the
use of covalent bonding model was more efficient than multiplet
model in the interpretation of closed shelled metallocenes
spectra®® In this study, we show that electron donating/
withdrawing properties of the ligands and substitutents, as well
as conjugation between the Cp and substituentharacter
significantly affect the energy and intensity of Fe 2p NEXAFS
transitions.

Fe 2p NEXAFS spectra of substituted ferrocene compounds
resemble that of ferrocene by the presence of intense feature
labeled A followed at higher energy by weaker peak, C. Feature
A is assigned to transitions to MOs with large Fe 3ahd Fe
3dy; character, mixed with small ligane* cp) contribution, or
metal-to-metal transition, and feature C was assignet tgy)

MOs mixed with some Fe 3gand Fe 3g-,2 contribution,
corresponding to a metal-to-ligand charge-transfer transition
(MLCT).3> Moreover, in the ground state the metak3dnd
3de-y2 orbitals are occupied and ligana* cp) orbitals are
unoccupied; therefore, feature C is associated with a back-
donation (metal-to-ligand) MO. As evident in Figure 2, the
nature of feature C is relatively similar in the set of substituted
ferrocene compounds. This is in contrast to the study of nickel
complexes by Hatsui et al., where a strong relationship between
the strength of back-donation and the intensity of feature C was
observed? In substituted ferrocene molecules, we assume that
the substituent on the Cp ring has only a weak effect on the
back-donation between the Cp ring ligand and the iron atom.
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TABLE 5: Assignment of DFT Simulated C1s NEXAFS Spectra (Figure 5)
(a) Fe(Cpy and Fe(Cp-(CHs)s)2

Fe(Cp) Fe(Cp—(CHy3)s)2
core hole core hole
feature location optical orbital location optical orbital
A Cp carbons Fe3deyy Cp carbons Fe3d ey like
Fe3d/eq Fe3ddeislike
C Cp carbons Fe3d. /e (only Cp Cp carbons Fe3d y2/e)-like (only Cp
with excited carbon) with excited carbon)
E methyl carbons 0% (c-H)
(b) Fe(Cp)(Cp-COOH), Fe(Cp-COOHY), and Fe(Cp-COCH;),
Fe(Cp)(Cp—COOH) Fe(Cp—COOH), Fe(Cp—COCHy3),
core hole core hole core hole
feature location optical orbital location optical orbital location optical orbital
A Csub Fe3dd* c—coom) Csub Csub Fe3dd* c—coom) Csub Csub Fe3d47* cp-cocty)
C2-C5, Fe3ddn* cp) C2-C5, Fe3ddn* cp) C2-C5, Fe3dd* (cp-cocry
C1-C5 Cc2-C5 Cc2-C5
E C2-C5 Fe3dz—y2/.7'[*(cp—c00H) C2—-C5, Fesdz—yz/ﬂ*(cp—coom) C3—C5, Fe3dh*(cp—coc|—b)
Cc2-C5 C3-C5
C;o, C:o’ Fe3df* (c=0)
_' C2, C5, Fegdz/ﬂ*(choom)
C2,C5
g C2—-C5 Fe3d27y2/e”2-|ike C2_C5, FESd?*yZ/Jl'* (Cp) C2—C5, Fe3d(27y2/n* (Cp)
C1-C5 Cc2-C5 Cc2-C5
D C-o Fe3dy/n* c=coom) C—o, C0' Fe3dy/7* c=coom) Csub Csub Fe3dft* c—cocty
D’ Csub Fe3dy/m* (c=coon) Csub Fe3dy/* (c=coon) C2, C5, Fe3dft* c=cocry
Csup C2,C5
Cmethyly CmethyI' o* (C—H)

The effect of the electronegativity of the ligands can also be weaker electron withdrawing group than carboxylic acid yet
considered. Electron withdrawing groups around the metal centerlarger stabilization effect of the substituent QOCHg), as
will deplete the electron density on the metal atom and increaseindicated by EHMO calculations, shifts feature A further to
electron-nuclear Coulombic attractiot|eading to an increased  lower energy.
Fe 2p ionization potential (IP) and a shift toward high energy  |n the studies performed by Hitchcock et al. on manganese,
of the transition. Increase in electrenuclear Coulombic iron, and cobalt complexes using carbonyl and cyclopentadienyl
attraction affects as well the energy of the valence orbitals 53¢ ligands, the authors reported that the spectra of alkane or
leading to an augmentation of the term values and a shift toward 3jene substitued ferrocene complexes were similar and that
low energy of the transition. The Fe 2p spectrum of Fe{Cp  the presence of unsaturation in the substituent had little effect
(CHg)s), is similar to the gas-phase spectrum of ferrocene o Fe 2p spectr® In their investigation of ferrocene-labeled
(ISEELS) recorded by Hitchcock et#2°The Fe 2p ionization  pentides and carboxylic acid substituted ferrocene complexes,
potential of Fe(Cp-(CH)s)2 is expected to be 1 eV lower energy \wjilks et al. find that their Fe 2p spectra are unaffected by the
than for ferrocene, as the methyl groups are electron donat-g,hstituent typéd In contrast, here we find that there is a
ing.”* This ionization potential shift is partially compensated gjqnificant dependence of the identity and the number of
by an opposite shift in the valencegerbital (feature A) 0 g pqtityents present on the Cp ring. We also re-assign feature

higher energy..The net effect is a slight shift of feature Ato ~ Cpa* (e29 MO, which had been formerly assigned by
lower energy in the Fe 2p NEXAFS spectrum of Fe{Cp  \yap et aR91o transition to Cpr* (e2,) and by Wilks et ak to

(CHa)s)> relative to Fe(Cp) (NB feature energy= ionization transition to a G-H o* core excited state. The MO correspond-
potential+ orbital energy). This compensating Sh'ﬁ in the IP ing to peak C is incorrectly labeled by Hitchcock et al. ag e
and the valgnce orbital energy IS common in NEXAFS symmetry. As the 3d orbitals in tHesq point group transform
spectrosc_:op?. The energy d|fference_ between comparable as Ay Ezq and Bg, an MO formed from the mixture of metal
Le?gjriso'%g i%%)ha;: ;?gggég*ggi‘%sgag\% Ig;;e_?gjbrli 3d orbitals and the Cg* MOs cannot have g symmetry.

: ' A key observation from this work is the presence of new

2). This suggests that the energy of the unoccupied orbitals . -
localized on the metal atom is more affected by the variations f€atures B and D in the Fe 2p spectra of ferrocene derivatives
in electron-nuclear Coulombic attraction than ligand localized With substituents containing unsaturations. Our EHMO calcula-

MOs. In the case of Fe(Cp)(GICOOH) and Fe(CpCOOH), tions reveal that these features arise from steohgonjugation
the carboxylic acid group is electron withdrawing, and the Petween the Cp ring and the substituent groups, where bonding
ionization potential should increase, yet a shift toward low ©F nonbonding interactions are observed at lower energy (feature
energy is observed for features A and C compared to the caseB) and antibonding interactions are observed at higher energy
for Fe(Cp). As indicated by EHMO calculations, delocalization ~ (feature D). The Fe 2p spectrum of ferrocene derivates with
of the Fe 3di* cp) LUMO onto the substituent{COOH) shifts saturated substituents remains similar to that of ferrocene.

the LUMO toward more negative term values. Combined effects  In the gas-phase ISEELS spectrum of Fe(Cp}Cpl=CH,)

of increased electronnuclear Coulombic attraction and sub- recorded by Wen et al., the additional features we label as B
stituent COOH) stabilization effect compensate for the and D are not resolvelf. The EHMO calculations presented
increase in ionization potential. The acetyl group (CQPBl a here indicate that these features are relatively weak. We suggest
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that such weak peaks could not be resolved in the relatively  (5) Lambert, C.; Kriegisch, V.; Terfort, A.; Zeysing, B. Electroanal.

low-energy resolution ISEELS spectra of Fe(Cp)¢ =CHy) Che{gjzgggn?;g%.?’Sérez-Dieste V.; McChesney, J. L.; Luk, Y.-Y.; Abbott

of Wen et af? N. L.; Himpsel, F. JSurf. Sci.2005 587, L191.
5.2. C 1s EdgeThe C 1s NEXAFS spectrum of Fe(€p (7) Manners, | Synthetic Metal-Containing Polyme/ILEY-VCH:
(CHa)s)2 is similar to that of Fe(Cp) Feature A is assigned to We'?g;e"\f/ln' 2004. | Science2001 294 1664
s . . P anners, L.Scienc 3 .
transition tp Fe ?f;;{yzorbltals, V\.n.th a small Illgand componen.t. (9) Abd-El-Aziz, A. S.. Manners. 1J. Inorg. Organomet. Polym. and
Feature C is assigned to transition to localized cyclopentadienematerials 2005 15, 157.
a* orbital. Additional features are observed in the C 1s (10) Hudson, R. D. AJ. Organomet. Chen2001, 637—639, 47.

(11) Paquet, C.; Cyr, P. W.; Kumacheva, E.; MannersChem.
NEXAFS spectra of Fe(Cp)(CpCOOH) Fe(Cp-COOHY), and Commun2004 234,

Fe(Cp-COCHy),, depending on the number and type of ™ (12) Manners, 1J. Opt. A: Pure Appl. Opt2002 4, S221.
substituent. DFT calculations and spectral comparisons indicate (13) Kulbaba, K.; Manners, IMacromol. Rapid Commur2001, 22,
that the spectroscopic contribution of the substituent carbon 711.

x_ ; ; (14) Neuse, E. WJ. Inorg. Organomet. Polym. Mate2005 15, 3.
atoms (e.g., Cbl COOH, COOCH) as well ast*-conjugation (15) Stohr, JINEXAFS Spectroscopgpringer-Verlag: Berlin, 1996.

between the Cp ring and the substituents are responsible for (16) ade, D. H.; Urquhart, S. G. X-ray Spectromicroscopy of Polymers.
these additional features. In Chemical Applications of Synchrotron Radiati@ham, T.-K., Ed.; World
In an ISEELS spectroscopy study of alkane and alkene Scientific: Singapore 2002. . .
bsti d f P | p?/ .y il C1 (17) Moewes, A.; MacNaughton, J.; Wilks, R.; Lee, J. S.; Wettig, S.
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