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Synopsis

The electrochemical behavior of the Fc/Fc* of ferrocenyl-terpyridine coordination metal
complexes is related to the charge transfer and binding energy of the Fe 2p photoelectron lines

as measured by XPS, giving insight into the electronic properties of the complexes.

Abstract

A series of 4'-ferrocenyl-2,2":6',2"-terpyridine  coordination metal complexes,
[M(Fctpy)2][PFs]x with M = Co (2), Fe (3), and Rh (4) and x = 2 (for 2 and 3) or 3 (for 4), was
subjected to an electrochemical and X-ray photoelectron spectroscopic study. The formal
reduction potential of the Fc/Fc* couple of the ferrocenyl-moiety (Fe'l) is related to the Allred
Rochow electronegativities of the different coordinated metals, as well as with binding energies
of the Fe 2p3,» photoelectron lines (as measured by XPS).

The binding energy position of the main Fe 2p3» photoelectron line, spin-orbit splitting
between the main and satellite structure (charge transfer band) of the Fe 2p3» photoelectron
line as well as the intensity ratio between the of the main and satellite structure of the Fe 2p3;»
photoelectron line (Z:aiio, this gives the relative amount of charge being transferred) gave insight
in the electronic structure of these ferrocenyl-terpyridine coordination metal complexes, 2-4.
A single crystal X-ray structure determination of 4 highlighted the disorder of the PFs counter
anions as well as double occupancy of the central metal atom of Rh (in 4) with Fe, the Fe:Rh

ratio is 0.14:0.85.



1. Introduction

2,2".6',2"-Terpyridine is a tridentate ligand which contains three N-donor heterocyclic rings and
its coordination chemistry is well documented.! The metal-ligand coordinative bond is
characterised by its high strength and stability due to the strong d-n* back-donation, since
terpyridines are an unusual strong m-acceptors (in comparison to other N-donors),? and due to
the strong chelating effect.’ The terpyridine ligand normally coordinates in a distorted
octahedral geometry to transition metals forming a 6-coordinated metal complex.* Other
coordination spheres and geometry have also been reported e.g. a 9-coordinated Eu(IIl)
complex,’ and the irregular 6-coordinated polyhedron coordinated complex of Hg(II).® The
coordination complexes of terpyridines have applications in very diverse fields of research
ranging from medicinal application (like anticancer and DNA intercalation) to material science

(photovoltaics, sensitizers) and catalysis.”> % % 10- 11. 12,13, 14

Substitution of terpyridine with different groups induces altered physical properties like
variations in the electrochemical properties of the coordination complexes.'> 16 It is well
documented that electron withdrawing and donating substituents on ligands influence the
oxidation and reduction potentials of the ligands and their metal complexes.!’- 18 19.20.21.22.23 1¢
would be interesting to determine if variation of the central coordination metals will display a
similar effect on the electrochemical properties of the ligand, as having electron withdrawing
and donating groups bound to the ligand. Since ferrocene and it derivatives has a predictable
electrochemical behaviour of a one electron oxidation for the Fc¢/Fc* process, the ferrocenyl-
substituted terpyridine ligand, 4'-ferrocenyl-2,2":6'2"-terpyridine, in its coordination

complexes can be used to study the influence of the coordination metal on the electrochemical

behaviour of the ferrocenyl-moiety.

X-ray photoelectron spectroscopy (XPS) is a quantitative and qualitative surface analysis

technique based on the photoelectric effect.* This technique provides information on not only
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the elemental composition, elemental dispersion and oxidation state of elements,? but also on
the chemical environment surrounding each element (for a fixed oxidation state, the binding
energy of the element increases as the electronegativity of the surrounding increases) and the

electronic properties of the elements.?¢

The photoelectron lines of 3d transition metals in complexes, normally display satellite
structures a few eV higher (due to a shake-up mechanism) or a few eV lower (due to a shake-
down mechanism) than the main photoelectron lines as measured by the XPS. These
substructures are universally accepted to be produced by the charge transfer from the ligand to
the metal (which is known as a final state effect).?’- 28 2-30.31.32 Thyg an in depth analysis of
the XPS photoelectron lines and their substructure can also be used to enhance our insight on
33, 34,35, 36 The

metal-ligand interactions and the electronic properties of the elements.

characterisation of terpyridine coordination complexes by means of XPS is underused.

In this paper we describe the preparation and characterisation of 4'-ferrocenyl-2,2":6',2"-
terpyridine and its coordination complexes. The influence of the different coordination metals
on the electrochemical behaviour of the ferrocenyl-moiety is described and related to the
electronegativity of the coordination metal. An in-depth XPS investigation is described for the
Fe 2p photoelectron lines and it substructure to gain insight into the electronic properties of

these ferrocenyl-terpyridine coordination complexes.

2. Experimental
2.1. Synthesis

The ferrocenyl-terpyridine ligand was prepared according published procedures,?” while the

coordination metal complexes with M = Co", Fe!, and Rh™™ were synthesised following a



modified procedure from Maity et al.’® and Constable et al’® see the Supplementary

Information for the detailed procedures.

2.2 Attenuated Total Reflectance Fourier Transform Infrared

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra were recorded
from neat samples on a Digilab FTS 2000 Fourier transform spectrometer utilizing a He-Ne

laser at 632.6 nm.

2.3. Electrochemistry

Cyclic voltammetry (CV) were recorded on a Princeton Applied Research PARSTAT 2273
Voltammographs, utilising Powersuite (version 2.58) software. A conventional three-electrode
cell setup was used, with a platinum wire as the auxiliary electrode and the reference electrode
was a silver wire, while the working electrode was a glassy carbon electrode which has a
surface area 3.14 mm? The working electrode was polished on a Buhler polishing mat,
utilising 1 micron and then % micron diamond paste. Solutions contained 0.5 mM of analyte,
0.2 mM of decamethyl ferrocene as internal standard and 0.2 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte and anhydrous acetonitrile as solvent.
Temperatures were kept constant at 20 °C. All cited potentials were referenced against the
FcH/FcH* couple as suggested by ITUPAC [40]. Decamethylferrocene (Fc*, -0.610 V vs.

FcH/FcH" under our experimental conditions) were used as internal standard.



2.4. X-ray photoelectron spectroscopy

XPS data was recorded on a PHI 5000 Versaprobe system, with a monochromatic Al Ka X-
ray source. Spectra were obtained using the aluminium anode (Al Ka = 1486.6 eV) operating
at 50 um, 12.5 W and 15 kV energy (97 X-ray beam). The instrument work function was
calibrated to give a binding energy of 284.8 eV for the lowest binding energy peak of the carbon
Is envelope, corresponding to adventitious carbon, which is not affected by neighbouring
atoms. The spectra have been charge corrected to this main line of the C-C carbon 1s spectrum,
of the adventitious carbon which was set to 284.8 eV. The survey scans were recorded at
constant pass energy of 187.85 eV while the detailed region scans of C 1s, O Is, P 2p, F Is, N
Is, Fe 2p and the central metal’s Co 2p and Rh 3d spectra was recorded at constant pass energy
of 93.90 eV with the analyser resolution < 0.5 eV. The resolution of the PHI 5000 Versaprobe
system is FWHM = (0.53 eV at a pass energy of 23.5 eV and FWHM = 1.44 eV at a pass energy
of 93.9 eV. The background pressure was 2 x 108 mbar. The XPS data was analysed utilising
Multipak version 8.2c computer software,*! and applying Gaussian—Lorentz fits (the

Gaussian/Lorentz ratios were always >95%).

2.5. Crystal structure analysis

Data for the crystals, obtained from solutions in a mixture of ethanol and acetone, were
collected on a Bruker D8 Venture kappa geometry diffractometer, with duo Is sources, a
Photon 100 CMOS detector and APEX II control software,*? using Quazar multi-layer optics
monochromated, Mo-Ka radiation by means of a combination of @and ® scans. Data reduction
was performed using SAINT+* and the intensities were corrected for absorption using
SADABS [i]. The structures were solved by intrinsic phasing using SHELXTS and refined by

full-matrix least squares, using SHELXTL +* and SHELXL-2014+.** In the structure
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refinements, all hydrogen atoms were added in calculated positions and treated as riding on the
atom to which they are attached. All non-hydrogen atoms were refined with anisotropic
displacement parameters; all isotropic displacement parameters for hydrogen atoms were
calculated as X x Ueq of the atom to which they are attached, where X = 1.5 for the methyl
hydrogens and 1.2 for all other hydrogens. Crystal data, data collection, structure solution and

refinement details are available in CIF (CCDC deposit number 1558115).

3. Results and Discussion
3.1 Synthesis and characterisation

The synthesis of the ferrocenyl-terpyridine, 1c, starts with an aldol condensation between 2-
acetyl pyridine and ferrocene-2-carboxalddehyde, 1a, followed by a Michael addition of the
second equivalent of 2-acetyl pyridine, to yield the ferrocenyl-1,5-diketone, 1b. The
ferrocenyl-1,5-diketone, 1b, undergoes a ring closing reaction with ammonium acetate,
resulting in the central pyridine ring, see Scheme 1. The reaction between the respective metal
salt precursors (Co(NO3),, FeCl, and RhCl3) and the ferrocenyl-terpyridine, 1¢, in a 2:1 ligand
to metal ratio in ethanol and subsequent precipitation with hexafluorophosphate afforded the

coordinated ferrocenyl-terpyridine complexes, 2-4.

Compounds 2 and 3 were isolated as the pure and intended compound. During the synthesis of
4 (the Rh derivative), a small amount (less than 8%) of the unintended complex
[Fe"™(Fctpy)2][PFs]3 was present. An attempt was made to prepare an Ir derivative from IrCls,
but this afforded a mixture of two compounds, 9% of the intended Ir and 91% of
[Fe"™(Fctpy)2][PFs]3. The ligand, 1c, is stable in solid form, however, in alcohol solutions even
under inert atmosphere it is extremely light sensitive.** ** During the reaction, the ligand

I

decomposes to yield uncoordinated Fe™" ions (resulting in a dark blue solution), which could
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then also coordinate to 1c¢, due to heating in EtOH and light exposure. This resulted in the
formation unintended complex [Fe(Fctpy):][PFsls, during the synthesis of 4 (the Rh
derivative) and the Ir derivative. These can unfortunately not be separated, since
recrystallization yielded a mixture of the intended and unintended products, which will be

discussed in crystal structure segment. The Ir derivative will not be discussed further.

(PFe)x
Vi
N

g LA
@AH S O INHJI0OCCH:]

Metal precursor
[NH4][PFg)

Fe Fe EtOH, reflux EtOH, reflux
% EtOH,NaOH = N
\ 7/
FcCOH, 1a Fc-diketone, 1b Fctpy, 1c M = Co, 2, Fe, 3, or Rh, 4.

x=2o0r3

Scheme 1. The preparation of the ferrocenyl-terpyrdine ligand, 1c¢, and the coordination

complexes, 2-4.

3.2 Single Crystal X-ray structure of 4

The perspective views of the molecular structure of 4 is shown in Figure 1, while the crystal
data is summarized in the Supplementary Information. Selected bond lengths and angles may

be found in Table 1.

The single crystal structure determination of 4 revealed that the metal atom is octahedrally
coordinated and the structure include disordered PFs anions. Of significance is that this
molecule contains both Rh and Fe in the same position, the refined ratio of their occupancy
0.857(12):0.143(12) for Rh:Fe. This double occupancy of the central atom occurs during the
synthesis, as explained earlier. This structure included a PF¢ group in a general position, a PFs

group on the symmetry position (inversion centre) and two partial, ill-defined and disordered



PF¢ groups. The contributions of these disordered PF¢ anions were linked to the refined
occupancy factors of the central metal atom, as the Rh and Fe are in oxidation states 3 and 2
respectively, and were included in the refinement. The occupancy of the one anion group

(labelled P3) refined to 0.714(7) and the second one (labelled P4) to 0.643(7).

As observed in a number of [Fe(terpy):]**

complexes the bite angle of the ligand
deviates significantly from 180°,** ¢ as reflected by the N-M-N’ bond angles, around
the central metal atoms which were found to be between 161.1 and 179.8°. This is in agreement
with the reported range of 161.66 and 179.55° for similar iron terpyridine complexes.** The
average M-N bond distances for 4 is 1.996 A. As can be seen, the average Rh-N bond distance,

in 4, is slightly longer than that found in similar iron terpyridine complexes showing an average

Fe-N bond length of 1.939 A # 45

The C-C bond lengths of the ligands are between the typical ranges for carbon-carbon single
bonds (1.54 10\) and carbon-carbon double bonds (1.337 A),‘” indicating effective delocalization
of the electrons in the ligand. This delocalization effect should be capable of transferring the
electron donating effect of the ferrocenyl group of the ligand to the central metal as well as
transferring the electronic properties of the central metal to the ferrocenyl group, which will be

discussed in the electrochemical and XPS sections.

The average C-C bond distance for the cyclopentadienyl ring of the ferrocenyl-groups in 4, is
1.419 and 1.423 A for the substituted and unsubstituted cyclopentadienyl ring, respectively.
The bond angles within the unsubstituted and the substituted cyclopentadienyl rings for the

ferrocenyl-groups in 4 are ca. 108°, which is the theoretical value.
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Figure 1. Molecular structure of [Rh(Fctpy)2][PFs]3, 4, showing atom labeling. The three PFs

counter-ions, solvent molecules and hydrogens atoms have been omitted for clarity.

Table 1. Selected bond lengths (A) and angles (°) for 4. [M1 = Rh in 4]

Bond distances / A
Atoms 4 (Rh/Fe)
M1 - N1 2.020(10)
M1 -N2 1.945(9)
Ml -N3 2.027(9)
M1 - N4 2.020(10)
M1 - NS5 1.934(9)
M1 - N6 2.027(9)
Bond angles / ©

Trans N-M -N
NI -MI1 - N3 161.0(3)
N2 -MI - N5 179.8(4)
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N4 -MI1 - N6 161.4(4)
CisN-M-N

N1 -MIl - N2 79.9(4)
N1 -MIl - N4 95.1(4)
N1 -MI - N5 100.0(4)
N1 -Ml - N6 89.1(4)
N2 -MIl - N3 81.1(4)
N2 -Ml - N4 98.5(4)
N2 -MIl - N6 100.1(4)
N3 -Ml - N4 88.9(4)
N3 -MI1 - N5 99.0(4)
N3 -Ml - N6 93.0(4)
N4 -MI1 - N5 81.3(4)
N5 -Ml1 - N6 80.1(4)
Dihedral angles / °

N1-C5 -C6- N2 5.2(15)
N2 -C10-C11-N3 -4.1(15)
N4 - C20-C21- N5 -2.7(14)
N5 - C25-C26- N6 -3.0(15)

3.3 FTIR and UV-Vis characterization

The Fourier Transformed Infra-red spectra (FTIR) of 1b, showed a strong vco vibration at
1694 cm™'. Upon ring closer which resulted in the ferrocenyl-terpyridine, 1¢, the vco vibration
disappeared, which allows for the monitoring of the ring closer reaction’s progress. The ven
vibration of 1c¢ is observed at 1603 cm™!, and upon coordination with the transition metals (Co,

in 2, Fe in 3 and Rh in 4) a blue shift to ca. 1612 cm™! of the ven vibration occurs. CH-stretching

12



frequencies are also observed between 3050-3200 cm’' for both the ligand, 1c, and the

complexes, 2-4.

The maximum absorbance (molar absorptivity) of the bands measured by UV-Vis spectra of
the ferrocenyl-terpyridine ligand, 1¢, and its metal complexes, 2-4, is summarised in Table 2
and the spectra are shown in Figure 2. The molar absorptivities, €, of all the complexes 2-4 in
acetonitrile solutions were relatively high. A linear relationship was obtained between the
different concentrations and its measured absorbance for the ligand, 1¢, and all the complexes,
2-4 (see Figure 2 insert, 4 is shown as an example). This implies that the Beer-Lambert law is

being followed, A = ¢ CI.

Table 2. Wavelengths at peak maxima (Amax) and molar absorptivity, €, of UV-Vis bands of

1c and 2-4 in acetonitrile.

Compound Metal Amax / nm (e / M em™)
1c - 458 (1086); 360 (2627); 314 (9840)
2 Co 542 (15235); 356 (30000);321 (79176)
3 Fe 587 (12846); 356 (5095); 322 (24285)
4 Rh 584 (6820); 409 (13680); 331 (34660)
90 000 A 04
23
- 75000 1: Fctpy -§2
p 2M=Co 3
g 60 000 H 3:M=Fe %; :
".'E 45 000 A 0 0.[%?/0'\)'1 0.15
~ 30000
w
15000
0

300 400 500 600 700
A/ nm
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Figure 2. UV-Vis spectra of the ferrocenyl-terpyridine, 1c, (red) and the [M(Fctpy)2][PFs]x
complexes 2 (M = Co, x = 2; blue), 3 (M = Fe, x = 2; green), 4 (M = Rh, x = 3; orange), all in
0.5 mM solutions in acetonitrile. Insert: The linear relationship between the different

concentration of 4 and its measured absorbance at A =317, 356 and 584 nm.

A distinctive band was observed at ca. 585 nm in the UV-Vis spectra in acetonitrile for 3-4,
with the exception of 2, which showed this band at 542 nm. The ferrocenyl-terpyridine ligand,
1c, does not show this band. When the ferrocenyl-terpyridine, 1c¢, coordinates to a transition
metal, the energy of the n* orbital decreases, which then gives rise to the charge transfer band
observed for the coordinated complexes, 2-4. Thus, this band at ca. 585 nm for 3-4, and 542
nm for 2 is assigned to a ligand-to-metal charge transfer. This is in agreement with published
results of similar complexes in a 50% water/DMF solution (Fe-complex, 590 nm; Co-complex,

543 nm).*®

3.4 Electrochemistry

The electrochemical activity of the ferrocenyl-moiety within the ferrocenyl-terpyridine ligand,
1c, and the coordinated complexes, 2-4, was investigated by means of cyclic volammetry (CV)
in an acetonitrile/tetrabutylammonium hexafluorophosphate solvent system. The CV’s of the
uncoordinated ferrocenyl-terpyridine ligand, 1¢, at different scan rates and different switching
potentials are shown in Figure 3 Left with selected data summarised in Table 3. The
ferrocenyl-terpyridine ligand, 1c, shows a chemically and electrochemically irreversible
oxidation wave, O at E” = 0.696 V with ipc/ipa = 0.4 and AE = 0.276 V (Epa = 0.834 V) vs
FcH/FcH?. It also reveals four chemically and electrochemically irreversible reduction waves,

Ri to R4 (see Figure 3 Left), below -1 V vs FcH/FcH*. The first reduction process, R, observed
14



at -1.424 V seems to be connected to the oxidation wave, O1. When the switching potential for
the CV scan of 1c is set at 0.46 V, which is before the oxidation, O, the reduction process, Ri,
is not observed. However, when the switching potential is set at 1.56 V, after the oxidation, Oy,
the reduction process, Ri, is observed. Very small re-oxidation peaks are observed for R; to Ry,
which increases in intensity as the scan rate increases, implying that a small amount of the
reduced species of 1¢ (which probably has a very short life-span) gets re-oxidised within the
time-span of the CV experiment. The reduction peaks, Ec, of the reduction waves R> to R4
were observed at -1.749, -1.993 and -2.547 V vs FcH/FcH*, respectively. The oxidation wave
marked O as well as the reduction waves marked R to R4 are assignable to the oxidation and
reduction of the terpyridine moiety. This allocation is analogue with published data of a related
ligand, bipyridine, which also showed an oxidation wave above 1.5 V and a number reduction

processes below -2 V vs FcH/FcH*.*8

The Fc/Fc* redox couple of 1¢ was found to be a chemical and electrochemical reversible
couple with the ipc/ipa = 1 and AE = 0.09 mV. The E” value of the ferrocenyl-terpyridine, 1c,
was found to be 0.50 V vs FcH/FcH*, which corresponds with the published values. The formal
electrode potentials (vs SCE) of ferrocenyl-terpyridine derivatives (were the Fc is connected

to the terpyridine by different spacers) was reported to be between 0.52 and 0.57 V.%°

The comparative CV’s of the Fc/Fc* redox couple of the uncoordinated ligand, 1c, and the
coordinated complexes 2-4 are shown in Figure 3 Right, while the comparative CV’s showing
the entire potential window are provided in the Supplementary Information Figure S1 and

selected data are summarised in Table 3.

The ferrocenyl-moiety within the ferrocenyl-terpyridine of the coordinated complexes, 2-4,
revealed a chemical and electrochemical reversible oxidation wave (ipc/ipa = 0.95 and AE =

0.085 mV), with the Rh coordination complex, 4, having a slightly larger AE of 0.1 mV. The
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slight larger AE of complexes 4, could be explained by the double occupancy of the central
metal as determined from the crystal structure. Since there are two different complexes within
the mixture, the intended Rh (4) and the unintended Fe'! derivative, the AE is a combination
of both redox couples of complexes 4 and [Fe'(Fctpy)2][PFel3, resulting in a slight larger AE

than expected.

The E” value of the Fe redox process of the ferrocenyl-terpyridine coordination complexes, 2-
4, differ only slightly from each other with an overall variation of 0.024 V (see Table 3). The
order of increasing E” values of the Fc/Fc* couple is Rh; 4 (0.097 V) < Fe; 3 (0.117 V) < Co;
2 (0.121 V). This order of increasing E” values is related to the Allred Rochow
electronegativity® of the coordinated transition metal (see Table 3), as the electronegativity of
the central coordination metal increases the formal reduction potential of the ferrocenyl-moiety
of the ferrocenyl-terpyridine ligand also increases. As the electron density moves towards the
centre of the complex, it becomes increasingly more difficult to remove an electron (oxidise)
from the ferrocenyl-moiety. The “directly proportional” relationship implies good electronic
communication through the bonds of the coordinated complex, as predicted by the crystal
structure data showing the delocalised electrons over the bonds. However, the influence of
different central metals is not as big as when there are different R-groups (with a variation in

51,52

electronegativity) attached within a ligand for instance ferrocenyl-chalcones, p-substituted

phenyl diphenylphospinite ligand and their Rh-complexes,? * >* porhyrins,** B-diketonato

ligands and their complexes.? >
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Figure 3. Left bottom: The cyclic voltammograms at scan rates of 0.1 (smallest current), 0.2,
0.3, 0.4 and 0.5 V s! of the ferrocenyl-terpyridine, 1¢, referenced vs FcH/FcH*. Left top: The
CV of 1c at 0.1 V s! with a switching potential of 0.46 V (grey line) and 1.56 V (black line).
Right: The comparative CV’s of the Fc/Fc* redox couple of ca. 0.5 mM solutions of 1¢, and 2-
4, at ascan rate of 0.1 V s! in an acetonitrile/tetrabutylammonium hexafluorophosphate solvent
system measured at 20 °C and referenced vs FcH/FcH". The dashed red line is set at 0.147 V

to indicate the shift in oxidation potentials of the other metal complexes.

Table 3. Selected electrochemical data of the uncoordinated ferrocenyl-terpyridine ligand, 1c,
as well as the coordination complexes 2-4 at a scan rate of 0.1 V s’ All cited potentials are in

V and referenced against the FcH/FcH* couple.
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Allred Rochow o L
Metal Epa / V AE / V E /V lpc/lpa
electronegativity
1c - - 0.095 0.090 0.050 0.98
2 Co 1.70 0.192 0.082 0.151 0.90
3 Fe 1.64 0.163 0.081 0.123 0.91
4 Rh 1.45 0.144 0.100 0.094 0.95

3.5 X-ray photoelectron spectroscopy

To further characterise the uncoordinated ferrocenyl-terpyridine ligand 1¢ and the coordinated
complexes, 2-4, X-ray Photoelectron Spectroscopy (XPS) measurements was collected of these
complexes. XPS is normally used for the characterisation of solid surface to determine the
elemental composition and chemical states of the elements. XPS measures the core level
binding energies of the elements under investigation, which are sensitive towards the chemical
environment of the element. Elements under the influence of an electron withdrawing
environment will display binding energies at higher eV, while element in an electron donating
environment will have binding energies at lower eV than the standard expected binding energy
position of the elements in a specific oxidation state.>* XPS is very powerful characterization
technique to probe the electronic environment of a complex, since (in addition to the oxidation
state and chemical environment) it gives information of the charge transfer, amount of charge

transfer, charge transfer energy and inner sphere reorganisation.

Similar to the electrochemical investigation, the XPS will only focus on the ferrocenyl-moiety,
however, all the other elements (C, O, N, P, F and Co (for 2), Rh (for 4)) were detected by the
XPS. The maximum binding energy of the main photoelectron line of the carbon, C 1s, of the
adventitious carbon within carbon-carbon bonds was set at 284.8 eV, and this was used as an
“internal reference” to charge correct the binding energies of the other elements for accurate

comparison. The N 1s photoelectron line of the nitrogen of the terpyridine-moiety in the
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uncoordinated ligand, 1c, was detected at 398.53 eV and at ca. 399.3 eV for the coordinated
complexes, 2-4. The maximum binding energy of the P 2p envelope of the hexafluorophosphate
counter ion was located at 135.8 eV while the F 1s was found at ca. 685.6 eV for 2-4. The
binding energies of the coordinated central metal atoms are: 2, Co 2p3n = 780.19 eV
(confirming that in the coordination complex Co is Co", in analogue with reported data of Co"
located between 780 and 781 eV);>> ¢ 3, Fe 2ps; = 708.24 eV (indicating the Fe is in the II
oxidation state according to reported data of Fe'l being located at ca. 708 eV);’’ 4, Rh 3ds =
309.90 eV (confirming the presence of Rh'! normally located at ca. 310 eV).’® The correct
atomic ratio between the different elements was obtained, confirming the correct complexes
was prepared, for 2, a ratio of 1:5.9:1.9:1.8:11.6 for Co:N:Fe:P:F was obtained (expected ratio
is 1:6:2:2:12), and for 3, a ratio of 3:6.7:2.1:12.6 for Fe:N:P:F was obtained (expected ratio is
3:6:2:12). For complex 4, more Fe than expected was measure. Complex 4 showed ca. 40%
more Fe than expected, which is attributed to the mixture of the crystal of 4 and the unintended
[Fe™(Fctpy)2][PFsls. This 40% excess of Fe shows that there is a ratio of 1:0.13 between 4 and
[Fe"™(Fctpy)2][PFsl3 , which has 3 Fe atoms, one centre and two ligands, similar to what was

obtained by the crystal structure determination.

The comparative XPS data of the ferrocenyl-terpyridine, 1¢, and the coordination complexes,
2-4, with respect to the Fe 2p regions is presented in Figure 4 and Table 4. The binding energy
at the peak maximum of the Fe 2p3,2 photoelectron lines (BEmain re2p32) of 1¢ were observed at
710.38 eV while BEmain re2p32 for 2-4 are located ca. 707.12 eV (varying with the different
coordination metals). There is a binding energy difference between of ca. 3.3 eV between the
BEmain Fe2p32 0f the ferrocenyl-terpyridine ligand, 1¢, and the coordinated complexes 2-4. This
dramatic decrease in binding energy upon coordination is attributed to the lowering of the
energy of the m* orbital, which is also responsible for the appearance of the charge transfer

band observed in the UV-Vis spectra.
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The observed BEmain re2p32 for the complexes 2-4 correlates well with the reported BEmain Fe2p32
values for ferrocene (707.8 eV)*, ferrocenyl-containing chalcones (707.7 eV),% ¢ and
Fc/Ag(100) (707.9 eV).% This binding energy is, however, lower than the BEmain re2p3/2 reported
for ferrocenyl-containing B-diketones and their Mn complexes (708.2),%¢- 3 ferrocenyl-moiety
linked via an aminoalkyl silane onto silicon (709.7 eV),** and Fe® in metal hexacyanoferrate
(708.0 eV).% A spin orbit splitting of ca. 12.7 eV was obtained between the main Fe 2p3/, and
Fe 2p12 photoelectron lines (ABEmain = BEmain Fe2p1/2 - BEmain Fe2p32). A satellite peak (caused
by the shake-up mechanism) at ca. 4.7 eV higher than the main Fe 2p3;» photoelectron lines

was also observed in the XPS spectra.

Fe 2|p3/2main of Fc

I

Fe 2p3/2$et of Fc
Fe 2p,,

AW

2: Co(Fctpy),(PFy),

Fe 2p;imain of

coordinated Fe

Unintended 3
present

730 725 720 715 710 705 700
Binding Energy (eV)

Figure 4. Comparative XPS spectra showing peak simulated fittings for the main Fe 2p and
satellite Fe 2p peaks for ligand 1c¢, and complexes 2-4. The dashed green line is set at

706.88 eV to indicate the shift in BE of the other metal complexes.
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The binding energy of an element is influenced by its chemical environment, implying if it
experiences an electron withdrawing (causing an increase in BE) or electron donating (causing
a decrease in BE) environment. It has been reported that an increase in the Gordy group
electronegativity of varying R-groups within a ligand (B-diketonato ligand) directly increases

the BE of the central metal and other element within the complex.: 3366

The Allred Rochow electronegativity of the different coordination metals in the complexes 2-
4, again has an influence on the binding energy position of the main Fe 2ps3,> photoelectron line.
As the Allred Rochow electronegativity (ARE) of the different coordination metals increases
advancing from complex 4 to 3 and eventually to 2, an increase in the binding energy of the
main Fe 2p3» photoelectron line is observed Rh; 4 (ARE = 1.45; Fe 2p3/2 main = 706.15 eV) <
Fe; 3 (ARE = 1.64; Fe 2p3/2 main = 707.15 €V) < Co; 2 (ARE = 1.70; Fe 2p3/2 main = 707.47 eV).
As a result of the increased Allred Rochow electronegativity of the different coordination
metals, electron density moves away from the ferrocenyl-moiety, causing the Fe 2psp

photoelectron line, to appear at higher binding energies.

The shake-up satellite peaks detected at a binding energy of ca. 4.7 eV higher than the main Fe
2p photoelectron lines, are associated with charge transfer,®’ from the terpyridine-moiety to the
ferrocenyl-moiety. Due to the influence of the varying coordination metals in the center of the
complexes, the amount of charge being transferred from the terpyridine-moiety to the
ferrocenyl-moiety is not the same for the different complexes. A smaller charge transfer peak
is indicative of less charge (electron density) being transferred to the ferrocenyl-moiety relative
to the larger charge transfer peak. To quantify the amount of charge transferred, the ratio of the
intensities (% area) of the charge transfer peak to the intensity of the main Fe 2psp

photoelectron line is used. This ratio is given by Irasio = (Ire 2p32 cT)/(Ie 2p3/2 main).> The amount
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of charge transferred is again a result of the Allred Rochow electronegativity (ARE) of the
different coordination metals. The general trend as indicated in Table 4, shows that the more
electron density being pulled away from the ferrocenyl-terpyridine ligand by the coordination
metal (as indicated the a higher ARE), the less charge is being transferred from the terpyridine-
moiety to the ferrocenyl-moiety (as indicated by I,4i,). This result is in agreement with reported
data for three different metal-dihalides series, MnX», FeX» and CoX»,%® with X = F, Cl or Br,

where the Lo increased as the Pauling electronegativity,® of the halides decreased.

The above mentioned three series of metal-dihalides also showed an increased trend of the
separation between the maximum binding energies of the satellite and the main metal M 2ps3.
peaks, ABE = BEm2p3/2sac — BEM2p3/2main, With increasing electronegativity of the halides, also
referred to as charge transfer energy (CTE).”” This CTE is the apparent energy needed to
transfer one electron from the 2p state of the ligand to the 3d state of the metal. The amount of
CTE is dependent on the electronegativity of the ligand. It has been reported that as the
electronegativity of the ligand increases the CTE also increases.’” ’! However, in this study the
CTE (as calculated from CTE = A BEge2p3/2sat - Fe2p3/2main = BEFe2p3/2sat — BEFe2p3/2main) from the
terpyridine-moiety to the ferrocenyl-moiety shows an inversely proportional correlation to the
Allred Rochow electronegativity of the different coordination metals (see Table 4), which
opposite to the expected. This implies that as the coordination metal’s ARE increases the
energy required for the transfer of one electron decreases. This opposite to the expected trend
could possibly be attributed to the fact that the CTE of the ligand (as measure by the Fe 2p) is
correlated to electronegativity of the central coordination metal and not the other way around

as in the reported examples.

Table 4. Allred Rochow electronegativity of the coordination metals. The maximum binding

energies of the main and satellite Fe 2p3» and Fe 2pi12 photoelectron lines, the spin orbit
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splitting of maximum binding energies of the Fe 2p photoelectron lines, A BEmain and A BEga,
the charge transfer energy (CTE) as well as, the % area ratio between main Fe 2p3,» and the

satellite Fe 2p3/2, Latio.

Allred
BEmain Fe BE main Fe ABEmain BE sat Fe BE sat Fe ABEsat CTE
Metal | Rochow Latio
2p3/2 /eV 2p3/2 /eV /eV 2p3/2 /eV 2p3/2 /eV /eV /eV
E-neg
1c - - 710.38 722.90 12.52 707.55 720.17 12.62 0.34 2.83

2 Co 1.70 707.47 720.05 12.58 711.68 722.51 10.83 | 0.085 4.21

3 Fe 1.64 707.15 719.72 12.57 711.82 723.17 11.35 0.09 4.67

4 Rh 1.45 706.88 719.67 12.79 712.25 722.5 10.25 0.13 5.37

During the electrochemical oxidation of the ferrocenyl-moiety of ferrocenyl-terpyridine, 1ec,
and its coordination complexes, 2-4, electrons are removed from the iron (Fe', creating a Felll
positively charged species. When the ferrocenyl-terpyridines, 1¢, and 2-4, are being irradiated
with X-rays during the XPS experiment, core electrons get emitted, also generating positively
charge species. Considering that both electrochemistry and photoionization creates positively
charge species, it is expected that a link should exist between the binding energies of the main
Fe 2p photoelectron lines and the formal redox potentials (E*) of the ferrocenyl-groups in

complexes 1c and 2-4. The general trend shows that, the more difficult it is to remove an

electron electrochemically, the more difficult it is to emit a core electron by photoionization:

Rh; 4 (E° = 0.097 V; Fe 2p3/2 main = 706.15 €V) < Fe; 3 (E° = 0.117 V; Fe 2p3/2 main = 707.15

eV) < Co; 2 (E° = 0.121 V; Fe 2p3/2 main = 707.47 eV).

4. Conclusion
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During the synthesis an unintended product, [Fe'(Fctpy)2][PFs]3, formed which could not be

separated from 4 resulting in a 0.86:0.14 Rh:Fe mixture.

The formal reduction potentials (E*) of the Fc/Fc* couple of the ferrocenyl-terpyridine ligand
within the coordination complexes 2-4 are directly proportional to the Allred Rochow
electronegativity of the different coordination metals. Deconvolution of the Fe 2p
photoelectron lines of the XPS and its charge transfer peaks (satellite peaks at a few eV higher
than the main photoelectron line) gave better insight into the electronic structure of the

ferrocenyl-terpyridine coordination complexes 2-4.

The intensity and position of the charge transfer peaks (satellite structures) of the Fe 2p
photoelectron lines are related to the amount of charge transferred between the terpyridine-

moiety of the ligand and the ferrocenyl-moiety of the ligand.
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