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ABSTRACT:  The 2,7-fluorenyl-bridged Fe(η5-C5Me5)(κ2-dppe)[C≡C(2,7-C13H6/Bu2)C≡C]Fe(η5-C5Me5)(κ2-dppe) (1a), its ex-
tended analogue Fe(η5-C5Me5)(κ2-dppe)[C≡C(1,4-C6H4)C≡C(2,7-C13H6/Bu2)C≡C(1,4-C6H4)C≡C](η5-C5Me5)(κ2-dppe) (1b) and the 
corresponding mononuclear complexes Fe(η5-C5Me5)(κ2-dppe)[C≡C(2-C13H7/Bu2)] (2a) and Fe(η5-C5Me5)(κ2-dppe)[C≡C(1,4-
C6H4)C≡C(2-C13H7/Bu2)] (2b), which model one half of these molecules, have been synthesized and characterized in their various 
redox states. The molecular wire characteristics of the dinuclear complexes were examined in their mixed-valent states, with pro-
gression from 1a[PF6] to 1b[PF6] resulting in a sharp decrease in electronic coupling. The cubic nonlinear optical properties of 
these species were investigated over the visible and near-IR range, a particular emphasis being set on their multiphoton absorption 
properties; the complexes are shown to function as redox-switchable nonlinear chromophores at selected wavelengths, and the more 
extended derivatives shown to exhibit the more promising NLO performance. 

INTRODUCTION 

 

The 2,7-fluorenyl unit, with its high fluorescence quantum 

yield1 and large multi-photon absorption cross-sections,2 was 

identified very early as an outstanding building block for the 

construction of molecules for electronic3,4,5 and photonic6 

applications. For example, this unit has been incorporated in 

organic and organometallic (discrete or polymeric) structures 

designed for optoelectronics,7 optical limiting8,9 or bio-

imaging.10 In these applications, the central fluorenyl linker 

is most often functionalized at the 2,7-positions with unsatu-

rated π-conjugated arms terminated by electron-releasing 

substituents.11,12 

In a continuation of studies aimed at identifying efficient 

organoiron-based molecular wires,13,14 we considered ex-

ploiting the electron-transfer properties of such a planar and 

conjugated unit in Fe(II)/Fe(III) dinuclear mixed valent 

(MV) alkynyl complexes featuring “Fe(η5-C5Me5)(η2-

dppe)C≡C-” endgroups, such as 1a+ or 1b+ (Chart 1), with 

the related mononuclear complexes 2a-b[PF6]n (n = 0, 1) 
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potentially constituting useful molecular model complexes to 

enhance understanding of the electronic interactions between 

the metal center and the fluorenyl-based alkynyl ligands in a 

given redox state. In particular, the comparison of 1a[PF6] 

with its known (non-planar) 4,4’-biphenyl analogue 

(3[PF6])
15 was expected to probe the likely beneficial effects 

of planarity of such a central unit in the spacer on the in-

tramolecular electronic delocalization. As already disclosed 

in a communication,16 an increase in the electronic coupling 

of the redox-active termini actually occurs in proceeding 

from 3[PF6] to 1a[PF6]. It was now clearly of interest to 

probe the electronic coupling in the extended derivative 

1b[PF6]. 

 

 

Chart 1. Selected Fluorenyl- and Biphenyl-based 
Organoiron Complexes. 

 

Independent of these results, polynuclear organometallic 

architectures incorporating alkynyl complexes of d6 metal 

centers have been shown to possess large cubic nonlinear 

optical (NLO) properties, particularly two-photon absorption 

(TPA), at specific wavelengths.17 The NLO application po-

tential of d6 metal alkynyl complexes identified in these 

earlier studies,18 coupled to the electron-releasing capability 

previously established for the organoiron “Fe(η5-C5Me5)(η2-

dppe)C≡C-” group,19 encouraged us to study the absorptive 

NLO behavior of 1a-b in their various redox-states (Chart 

1).20 Indeed, these Fe(II) complexes constitute organometal-

lic analogues of known organic fluorene derivatives func-

tionalized by donor groups in the 2,7-positions that often 

possess large TPA cross-sections.2,11,12 

Furthermore, because such organoiron alkynyl complexes 

are usually stable (and isolable) in their cationic Fe(III) 

state,14 a redox state in which the electron-releasing power of 

the organometallic end-group should be strongly diminished, 

we also wondered if redox-tuneable NLO-active molecules 

would result from the combination of this particular or-

ganometallic fragment and 2,7-diethynylfluorene, similar to 

observations with related homometallic and heterometallic 

alkynyl complexes.20 This is anticipated at wavelengths 

where strong TPA occurs because TPA is related to the 

imaginary part of the cubic molecular polarizability (γimag), 

and γimag is usually influenced by a change in the donor capa-

bility of the nearby metal center, as can also be inferred from 

the perturbation expression often derived to express γ (eq 

1).20,21 From this expression, one can readily see that changes 

in the linear absorption spectrum (wavelengths of maxima, 

extinction coefficients/oscillator strengths of charge-transfer 

bands) brought about by the (reversible) oxidation of the 

metal center in these compounds should in turn strongly 

modify their cubic NLO properties, particularly at wave-

lengths where strong TPA takes place. 

γ ∝ -µge
4/Ege

3 + µge
2µee’

2/Ege
2Ege’ + µge

2(µee - µgg)
2/Ege

3 

(1) 

Several electrochromic metal-alkynyl-functionalized fluore-

nes have been reported,22 but few possess electron-rich re-

dox-active metals, and, to the best of our knowledge, none 

thus far incorporate this particular organoiron endgroup.23,24 

We report herein the synthesis and characterization of the 

Fe(II) complexes 1a-b and 2a-b and of their various oxidized 

states. We also report studies on the intramolecular electron-

transfer in the MV complexes 1a-b[PF6], studies of the cubic 

NLO properties of 3, 4 and all new derivatives by Z-scan, 

linear optical properties assessed by absorption and emission 
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spectrometry, and DFT studies rationalizing the experimental 

observations. The results from the present studies are com-

pared to those for related organometallic structures, and the 

potential of these complexes for electrochemical switching 

of cubic NLO properties is briefly discussed. 

 

RESULTS 

 

 

Scheme 1. Synthesis of the Fe(II) Complexes 1a-b and 
2a-b ([Fe] = Fe(ηηηη5-C5Me5)(κκκκ2-dppe)). 

 

Synthesis and Characterization of the Fe(II) Complexes.  

The target dinuclear Fe(II) alkynyl complexes 1a-b and 2a-b 

were synthesized from the organic diyne precursors of the 

bridge (5a’-b’ ) and the Fe(II) chloride precursor 6, following 

a classic two step alkyne activation reaction (Scheme 1).15,25 

The two butyl groups at the 9-position of the fluorene group 

were installed to ensure sufficient solubility of the resulting 

complexes. Mono- and bis-vinylidene complexes 1a/b-v and 

2a/b-v were formed as intermediates during these syntheses 

and, in the case of 1a-v[PF6]2 and 2a-v[PF6], were briefly 

characterized by 31P NMR spectroscopy. The ligands 5a’-b’  

and 7a’-b’  were generated from their trimethylsilyl-protected 

precursors (5a-b and 7a-b), which were themselves synthe-

sized in a similar fashion to related compounds and fully 

characterized (Supporting Information).23,26 

 

 

The orange/red complexes 1a/b and 2a/b were extensively 

characterized.14 The presence of the triple bond(s) was con-

firmed in all cases by the observation of the corresponding 

νC≡C modes (Table 1). The identity of these stretching modes 

was further confirmed by Raman spectroscopy: because of 

their more pseudo-symmetric environments, internal alkynes 

give rise to much stronger signals in the Raman spectra than 

terminal alkynes.27 In addition, small red crystals were 
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grown from toluene-pentane or C6H6-pentane mixtures for 

1a, 2a and 2b (Figure 1). 

 

Table 1. IR Data for Selected Complexes in CH2Cl2 Solu-
tions a (cm-1). 

a Solid-state νC≡C values obtained in KBr for these com-

plexes are given in the Experimental Section. b Fe(II) vs. 

Fe(III) νC≡C difference (PF6
- counter ion). c Very weak 

peak. 

 

Solid-state Structures of 1a, 2a and 2b. The solid-state 

structures of 1a, 2a and 2b were determined. The dinuclear 

compound 1a (Figure 1a) crystallizes in the orthorhombic 

symmetry group Pbca, with one molecule in the asymmetric 

unit and one benzene molecule as solvate (see Experimental 

Section). The two butyl chains at the 9 and 9’ positions of 

the fluorenyl group are slightly disordered, but the key geo-

metric parameters of the molecule could nevertheless be 

obtained with good accuracy. The two metal centers feature 

piano-stool coordination spheres with the usual angles and 

distances for Fe(II) centers.25,28,29 The structure of the dinu-

clear complex 1a possesses a perfectly planar carbon-rich 

bridge that adopts a gauche structure relative to the two Fe-

Cp* centroid axes in the solid state. This contrasts with the 

previously reported biphenyl analogue 3 (Chart 1), in which 

the bridge is apparently coplanar and roughly perpendicular 

to the two Fe-Cp* centroids.15 The gauche conformation in 

1a is possibly induced in the solid state by the steric bulk of 

the two butyl chains at the 9 and 9’ positions. The fluorenyl 

bridge imposes an intramolecular Fe-Fe mean distance of 

15.9 Å, while the through-space Fe-Fe distance with the five 

nearest neighbouring molecules is slightly shorter in the 

crystal (9.2-11.9 Å). This intramolecular Fe-Fe distance is an 

important structural feature for evaluating the electronic 

coupling (HFeFe) in the corresponding MV complex 

1a[PF6].
16 Overall, these distances are similar to those previ-

ously found for 3 (16.2 Å).15 

 

 

 

 

Figure 1. ORTEP representations of 1a (a), 2a (b) and 2b (c) 
at the 50% probability level. Selected distances (Å) and angles 
(deg):  (a) Fe1-(Cp*)centroid 1.753, Fe1-P1 2.1930(12), Fe1-P2 
2.1977(11), Fe1-C37 1.889(4), C37-C38 1.233(5), C38-C39 
1.452(5), P1-Fe1-P2 86.19(4), Fe1-C37-C38 171.6(3), C37-
C38-C39 178.1(4), (Cp*)centroid-Fe1-C39-C40 −54.5, Fe2-
(Cp*)centroid 1.758, Fe2-P3 2.1910(12), Fe2-P4 2.2156(10), 
Fe2-C87 1.913(4), C87-C88 1.236(5), C88-C89 1.449(5), Fe2-
C87-C88 179.8(4), C87-C88-C89 174.3(4), P3-Fe2-P4 

Cmpd Fe(II) Fe(II)/Fe(III) Fe(III) ∆ν∆ν∆ν∆νC≡≡≡≡C b Ref. 

 ννννC≡≡≡≡C ννννC≡≡≡≡C ννννC≡≡≡≡C Fe(II)/Fe(III)  

1a 2041 

 

2030/1966 1983 

 

-58 

 

this 
work 

1b 2045 

 

2193 c 

2045/1993 

1954 (sh) 

2195 

1993 

1953 (sh) 

2194 c 

-52 

 

+1 

this 
work 

2a 2041 / 1985 -56 this 
work 

2b 2045 

2194 c 

/ 1992 

2196 c 

-53 

+2 

this 
work 

3 2051 2043/1979 1991 -60 15 

4 2051 / 1991 -61 15 

(b) 

(c) 

(a) 
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85.60(4), (Cp*)centroid-Fe2-C89-C90 −120.8; (b) Fe1-
(Cp*)centroid 1.740, Fe1-P1 2.1788(15), Fe1-P2 2.1874(15), 
Fe1-C37 1.902(5), C37-C38 1.205(6), C38-C39 1.434(7), P1-
Fe1-P2 86.06(6), Fe1-C37-C38 179.0(4), C37-C38-C39 
176.0(5), (Cp*)centroid-Fe1-C39-C40 −66.7; (c) Fe1-(Cp*)centroid 
1.736, Fe1-P1 2.1904(6), Fe1-P2 2.1725(6), Fe1-C37 
1.893(2), C37-C38 1.220(3), C38-C39 1.436(3), C42-C45 
1.444(3), C45-C46 1.194(3), C46-C47 1.442(3), P1-Fe1-P2 
86.05(2), Fe1-C37-C38 179.4(2), C37-C38-C39 173.2(2), 
(Cp*)centroid-Fe1-C39-C40 108.7, C41-C42-C47-C48 -75.5. 

 

The mononuclear complexes 2a-b (Figures 1b-c) crystallize 

in the monoclinic groups P21/n and C2/c, respectively, with 

2b possessing one disordered toluene solvate in the asym-

metric unit (Experimental Section). The bond distances and 

angles are again as expected for piano-stool Fe(II) arylal-

kynyl moieties and similar to those previously observed for 4 

(Chart 1).25,28,29 A conformation where the first aryl group is 

approximately “parallel” to the mean C5Me5 plane is ob-

served with the alkynyl ligand of 2b, but the fluorenyl mean 

plane lies nearly perpendicular to it, with a C41-C42-C47-

C48 torsion angle of -75.5°; such a twisted conformation is 

likely induced by cell packing so as to minimize steric inter-

actions. 

 

Cyclic Voltammetry Studies. Cyclic voltammograms (CVs) 

were recorded for 1a-b and 2a-b (Table 2). While the CV of 

2a in CH2Cl2 reveals a chemically reversible one-electron 

process at - 0.17 V, the CV of 1a exhibits two weakly sepa-

rated waves at ca. -0.11 and -0.22 V vs. SCE, corresponding 

to the stepwise Fe(II)/Fe(III) oxidations of each or-

ganometallic endgroup. These systems appear chemically 

reversible at a scan rate of 0.1 V/s, the separation between 

the redox potentials (111 ± 3 mV) being accurately derived 

by fitting the voltammograms at various scanning speeds 

(Supporting Information). 

 (RT/F)log(Kc) = ∆E° (2) 

As previously discussed,16 based on eq. 2, this corresponds to 

a thermodynamic equilibrium constant (Kc) of 76 (± 8) for 

the comproportionation reaction between the homovalent 

Fe(II)/Fe(II) (1) and Fe(III)/Fe(III) species (1[PF6]2) at 25 °C 

(Scheme 2).30,31 This indicates that the MV complex 1a[PF6] 

will not exist in a “pure” state in solution at ambient tem-

perature, but will always equilibrate with non-negligible 

amounts of its homovalent “parents” 1a and 1a[PF6]2. In 

contrast, the two one-electron metal-centered oxidations of 

1b are not resolved in the CV, occurring at a similar potential 

value to that of the mononuclear complex 2b (-0.12 V). This 

demonstrates that the 1b/1b2+ comproportionation equilib-

rium constant is lower than for 1a+ and lies closer to the 

value corresponding to a statistical distribution (i.e. Kc = 4).30 

In addition to these chemically reversible metal-centered 

processes, an irreversible process is observed near 1.3 V or 

1.4 V for 1a/2a or 1b/2b, respectively, likely corresponding 

to the oxidation of the fluorene group.4 

Table 2. Electrochemical Data for Complexes 1a-b & 2a-b. 

All E° values are in V vs. SCE. Conditions (unless stated 

otherwise): CH2Cl2 solvent, 0.1 M [NBu4][PF 6] support-

ing electrolyte, 20 °C, Pt electrode, sweep rate 0.1 V s-1. 

Ferrocene/ferrocenium (FcH/FcH+) was used as an in-

ternal reference for potential measurements. a Difference 

between cathodic and anodic peak potentials. b Au elec-

trode instead of Pt, sweep rate 0.2 V s-1. c Values ex-

tracted by simulation. d 84 mV in acetone.16 

 

Synthesis and Characterization of the Corresponding 

Fe(III) Complexes. The Fe(III) complexes 1a-b[PF6]2 and 

2a-b[PF6] were isolated following chemical oxidation with 

one and two equivalents of ferrocenium hexafluorophos-

phate, respectively (Scheme 2). They were characterized by 

infrared, NMR and ESR spectroscopy, while cyclic voltam-

metry confirmed the parentage of the neutral complexes 1a-b 

and 2a-b. 

  

Cmpd E0 (∆∆∆∆Ep
 a)  ∆∆∆∆E0 ic/ia Ref. 

1a - 0.11 (0.06) b, c 

- 0.22 (0.06) b, c 

0.11 d 1 

1 

16 

2a - 0.17 (0.08) / 1 this work 

1b - 0.12 (0.08) < 0.06 1 this work 

2b - 0.12 (0.08) / 1 this work 

3 - 0.11 (0.06) b, c 

- 0.17 (0.06) b, c 

0.06 1 

1 

15 

4 -0.16 (0.07) / 1 15 
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Scheme 2. Comproportionation Reactions between 
1a/1b and 1a[PF6]2/1b[PF6]2 (Inset) and Synthesis of the 
Fe(III) Complexes 1a-b[PF6]2 and 2a-b[PF6] ([Fe] = 
Fe(ηηηη5-C5Me5)(κκκκ2-dppe)). 

 

Table 3. ESR Spectra for Compounds in Frozen 
CH2Cl2/1,2-C2H4Cl2 Solutions at 80 K. 

a Signal for pure solid sample of 1a2+ (no signal corre-

sponding to a hypothetical forbidden ∆mS = 2 transition 

detected around g = 4.5). 

 

As expected for these Fe(III) complexes, a single weak νC≡C 

band is observed in each case in the 1980-1895 cm-1 range 

(Table 1).29 The presence of one unpaired electron in 2a-b+ is 

supported by a rhombic ESR signature (Table 3), consistent 

with ESR signatures previously obtained for related Fe(III) 

radicals, such as 4[PF6].
15,29 Similar to observations for 

3[PF6]2, the ESR signatures of the dinuclear complexes 1a2+ 

and 1b2+ were more difficult to detect. Broad featureless 

signals were observed possibly because of a fast electronic 

relaxation due to spin-spin interactions in such diradicals.15 

 

The 1H NMR spectra of 1a-b[PF6]2 and 2a-b[PF6] were also 

recorded and, based on previous work with related deriva-

tives,32,33 are diagnostic of Fe(III) complexes (See Support-

ing Information). An assignment for nearly all the observed 

signals could be proposed for 1a [PF6]2 and 2a[PF6]. The 

shifts in opposite directions for neighbouring protons on the 

fluorene group are indicative of opposite spin densities lo-

cated on the corresponding carbon atoms, consistent with 

spin delocalization/polarization taking place through the π-

manifold.33,34 For 2a[PF6], relative to 1a[PF6], the protons the 

fluorenyl group are significantly less shifted, consistent with 

a less marked spin delocalization/polarization on the aro-

matic ring of the alkynyl ligand that is more remote from the 

metal center. Nevertheless, these fluorenyl protons experi-

ence a significantly larger paramagnetic contribution to their 

Cmpd g1 g2 g3 ∆∆∆∆g Ref. 

1a+ 2.380 2035 1.984 0.397 16 

1a2+ 2.25 this work 

 2.426 a 2.035 a 1.981 a   

2a+ 2.425 2.034 1.980 0.445 this work 

1b+ 2.410 2.025 1.980 0.430  

1b2+ 2.23  

2b+ 2.473 2.029 1.973 0.500 this work 

32+ 2.035 15 

4+ 2.439 2.032 1.975 0.464 15 

1a-b

CH2Cl2
[Fe(η5-C5H5)2][PF6]

1a[PF6]2 (n = 0; 80 %)

(2 eq.)

[Fe] C C

BuBu 2a-b

2a[PF6] (n = 0; 67 %)

PF6

PF6 PF6

C C

[Fe] C C

BuBu

C C

[Fe] C C [Fe]CC

BuBu

C C C C

[Fe] C C [Fe]CC

BuBu

C C C C

1b[PF6]2 (n = 1; 56 %)

2b[PF6] (n = 1; 41 %)

CH2Cl2
[Fe(η5-C5H5)2][PF6]

(1 eq.)

n n

n n

n

n

[Fe] C C [Fe]CC

BuBu

C C C C

n n

[Fe] C C [Fe]CC

BuBu

C C C C

n n

[Fe] C C [Fe]CC

BuBu

C C C C

n n

K c

1a (n = 0) / 1b (n = 1)

1a2+ (n = 0) / 1b2+ (n = 1)

1a+ (n = 0) / 1b+ (n = 1)

CH2Cl2

2
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chemical shifts than the corresponding nuclei in 4[PF6],
32 

presumably as a result of the planarity of the fluorenyl group 

facilitating greater spin delocalization/polarization via the π-

manifold compared to that experienced by the non-coplanar 

4,4’-biphenyl spacer in 4[PF6].  

Comparison of the chemical shifts observed for the fluorenyl 

protons in 1a[PF6]2 and 2a[PF6] reveals that the protons of 

1a[PF6]2 appear significantly less shifted than those of 

2a[PF6], indicating the possible existence of an antiferro-

magnetic exchange interaction taking place between the 

remote Fe(III) endgroups.33 The existence of intramolecular 

antiferromagnetic coupling is also suggested by the tempera-

ture dependence of the 1H NMR shifts of the fluorenyl pro-

tons of 1a[PF6]2 (Supporting Information); while the chemi-

cal shifts can be linearly fitted vs. 1/T (in K-1), a very slight 

curvature is apparent on the corresponding plots. This is also 

consistent with the magnetization curve obtained from 

SQUID measurements on solid samples of 1a[PF6]2. The 

data can be fitted to a Curie-Weiss law in the upper tempera-

ture range with a thermal variation of the χM.T product al-

most constant (∼0.82 cm3 K mol-1) and coinciding with the 

spin-only value expected for two uncoupled spins S = ½. At 

temperatures lower than 50 K, χM.T decreases slightly on 

cooling, a behavior characteristic of an antiferromagnetic 

interaction between unpaired spins. The latter can be mod-

elled by a Weiss constant of 67 K (ca. 47 cm-1).35 An aver-

aged antiferromagnetic coupling constant of ca. -12 cm-1 

(taken over 8 neighbouring Fe(III) centers) corresponding to 

a singlet-triplet gap of ca. 24 cm-1 can be deduced from this 

constant for 1a[PF6]2 in the solid state.36 

 

Absorption Spectroscopy. The UV-Vis-near-IR absorption 

spectra of 1a-b2n+ and 2a-bn+ (n = 0, 1) were recorded in 

dichloromethane (Table 4). For the Fe(II) complexes, the 

broad absorption band observed at lowest energy (in the 

range 400-470 nm) results in the orange colour of these 

compounds (Figure 2). TD-DFT computations indicate that 

this band largely results from metal-to-ligand charge transfer 

(MLCT), as previously proposed for the related 4,4’-

biphenyl analogues (3 and 4) of 1a and 2a.15 Consistent with 

this involvement of the metal center, this band is not found in 

the absorption spectra of the corresponding organic alkynes 

(Table 4) or (trialkylsilyl)alkynes (Supporting Information). 

The MLCT absorption for 1a is bathochromically shifted by 

46 nm (2530 cm-1) relative to that of 2a, in line with the 

slight increase in π-manifold contributing to a decrease in the 

energy gap between the corresponding MOs (see DFT calcu-

lations). Also consistent with the extension of the π-

manifold, the spectra of the compounds with extended 

bridges 1b and 2b possess MLCT transitions at lower energy 

than those of their shorter counterparts 1a and 2a. This 

MLCT absorption is bathochromically shifted for 1b com-

pared to 2b, albeit by a smaller energy (ca. 20 nm or 954 cm-

1) than between 1a and 2a. A similar trend is observed for the 

next-higher-energy intense absorption band (near 320-370 

nm: 27000-31000 cm-1), which, according to calculations, 

corresponds to a more marked ligand-centred (LC) character 

of π*←π type on the fluorenyl fragment. This LC transition 

appears only as a shoulder in the spectra of the smaller com-

plexes 1a and 2a. Consistent with this assignment, a transi-

tion is present at very similar energies in the spectra of the 

free ligands 5a’-b’  and 7a’-b’ . 

 

Figure 2. UV-Vis-NIR spectra for 1a-b and 2a-b in dichloro-
methane at 300 K. 

 

 

 

1a 

2a 

2b 

1b 
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Table 4. Absorption and Emission Data for the Fe(II)/Fe(III) Complexes 1a-b2n+, 2a-bn+, 32n+ and 4n+ (n = 0, 1) in CH2Cl2. 

a Emission [excitation] wavelengths. bΦlum ≈ 0. c Traces of fluorescent organic impurities possibly present. d Not deter-

mined. e See also 38. f See Chart 2. 

 

Figure 3. UV-Vis-NIR absorption spectra for 1a-b[PF6]2 and 
2a-b[PF6] complexes in dichloromethane at 300 K. 

 

The UV-Vis-near-IR spectra of the corresponding Fe(III) 

complex (di)cations 1a2+, 1b2+, 2a+ and 2b+ were also re-

corded (Table 4 and Figure 3). The dark blue/green colour of 

these compounds originates from several absorptions in the 

visible range, with maxima in the 750-800 nm range and 

most likely corresponding to LMCT bands.33 These spectra 

resemble those previously reported for 3[PF6]2 and 4[PF6].
15 

In contrast to the corresponding Fe(II) complexes, which are 

silent in the near-IR range, a weak absorption is detected for 

the Fe(III) complexes near 1850 nm corresponding to a 

(SOMO-n) to SOMO formally forbidden ligand-field (LF) 

transition (dFe
1←dFe

2).15,29 As before, a shift to lower energy 

is observed for all these absorption bands upon progressing 

from monocations to dications, the shift being less marked 

for the extended compounds. Transitions are, in principle, 

doubly degenerate in the dications when there is a weak or 

negligible electronic coupling between the corresponding 

chromophores. As a result, they exhibit a rough doubling in 

intensity in proceeding to 1b2+ from the mononuclear com-

plex 2b+. The fluorene-based IL transitions observed at 358 

and 380 nm for 1b and 2b undergo a bathochromic shift 

upon oxidation. 

Cmpd Absorption: λλλλmax/nm (10-3 εεεε in M -1 cm-1) λλλλem [λλλλex]
 a /nm ΦΦΦΦlum Ref. 

1a 264 (sh, 35.5), 304 (sh, 27.5), 450 (37.4) 332 [296] 

≈ 510 [440] 

0.7 % 

/ b 

this work 

1a2+ 270 (sh, 37.4), 344 (27.7), 496 (8.9), 630 (3.0), 772 (13.7), 820 (sh, 10.7), 1844 (0.4) 333 [294] 1.0 % this work 

2a 278 (sh, 33.4), 296 (sh, 30.0), 404 (20.0) 334 [291] 

507 [403] 

0.4 % 

0.2 % 

this work 

2a+ 280 (36.9), 327 (sh, 26.5), 406 (8.3), 466 (4.8), 624 (sh, 1.9), 764 (8.1), 1824 (0.18) 332 [291] 0.8 % this work 

1b 269 (sh, 59.1), 358 (73.2), 468 (45.0) 383 [357] < 2.9 %
 c

 this work 

1b2+ 266 (66.0), 374 (101.0), 464 (sh, 14.8), 758 (10.8), 1866 (0.33) 411 [380] < 1.5 %
 c

 this work 

2b 276 (sh, 32.8), 322 (36.9), 380 (14.0), 448 (19.0) 367 [323]e 0.1 % this work 

2b+ 290 (29.3), 346 (48.0), 454 (7.9), 756 (5.6),1860 (0.17) / / this work 

3 275 (sh, 42.9), 432 (40.2) 352 [290] 1.3 % this work and 
15 

32+ 278 (sh, 50.4), 334 (sh, 33.0), 464 (sh, 6.8), 623 (3.8), 726 (8.4), 1834 (0.13) ND d ND d 15 

4 275 (sh, 34.1), 401 (17.5) 324 [274] 

428 [388] 

1.4 % 

0.1% 

this work and 
15 

4+ 280 (sh, 88.2), 370 (sh, 7.2), 440 (sh, 3.0), 613 (2.0), 710 (4.1), 1800 (0.08) ND d ND d 15 

5a’ 292 (sh, 26.8), 303 (35.8), 317 (sh, 31.0), 329 (48.0) 333, 349 [303] 76 % this work e 

5b’ 237 (39.6), 267 (36.1), 364 (97.3) 390, 411 [364] 78 % this work 

7a’ 292 (sh, 34.8), 305 (24.8), 317 (36.5) 319, 331 [292] 58 % this work 

7b’ 311 (sh, 32.7), 331 (53.5), 352 (54.6) 380 [331] 58 % this work 

8 f 288 (37.9) 324, 339 [288] 78 % this work 

9 f 273 (30.2) 322 [273] 35 % this work 

1a2+ 

2a+ 

2b+ 

1b2+ 
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Figure 4. UV-Vis emission spectra for 1a-b and 2a-b com-
plexes in dichloromethane at 300 K. 

 

Luminescence Studies. Upon excitation in the 285-360 nm 

range in CH2Cl2 solutions at ambient temperatures, all the 

synthesized fluorenyl-containing Fe(II) and Fe(III) com-

plexes were found to luminesce in a narrow spectral range 

located in the blue region around 310-380 nm (Figure 4). 

The fluorescence yields are significantly lower than those of 

their purely organic fluorenyl alkyne precursors (Supporting 

information); the yields for 1a-b[PF6]n and 2a-b[PF6]n (n = 0, 

1) are all < 2%, whereas yields above 70% were found for 

alkyne precursors 5a’ and 5b’, and above 55% for 7a’ and 

7b’. 

Several points can be made regarding these organometallic 

luminophores. First, upon excitation of the Fe(II) complexes 

in their fluorene-based LC state, some luminescence origi-

nates from this state or from a closely lying excited state. 

This luminescence does not originate from the lowest-lying 

excited state. Indeed, according to their absorption spectra, at 

least one other state (MLCT) is present at lower energies 

(Table 4) and, upon excitation into the MLCT band of com-

pounds such as 1a or 2a, only a very weak luminescence of 

uncertain origin can be detected near 500 nm (Φlum ≤ 0.2 %). 

A similar behaviour is found for the 4,4’-biphenyl complexes 

3 and 4 relative to their organic precursors 8 and 9. Second, 

while the organic luminophores 3a-b’ and 5a-b’ exhibit a 

clear vibronic structure for their fluorene-based LC state,39 

this vibronic structure is far less marked in the emission 

spectra of the corresponding complexes. In contrast to the 

organics, no clear shift in the band envelope of the emission 

is apparent across the various alkynyl complexes, regardless 

of the nature of the alkynyl ligands or their oxidation state. 

Finally, oxidation of the Fe(II) center(s) appear(s) to only 

marginally affect the luminescence of the compounds 1a-b 

and 2a-b; a broad emission near 330 nm is found in each 

case, with comparable fluorescence yields within experimen-

tal uncertainties. This emission occurs at an energy well 

above the lowest-lying excited state of the various Fe(III) 

complexes, but the luminescence of these LMCT states could 

not be probed due to instrumental limitations. 

 

8

HC C

9

C CH HC C

 

Chart 2. Biphenyl-based Fluorophores in Table 4. 

 

Synthesis and Characterization of the Corresponding 

Mixed-Valent Fe(II)/Fe(III) Complexes. In order to obtain 

some information about the properties of the MV complexes 

1a+ and 1b+, we have attempted to characterize both species 

in situ. The former MV complex was produced by mixing 

equimolar mixtures of its neutral and dicationic parents in 

dichloromethane (Scheme 2),16 while the latter MV complex 

was generated by reacting the Fe(II) dinuclear precursor 1b 

with one equivalent of ferricenium hexafluorophosphate 

[FcH][PF6]. According to the Kc values determined from CV, 

1a[PF6] should be formed in 81 % yield in solution along 

with 9.5 % of 1a and 9.5 % of 1a[PF6]2, while 1b[PF6] should 

be present in the medium in nearly statistical proportions (50 

%) in equilibrium with the starting complex 1b (25 %) and 

the corresponding dication 1b[PF6]2 (25 %). In the latter case 

one equivalent of ferrocene is also present in the medium 

(note that in the spectra obtained, ferrocene can be consid-

ered as being almost spectroscopically silent in the 400-2500 

nm range40). 

ESR spectra have been obtained likewise from frozen solu-

tions in CH2Cl2/1.2-C2H4Cl2 mixtures at 80 K. The signa-

1a 1b 
2a 2b 



 

tures of both the MV complexes and the dications were o

served by ESR (Table 3). Consistent with the strong 

tion of the unpaired electrons at the metal 

spectrum was obtained in each case, with a slightly lower 

anisotropy (∆g) than was seen for the corresponding mon

nuclear Fe(III) model complexes 2a-b[PF

stool alkynyl complexes, these signatures are

delocalized cationic largely-Fe(III)-centere

Figure 5. Infrared spectra (KBr window) 

modes of the pure dications, of the comproportionation mi

tures and of the pure neutral complexes in dichloromethane 

for 1a (a) and 1b (b). In the latter case, arrow

very weak absorption corresponding to the 

stretch. 

 

The localization of the valency is also evidenced by the 

infrared spectrum recorded for 1a[PF6] 

reveals two new strong νFeC≡C bands overlapping the corr

sponding modes of 1a and 1a[PF6]2 (Figure 

the absorptions apparently overlap with those of 

1b[PF6]2 since no new absorptions appear in the 

tionation mixture (Figure 5b). In both cases, t

tions, typical of Fe(II) and Fe(III) alkynyl

presence of distinct and localized redox sites in 

1b[PF6].
41 Consistent with the voltammetric

establish both mixed-valent compounds as 

(a) 

tures of both the MV complexes and the dications were ob-

served by ESR (Table 3). Consistent with the strong localiza-

tion of the unpaired electrons at the metal centers, a rhombic 

spectrum was obtained in each case, with a slightly lower 

) than was seen for the corresponding mono-

[PF6]. Among piano-

ese signatures are typical of a 

red radical.29 

 

 showing the νC≡CFe 

the comproportionation mix-

in dichloromethane 

In the latter case, arrows indicate the 

corresponding to the internal νC≡C 

The localization of the valency is also evidenced by the 

 in solution, which 

s overlapping the corre-

Figure 5a). For 1b[PF6], 

the absorptions apparently overlap with those of 1b and 

appear in the compropor-

b). In both cases, these absorp-

alkynyls, evidence the 

presence of distinct and localized redox sites in 1a[PF6] and 

with the voltammetric study, these data 

as either class-I or 

class-II MV compounds in the classification of Robin and 

Day.42,43 

 

Figure 6. Near-IR spectra obtained 

tion mixtures of 1a/1a[PF6]

CH2Cl2 and proposed deconvolution

text). The contribution of the corresponding dication

also shown (curves C). The sum of t

(A, B and C) is shown as the red 

background of ca. 50 M-1.cm

spectrum (b) over the complete spectral range to compensate 

for diffusion effects. 

 

As expected, the reaction mixture

plexes 1a[PF6]  and 1b[PF6] afford

bling the mean spectrum of the 

lent complexes in the UV-vis range

1a[PF6], clear differences can be seen for 

transitions, which appear slightly

detected for pure 1a and 1a[PF

of a new species in the medium presenting a lower symmetry 

than its homovalent parents. Furthermore, i

range, an intense and new absorption is detected at ca.

nm (or 5075 cm-1) that was absent for 

and 1a[PF6]2 (Figure 6a). A

silent in this spectral range, whereas 

(b) 

10 

in the classification of Robin and 

 

 

obtained for the comproportiona-

]2 (a) and 1b/1b[PF6]2 (b) in 

convolutions (Sub-bands A-B: see 

The contribution of the corresponding dications are 

C). The sum of the various contributions 

B and C) is shown as the red dotted line. A constant 

.cm-1 has been substracted from 

spectrum (b) over the complete spectral range to compensate 

mixtures containing the MV com-

afford absorption spectra resem-

of the those of the parent homova-

vis range. However, in the case of 

differences can be seen for the most intense 

ppear slightly shifted relative to those 

[PF6]2, in line with the presence 

dium presenting a lower symmetry 

than its homovalent parents. Furthermore, in the near-IR 

absorption is detected at ca. 1970 

was absent for pure solutions of 1a 

As mentioned previously, 1a is 

silent in this spectral range, whereas 1a[PF6]2 possesses only 

(b) 

(a) 
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a very weak absorption near 1844 nm (5423 cm-1) corre-

sponding to a forbidden ligand field (LF) transition.15,29 In 

contrast, for the comproportionation mixture containing 

1b[PF6], the comparably much weaker absorption detected in 

the near-IR range (Figure 6b) strongly resembles that found 

for 1b[PF6]2 near 1866 nm (5459 cm-1). 

The broad absorption detected at ca. 5000 cm-1 (2000 nm) for 

1a[PF6] was thus considered to be an intervalence charge 

transfer (IVCT) band diagnostic of this MV complex. How-

ever, considering the energy (νmax = 4995 cm-1) of the maxi-

mum, the halfwidth [(ν1/2)exp > 6000 cm-1] and also the (non-

Gaussian) shape of this band (Figure 6a), it cannot corre-

spond to a single intervalence charge transfer (IVCT) band 

(see eq. 2) but most likely results from several overlapping 

bands. As detailed previously,16 it was deconvoluted into 

several Gaussian sub-bands (Table 5). The spectral contribu-

tion of 1a[PF6]2 (C) which is present in the medium (9.5 %) 

has a negligible contribution on the overall band shape. An-

other contribution (A) stems from a similar LF transition at 

the Fe(III) site of the MV complex 1a[PF6]. During the de-

convolution process, this weak contribution was simulated 

with a comparable halfwidth to that of the LF absorption of 

1a[PF6]2 and its energy was kept close to it. As for C, this 

sub-band (A) should not strongly influence the band shape of 

the near-IR transition detected for the MV complex. Three 

additional and much more intense contributions were consid-

ered to properly reproduce the observed band shape (B1-B3). 

Such sub-bands are reminiscent of those proposed in near-IR 

band deconvolutions of the related organoiron MV deriva-

tives 3[PF6].
15,44 For pseudo-octahedral MV complexes pos-

sessing an unpaired electron in the metal d sub-levels close 

in energy to the HOMO-1/HOMO-2 levels, and with a siz-

able metal-metal interaction mediated by the bridging ligand, 

these sub-bands possibly correspond to the sought-after 

IVCT and two interconfigurational transitions.15,45 Thus, the 

most intense sub-band at lowest energy (B1) is proposed to 

correspond to the IVCT transition. Consistent with this hy-

pothesis, this sub-band (along with B2 and B3) is hypsochro-

mically shifted when the dichloromethane solvent is replaced 

by a solvent with a higher dielectric constant such as acetone 

or acetonitrile (Figure 7). This observation allows us to re-

fine further the classification of the 1a[PF6] as a class-IIA 

MV complex. 

 (ν1/2)theo = (2310.νmax)
1/2 (3) 

 HFeFe = (2.06.10-2/dFeFe)(εmax.νmax.∆ν1/2)
1/2 (4) 

The sub-bands B1-B3 were considered to have similar half-

widths in the deconvolution procedure,42 with ν1/2 con-

strained to remain close to the theoretical value predicted by 

Hush theory (eq 3).46,47 A reasonable fit can be obtained by 

this approach (Figure 6a), yielding a sensible reorganization 

energy for the IVCT (λ ≈ 4670 cm-1; ν1/2 = 3050 cm-1; ε = 

6050 M-1.cm-1) and sensible transition energies for the two 

interconfigurational processes B2 and B3 (7140 cm-1 and 

10100 cm-1).15 A related deconvolution is proposed when 

acetone is used as solvent.48 

 

Table 5. Deconvolution of the Near-IR IVCT Band in Solu-
tion and HFeFe derivation for 1a[PF6]. 

a Values ± 25 cm-1. b Values ± 10 M-1.cm-1. c Evaluated 

from X-ray structure of 1. d Calculated following equation 

3.  e Calculated following equation 4. 

 

 

Figure 7. Equimolar Mixture of 1a and 1a[PF6]2 in Acetone 
(Plain Dark Line) and in CH2Cl2 (Dotted Grey Line). 

Solvant Band ννννmax in cm-1
 a
 

(ε ε ε ε  in M-1 cm-1)
 b
 

(νννν1/2)exp 

(cm-1) a 

dFeFE 

(Ǻ) c 

(νννν1/2)theo 

(cm-1) d 

HFeFe 

(cm-1) 

a,e 

CH2Cl2 A 5570 (170) 1500 / 3590 / 

 B1 4670 (6050) 3050 15.9 3280 380 

 B2 7140 (3770) 3050 / 4060 / 

 B3 10120 (1490) 3050 / 4830 / 

Acetone A 5570 (180) 1500 / 3660 / 

 B1 6790 (6940) 3830 15.9 3960 550 

 B2 9190 (3830) 3830 / 4610 / 

 B3 12110 (1750) 3830 / 5290 / 
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Using the classic Hush equation (eq. 4), a HFeFe value of ca. 

380 cm-1 was derived for 1a[PF6] from the energy, intensity 

and halfwidth of the sub-band C (IVCT). Following a similar 

procedure, a significantly larger electronic coupling (HFeFe ≈ 

520 cm-1) was found in acetone, in spite of the lower stability 

previously evidenced for the MV complex in that solvent. 

Albeit unexpected, this improvement of the electronic cou-

pling (+45 %) which follows the increase in the polarity of 

the solvent resembles that (+25 %) previously seen with 

3[PF6].
15,49 

For an extended MV complex such as 1b[PF6], a less intense 

and more Gaussian-shaped IVCT transition is expected, due 

to the unlikely presence of interconfigurational transitions in 

less coupled MV complexes.45 Furthermore, its energy 

should likely be above 6200 cm-1, corresponding to the reor-

ganization energy of the single IVCT process detected for 

3[PF6].
15 In this respect, the weak absorption detected at 

5340 cm-1 (1873 nm; 160 M-1.cm-1) after substracting the 

contribution of 1b[PF6]2 generated in the medium by the 

comproportionation equilibrium (Scheme 2) certainly corre-

sponds to the LF absorption centred on the Fe(III) site for 

1b[PF6]. However, no other Gaussian absorption band liable 

to be an intervalence charge transfer (IVCT) band is clearly 

apparent in the 7000-10000 cm-1 spectral range. Actually, the 

diffusive nature of the concentrated (> 10-3 M) samples  

induces a background absorption which severely complicates 

the accurate modelization of weak bands. A single broad 

Gaussian band (B) at νmax = 11600 cm-1 ((ν1/2)exp = 5100 cm-1 

and ε = 45 M-1.cm-1) would apparently improve the fit (Fig-

ure 6b), 51 but such a transition does unlikely correspond to 

the sought IVCT process, since its energy appears too high 

for being the reorganization energy of Fe(η5-C5Me5)(κ2-

dppe) fragments.15 In addition, its strong overlap with the 

intense MLCT bands of 1b[PF6] and 1b[PF6]2 render the 

actual existence of such a contribution questionable. More 

complex (multi-band) fitting schemes are thus required to 

find IVCT band(s) at lower energies, but their interpretation 

is also more difficult. Anyway, all these fits give IVCT 

bands corresponding to much weaker electronic couplings 

than for 1a[PF6] and the MV complex 1b[PF6] can be confi-

dently classified as a weakly coupled class-II (or class-I 

when no IVCT is considered). 

 

Nonlinear Optical Properties. We next determined the 

cubic hyperpolarizabilities of several of the molecules by Z-

scan, using femtosecond laser pulses at various incident 

wavelengths between 550 and 1600 nm and as solutions in 

dichloromethane (as well as THF for 1a-2a) (Figure 8, Table 

6 and Supporting Information). Photochemical changes 

(color changes of the solution under the laser beam) were 

seen to occur for 2a at incident wavelengths less than or 

equal to 600 nm. This problem was rectified by remaking the 

solutions and reducing both input power and sample concen-

tration. Other compounds did not exhibit such obvious pho-

tochemical effects. 2b+ was found to be unstable over a time 

span of several days, the dark green 2b+ solution returning to 

the yellow of 2b over this period. Samples of 2b+ were there-

fore remade every day, and appeared to maintain their integ-

rity over the length of a day. 

As seen in Table 1, large differences arose between the val-

ues of the NLO parameters determined for dichloromethane 

and THF solutions of the compounds for which both solvents 

were used. These differences appear too large to be ex-

plained by the presence of two-photon solvatochromism,52 

and it is possible that additional mechanisms of nonlinear 

absorption are operative in dichloromethane solutions in 

addition to the simple TPA phenomenon, e.g. the absorption 

by long-lived species formed due to photochemical instabil-

ity of the compounds although, as mentioned above, photo-

chemical changes were only noted for 2a (and only at short 

wavelengths with high incident light power and concentrated 

solutions). The interpretation of the absolute values of the 

TPA cross-sections must therefore be cautious, but with this 

in mind the spectral features and the trends of changes of the 

parameters between various structures may be analyzed. The 

cross-sections listed below are those determined for the 

dichloromethane solutions. 

The plots of the real and imaginary parts of γ for 1a and 1b 

show strong dispersion in similar regions: 520-540 nm, 



13 

 

around 620 nm, and 740-760 nm (see Figure 8 for 1a and 

Table 1 for 1a and 1b). Since the 520-540 nm region coin-

cides with some (weak for 1a and strong in the case of 1b) 

linear absorption, the dominant effects in this region are 

likely due to excited-state absorption which may appear, 

depending on the values of the absorption cross-sections of 

the ground and excited state, as saturable absorption (SA) or 

reverse saturable absorption (RSA), the former leading to 

negative contributions to the effective γim and the latter to 

positive ones. In contrast, the 620 nm peak of γim (and thus 

the peak of the effective TPA cross-section) coincides with 

twice the λmax value of a (possibly alkyne ligand-centred) π* 

← π transition in 1a, which is shifted bathochromically with 

π-bridge extension on proceeding to 1b (Figure 9) to coin-

cide well with the 720 nm TPA band; the π-bridge lengthen-

ing here appears to increase TPA cross-section three-fold. 

This absorption seems to dominate a small local maximum at 

760 nm (2900 GM), which may have similar character to the 

maximum at 740 nm (2600 GM) seen in the 1a plot. Oxida-

tion of both species (to generate 1a2+ and 1b2+) affords spe-

cies with linear absorption bands at ca. 760 nm, causing a 

broad saturable absorption effect at these wavelengths, and 

resulting in a negative effective TPA cross-section. The 

redox properties of the molecule can therefore be used to 

“switch” the sign of the nonlinear absorption in the region of 

the TPA maxima of the neutral complexes. Oxidation of 1a 

also affords a UV-Vis absorption band at 350 nm, a wave-

length which corresponds roughly to the TPA maximum seen 

at 660 nm.  

Complexes 2a and 2a+ are (conceptually) fragments of 1a 

and 1a2+ and exhibit similar effects on the effective TPA 

cross-sections following oxidation. 2a has smaller TPA 

cross-section values and a maximum at the same wavelength, 

740 nm, as its bimetallic counterpart. The wavelength of its 

TPA cross-section peak corresponds closely to twice the 

wavelength of optical absorption maximum in the UV-Vis 

spectrum. The linear optical absorption spectrum of 2a+ 

reveals that this oxidized species is less absorptive at ca. 450 

nm, with a corresponding absence of SA behaviour at wave-

lengths in the range 500-560 nm, as observed for 1a+. Simi-

larly, 2b is a fragment of 1b and has a similar TPA cross-

section spectrum, with peaks at 540, 700, and 760 nm, al-

though maximal values are roughly one fifth of the magni-

tude of the bimetallic complex. Problems were encountered 

with highly coloured 2b+ in fitting the closed-aperture Z-scan 

traces in the wavelength range 660-800 nm, accounting for 

the large errors in the γreal values. The TPA cross-section 

values for 1b2+ are lower than those for its mono-cationic 

analogue 2b+, probably as a result of the effect of the broader 

linear absorption bands seen in the 500-660 nm region. Both 

complex (di)cations exhibit SA in the range 640-800 nm 

coincident with the longer wavelength TPA maximum of the 

non-oxidized species.  

 

 

Figure 8. Cubic hyperpolarizabilities determined for 1b in 
dichloromethane at 300 K by open and closed-aperture Z-scan 
measurements. 

 

The biphenyl analogues of the fluorenyl complexes 1a and 

2a (namely 3 and 4) both exhibit peaks in the UV/Vis spectra 

at 580 nm and 700/720 nm (3/4). Again, the bimetallic com-

plex (3) has larger nonlinear absorption cross-sections than 

its monometallic counterpart, as observed with the previous 

compounds. TPA maxima appear at shorter wavelengths than 

for the fluorenyl-containing analogues. The dioxidized spe-

cies, 3[PF6]2, also exhibits blue-shifted TPA cross-section 

peaks/troughs, with a maximum at 540 nm (660 nm for 1a2+) 

and a minimum around 700 nm (760 nm for 1a2+).  
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Table 6. Nonlinear Optical Data at Wavelengths of Apparent TPA Extrema in CH2Cl2 (unless otherwise indicated). 

 λ (nm) γre (10-34 esu) γim (10-34 esu) |γ| (10-34 esu) σ2 (GM) 
1aa,b 740 -60 ± 10 16 ± 5 62 ± 10 390 ± 25 

1aa 740 -59 ± 37 26 ± 6 62 ± 37 680 ± 120 

1a 540 -700 ± 63 110 ± 13 710 ± 64 5800 ± 810 

 620 -78 ± 16  110 ± 13 130 ± 20  4300 ± 520 

 740 -110 ± 10 81 ± 12 140 ± 15  2300 ± 310 

1a2+ 520 -1500 ± 300 -33 ± 10 1500 ± 300 -1900 ± 670 

 660 -530 ± 26 76 ± 12 540 ± 29 2700 ± 440 

 760 -500 ± 24 91 ± 16 510 ± 29 -2500 ± 430 

 1000 28 ± 40 29 ± 12 40 ± 42 450 ± 180 

1b 560 -2400 ± 676 -210 ± 65 2400 ± 680 -10000 ± 3200 

 620 -680 ± 78 310 ± 56 750 ± 96 13000 ± 2300 

 720 -320 ± 16 160 ± 22 360 ± 27 4900 ± 650 

 760 -260 ± 10  110 ± 17 280 ± 20  2900 ± 480 

 950 83 ± 40 34 ± 10 90 ± 41 590 ± 180 

1b2+ 540 -960 ± 37 30 ± 5 960 ± 37 -1600 ± 260 

 700 -240 ± 51 -36 ± 6 240 ± 51 -1200 ± 220 

 850 -73 ± 40 25 ± 5 77 ± 40 530 ± 110 

 1000 75 ± 50 -20 ± 8 78 ± 51 310 ± 120 

2aa,b 740 -49 ± 15 3 ± 10 49 ± 18 95 ± 10 

2aa 740 -25 ± 15 14 ± 2 28 ± 15 330 ± 50 

2a 620 -170 ± 15 64 ± 11 180 ± 19  2600 ± 430 

 740 -160 ± 17 84 ± 16 180 ± 25 2400 ± 470 

2a+ 540 -2800 ± 50 21 ± 6 2800 ± 50 1100 ± 290 

 640 -48 ± 9 18 ± 3 51 ± 9 700 ± 120 

 760 -99 ± 10 -11 ± 2 100 ± 10 -300 ± 45 

 950 -3 ± 1  16 ± 5 16 ± 6 280 ± 92 

2b 540 -520 ± 20 34 ± 5 520 ± 20 -1800 ± 270 

 580 -260 ± 20 36 ± 6 270 ± 20 1600 ± 270 

 700 -85 ± 10 31 ± 5 90 ± 11 1700 ± 33 

 760 -87 ± 9 14 ± 2 88 ± 9 370 ± 60 

2b+ 600 -1400 ± 17 140 ± 16 1400 ± 24 6000 ± 2000 

 760 -1200 ± 32 -250 ± 76 1200 ± 330 -6700 ± 2100 

 900 5 ± 2 33 ± 6 33 ± 6 620 ± 110 

3 580 -520 ± 40 210 ± 27  560 ± 50 9900 ± 1200 

 700 -140 ± 15 130 ± 25 200 ± 27 4200 ± 750 

 760 -150 ± 7 39 ± 8 155 ± 10 1000± 170 

32+ 540 -430 ± 25 30 ± 6 430 ± 24 1600 ± 340 

 700 -420 ± 47 -28 ± 6 430 ± 48 -920 ± 200 

 950 -22 ± 24 30 ± 8 37 ± 25 520 ± 140 

4 580 -200 ± 50  27 ± 8 200 ± 50 730 ± 200 

 720 -250 ± 60  23 ± 7 260 ± 60 670 ± 230 
a Determined in THF. b Data obtained at Wroclaw University of Technology. All other date were obtained at the Australian 

National University. 
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Figure 9. Apparent two-photon absorption cross-sections (in 
Göppert-Mayer units) for 1b (a) and 1b2+ (b) in dichloro-
methane at 300 K by open-aperture Z-scan measurements. The 
TPA spectral data are overlaid by the one-photon absorption 
spectrum (black) and the one-photon absorption spectrum 
plotted at 2λ (red).  

 

Furthermore, comparing the third-order NLO data obtained 

for 1a/1a2+ and  3a/3a2+ or for 2a and 4 at the wavelength of 

the first MLCT band, the γ values are nearly the same within 

the binuclear and  mononuclear sets of complexes, however, 

the effective TPA cross-sections found for the fluorenyl-

containing complexes are always significantly larger  in 

magnitude than those found for the corresponding biphenyl 

ones.  The incorporation of fluorenyl units therefore red-

shifts and increases the magnitude of two-photon absorption 

effects in these molecules.In general, several property-

structure relationships can be derived by this study, while 

being mindful of the error margins and the uncertainties 

concerning the solvent effects on the effective TPA cross-

sections. Firstly, oxidation/reduction of these compounds can 

be used to switch between SA and TPA behavior at certain 

wavelengths. Secondly, compounds with two metal centers 

and π-bridge extension have larger TPA cross-sections, and 

at red-shifted wavelengths. Thirdly, replacing biphenyl by 

fluorenyl also shifts the TPA maxima bathochromically, 

although values at the short wavelengths are diminished in 

magnitude. 

 

DFT Calculations. Calculations on C2v-symmetric 1a-Me, 

1b-Me and on Cs-symmetric models 2a-Me and 2b-Me, 

which differ from 1a-b and 2a-b by replacement of the dppe 

ligands by dmpm (bis(dimethylphosphino)methane) and the 

n-butyl groups on the fluorenyl unit by methyl groups), have 

been performed. After structural optimization (Supporting 

Information), the calculations reveal that the character of the 

frontier molecular orbitals (FMO) of the shorter (1a-Me and 

2a-Me) and longer (1b-Me and 2b-Me) complexes are in 

general very similar, a reduction in the HOMO-LUMO gap 

being seen in each case upon proceeding from the mononu-

clear to the dinuclear complex (Figures 10 and 11). For all 

complexes, the three highest-energy occupied orbitals 

(HOMO, HOMO-1 and HOMO-2) are strongly localized on 

the organoiron endgroups and nearby alkynyl fragments, 

while the LUMO in general possesses a strong fluorenyl 

character. Thus, the assignment of the first oxidation step as 

mostly metal-localized is appropriate. Close comparison of 

the dinuclear and mononuclear complexes reveals that ex-

tending the alkynyl ligand results in a decrease of the 

HOMO-LUMO gap, as expected from the extended conjuga-

tion within the extended alkynyl ligands. A noticeable fea-

ture here is the appearance of two new alkynyl ligand-

centred vacant MOs between the LUMO and the metal-based 

LUMO+1 upon proceeding from 1a-Me to 1b-Me (and from 

2a-Me to 2b-Me), which indicates a slight change in the 

empty FMOs for the longer derivatives. 

TD-DFT calculations were performed on the Fe(II) com-

plexes in order to gain some insight into the nature of the 

allowed low-energy transitions in the visible range (Table 7).  
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Figure 10. Frontier molecular orbitals for 2a-Me and 2b-Me illustrating the first allowed calculated transitions (red arrows). The 
metal-centered MOs are also shown. 

 

Figure 11. Frontier molecular orbitals for 1a-Me and 1b-Me illustrating the first allowed calculated transitions (red arrows). The 
metal-centered MOs are also shown. 

2a-Me 2b-Me 

1a-Me 1b-Me 
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Table 7. Observed and Calculated Optical Transitions for 1a-Me, 1b-Me, 2a-Me and 2b-Me. 

a Calculated (for 1a-Me, 1b-Me, 2a-Me and 2b-Me) and observed (for 1a-b and 2a-b) νmax in cm-.1. b Extinction coefficient 

in 105 M-1 cm-1. c Calculated oscillator strength. 

 

Cmpd 

 

ννννmax
a
 [εεεε]b 

(Exp) 

ννννmax
a [f]c 

(Calc) 

Composition 

(Weight %) 

Major Assignment 

2a-Me 24752 [0.20] 20717 [0.12] 48a'' → 49a'' (92%) Fedxz (37%) + Fedyz (6%) + πC2 + πC2Ph → π*PhFluo 

 33783 [0.30] 30916 [0.11] 47a'' → 49a'' (53%) Fedxz (17%) + Fedyz (7%) + πPhFluo → π*PhFluo 

2b-Me 22321 [0.19] 25492 [0.22] 113a' → 115a' (53%) Fedz2 (50%) + πC2 → π*C2Ph 

 26316 [0.14] 29910 [0.16] 56a'' → 58a'' (48%) πC2 + πPhFluo → π*C2 + π*PhFluo 

 31056 [0.37] 30113 [0.09] 54a'' → 58a'' (62%) Fedxz (13%) + Fedyz (11%) +  πC2 + πCp* → π*C2 + π*PhFluo 

 36232 [0.33] 35254 [0.07] 111a' → 115a' (48%) πCp* + πC2 +πPh → π*C2Ph 

1a-Me 22222 [0.37] 19734 [0.26] 85a'' → 86a'' (69%) Fedxz (18% + 15%) + πC2 + πPhFluo → π*C2 + π*PhFluo 

 32895 [0.27] 30131 [0.12] 83a'' → 86a'' (48%) Fedxz (17% + 11%) + πPhFluo → π*C2 + π*PhFluo 

1b-Me 21367 [0.45] 24917 [0.44] 101a'' → 104a'' (20%) 

184a' → 188a' (15%) 

πC2 + πPhFluo → π*C2 + π*PhFluo 

Fedz2+ πC2 → π*C2Ph 

 27933 [0.73] 27662 [0.08] 101a'' → 104a'' (66%) πC2 + πPhFluo → π*C2 + π*PhFluo 

 37175 [0.59] 35252 [0.10] 180a' → 189a' (18%) 

180a' → 188a' (16%) 

181a' → 188a' (15%) 

Fedxy + πC2Ph + πCp* → π*C2Ph 

Fedxy+ πC2Ph + πCp* → π*C2Ph 

Fedxy + Fedx2-y2 + πC2Ph + πCp* → π*C2Ph 
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Figure 12. Plots of the frontier molecular orbitals for 1b-Me (a) 

and 2b-Me (b) primarily involved in the second allowed transi-

tions. Contour values are ± 0.03 (e/bohr3)1/2. 

 

Two strongly allowed transitions are found for the mononu-

clear complex 2a-Me, the lowest energy corresponding to 

the LUMO ← HOMO transition with a dominant MLCT 

character (π*Fluorene ← dFe), and the second-lowest-energy to 

a LUMO ← HOMO-5 transition with a strong LC character 

(π*Fluorene ← dFe) predominantly centered on the fluorene 

fragment. For 2b-Me, the same picture holds except that the 

MLCT transition at lowest energy changes slightly and cor-

responds now to a charge transfer towards the phenyl rings 

of the organic bridge rather than toward the fluorenyl frag-

ment (π*Ph ← dFe) while a second allowed transition toward 

the fluorenyl fragment takes place at higher energy (Figure 

12). However, contrary to experimental observations, the 

first transition is now computed to experience a blue shift 

relative to that in 2a-Me. For the dinuclear complexes 1a-Me 

and 1b-Me, related allowed transitions are found with the 

same dominant character but at a slightly lower energy than 

in the corresponding mononuclear complexes, in line with 

the slight bathochromic shift experimentally observed. 

 

DISCUSSION 

 

Intramolecular Electron-Transfer in the Mixed-Valent 

Organoiron Complexes 1a[PF6] and 1b[PF6]. As previ-

ously shown,16 1a[PF6] is a better molecular wire than 

3[PF6],
15 as evidenced by the larger electronic coupling de-

duced for the former complex from the intervalence charge-

transfer band (HFeFe = 380 cm-1 vs. HFeFe = 145 cm-1, respec-

tively). This can be attributed to the planarity of the central 

2,9-fluorenyl group in 1a[PF6] compared to the non-planar 

4.4’-biphenyl unit in 3[PF6]. The structural planarity of the 

central spacer certainly results in a slightly more electron-

releasing character for the coplanar 2-fluorenyl core com-

pared to the 4-biphenyl core, as evidenced by the redox 

potentials of the corresponding mononuclear complexes 2a 

and 7 (Table 2; the metal-centered oxidation is slightly easier 

in 2a than in 4). Furthermore, the rigid and planar structure 

of the former likely promotes enhanced electronic interac-

tions between the redox-active endgroups in 1a[PF6] relative 

to those in 3[PF6]. This feature, further supported by the 

larger spin polarization of the aryl group evidenced by 1H 

NMR for 2a[PF6] relative to 4[PF6], is probably at the origin 

of the larger electronic coupling and of the larger redox 

splitting (∆E° = 110 vs. 60 mV) in 1a[PF6]. As a result, this 

MV complex is class-IIB,42,43,47 whereas 3[PF6] certainly 

belongs to the class-IIA.15  

Thus, in spite of the loss of axial symmetry of the 2,7-

fluorene spacer which might have been at the origin of det-

rimental quantum interferences compared to the 4,4’-

biphenyl spacer,53 we have established that the 2,7-fluorenyl 

spacer significantly improves the electronic communication 

between the [(η5-C5Me5)(κ2-dppe)FeC≡C]n+ (n = 0, 1) redox 

active endgroups in the corresponding MV complex. In 

dichloromethane, when compared to 3[PF6], this translates to 

a large improvement in stability constant (Kc) of 1a[PF6] in 

the comproportionation equilibrium (Scheme 2), and in a 

smaller improvement (2.6 fold) in the electronic coupling 

between the redox endgroups, leading to the observation of 

interconfigurational IVCT bands, as previously observed 

(b) 

380 nm 

358 nm 

(a) 
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with the class-IIB MV complex 10[PF6]2 (Chart 3).15 From 

the HFeFe value(s), the end-to-end electron transfer is now 

clearly adiabatic for 1a[PF6] (HFeFe ≥ 200 cm-1),54 and is 

much faster than in the class-IIA MV analogue 3[PF6]. 

Along the same lines, an enlarged intramolecular antiferro-

magnetic interaction between the unpaired spins is seen by 

SQUID and 1H NMR measurements for 1a[PF6]2. The for-

mer has increased by an order of magnitude relative to that 

previously found for the dication 3[PF6]2 (- JFeFe ≤ 1 cm-1),33 

which is also likely to be attributable to the enhanced elec-

tronic communication mediated by the 2,7-fluorenyl spacer. 

However, further symmetric extension of the unsaturated 

spacer, in progressing from 1a[PF6] to 1b[PF6], does not 

preserve a large electronic coupling between the terminal 

organoiron endgroups, as revealed by the difficulty in identi-

fying a sensible IVCT transition for this MV complex in the 

near-IR range.55 The strongly decreased electronic interac-

tion 1b[PF6] is confirmed by CV, for which the absence of 

any sizeable extra stability for the MV complex is patent, 

resulting in a Kc value close to the statistical limit. 1b can 

therefore be regarded as a class-I or borderline class-I/class-

IIA MV complex.42,43 

 

 

Chart 3. Selected Organoiron Complexes. 

 

Fluorescence Trapping with Organoiron Chromophores 

1a-b and 2a-b. When [Fe(η5-C5Me5)(κ2-dppe)]n+ (n = 0, 1) 

endgroups are appended to (2-ethynyl)fluorenyl or 2,9-

bis(ethynyl)fluorenyl ligands, which are otherwise powerful 

organic luminophores, an efficient quenching of the lumines-

cence takes place, regardless of the oxidation state of the 

organoiron endgroups. The weak luminescence detected for 

either the Fe(II) or Fe(III) complexes near 330 nm does not 

originate from their lowest-lying excited state, but possibly 

from a fluorene-based LC state. Such an emission from a 

higher excited state localized on the organic chromophore 

has previously been observed in related complexes.56,57 The 

lack of sensitivity of this emission toward structural modifi-

cations is consistent with the strong localization of this ex-

cited state on the fluorenyl fragment, as suggested by DFT 

calculations. 

For the Fe(II) complexes, we have experimentally estab-

lished that the lowest (MLCT) excited states are not lumi-

nescent. A reductive trapping of the fluorene-based excited 

state could thus be at the origin of the luminescence quench-

ing process,58 as previously proposed with closely related 

compounds.57,59 However, the comparable efficiency of the 

fluorescence-quenching process subsequent to oxidation 

suggests that another mechanism  must also be operative for 

these complexes in their Fe(III) state. While an oxidative 

trapping process or an energy transfer process toward the 

low lying MLCT state might be proposed,57 further studies 

are needed to shed sufficient light on the actual trapping 

mechanism operative in these organometallic chromophores. 

Overall, these results are reminiscent of observations made 

on 9-ethynylanthracenyl and Fe(II/III) complexes such as 11 

or 12-X (X = H, Br, CN; Chart 3).57 In contrast to related 

dyads incorporating [Fe(η5-C5Me5)(κ2-dppe)C≡C]n+ end-

groups, the luminescence of the chromophore appended to 

the alkynyl bridge in 1a-b and 2a-b cannot be significantly 

switched by changing the oxidation state of the organoiron 

moiety.59 

 

Redox-dependant Cubic NLO Properties of the Organoi-

ron Chromophores 1a-b, 2a-b, 3 and 4. As is usually ob-

served for such electron-rich d6-metal alkynyl complexes, the 

real part of the cubic molecular polarizability dominates the 

modulus of γ.20 It is overall negative in the visible range with 

the sign invariant between the different oxidation states of a 
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given compound.60 In contrast, the imaginary part (γim) of the 

present complexes can be positive or negative in sign, de-

pending on the wavelength and on the oxidation state 

probed; these compounds can therefore give rise to markedly 

different nonlinear absorption responses at specific wave-

lengths as a function of oxidation state. If thermal effects are 

minimized, as is the case for low repetition rate femtosecond 

laser measurements, the value of the imaginary part of γ 

reflects the underlying electronic phenomena induced by 

nonlinear absorption processes such as SA, RSA or TPA.61 

These data can therefore be used to derive their magnitude. 

Negative γim values correspond to SA processes, while posi-

tive values may correspond to RSA or TPA processes. In 

general, positive γim values seen in the spectral regions with 

no one-photon absorption should reflect underlying TPA 

phenomena while RSA may be present where one-photon 

absorption becomes important; “effective” TPA values can 

be quoted in both cases. 

For the Fe(II) mononuclear complexes, the energy of the 

excited state populated by the apparent TPA process at low-

est energy does not coincide with that of the lowest lying 

MLCT state but is blue-shifted. Calculations indicate that it 

corresponds to an excited state with a larger organic/π∗ ← π 

character. The energy of this TPA peak for 2b matches that 

of the fluorene-based LC state. The same trend can also be 

observed for the corresponding dinuclear complexes, but 

given the exclusion rule between one-photon and two-photon 

absorption processes in centrosymmetric chromophores, no 

match between these states is expected for the dinuclear 

complexes.62 Similar to many purely organic fluorenes, the 

Fe(II) complexes 1a-b exhibit significant TPA in the 700-

800 nm range. The organoiron complexes appear to exhibit 

most often (much) larger cross-sections than organic chro-

mophores of comparable length, even in THF where no 

underlying photochemistry can be suspected to contribute. 

For instance, TPA cross-sections of 1200 GM at 705 nm and 

130 GM at 600 nm (Chart 4) have been reported for 13 and 

14, respectively.2,12 Likewise to what has been previously 

stated for the organoiron complexes 1a, 2a, 3 and 4, the 

biphenyl analogue 15 also has a lower TPA cross-section 

(380 GM at 735 nm) (Chart 4), and a linear absorption 

maximum at shorter wavelengths,8 features likely resulting 

from non-planarity of this chromophore. Among planar 

chromophores, dinuclear chromophores 1a-b, with a pseudo-

quadrupolar structure, are better two-photon absorbers than 

their purely “dipolar” counterparts 2a-b, consistent with 

common observations.63 Sizeable positive values of the 

imaginary part of the cubic molecular polarisability (γim) are 

seen for these compounds in a spectral range where they are 

not absorbing. 

In the corresponding Fe(III) complexes, a strong LMCT peak 

is usually present at the red edge of the visible range (Table 

4).29 Absorption of incident light followed by a SA process 

takes place, resulting in a negative “apparent” TPA value and 

a negative γim value in this spectral region. Similar to obser-

vations with related homometallic,27,60,64 or heterometallic65 

alkynyl complexes of d6-metal centers, oxidation provides a 

simple means to dramatically alter the cubic absorptive LO 

and NLO behaviour of these complexes in the 700-800 nm 

spectral range, the effect being largest with the extended 

compound 1b. This constitutes the second example where a 

strong redox-switching is evidenced in this spectral range for 

homometallic Fe(II) complexes.27 In the present case, ex-

tending the carbon-rich spacer has a positive effect on this 

particular property. 

 

 

Chart 4. Example of Organic Biphotonic Absorbers. 
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A beneficial effect of these redox-active organoiron deriva-

tives over the organoruthenium ones is that the open-shell 

complexes are kinetically more stable. Thus, the Fe(III) 

derivatives can be chemically isolated which is virtually 

impossible with their Ru(III) counterparts;66 the Fe(III) com-

plex cations can be electrochemically generated from their 

Fe(II) precursors at a more moderate potential by coulometry 

in the OTTLE cell. 

 

CONCLUSION 

 

We have reported herein the synthesis of a series of new 

mono- and dinuclear organoiron fluorenylalkynyl complexes 

in their Fe(II)/Fe(III) oxidation states and investigated their 

redox and optical properties. 

As assessed from studies of the intermolecular electron-

transfer properties of the dinuclear complexes in their MV 

state, the shorter complex 1a[PF6] was shown to be a much 

more efficient molecular wire than the known 4,4’-biphenyl 

analogue (3[PF6]). This improvement can be traced to the 

planarity of the central aromatic unit, which is more suited to 

convey electronic interactions between the terminal metal 

centers through the π-manifold of the carbon-rich spacer. 

Similar investigations on 1b[PF6] revealed that symmetric 

extension of the central bridge by two 4-phenylethynyl units 

does not preserve a sufficiently strong metal-metal electronic 

coupling to allow unambiguous detection of the IVCT transi-

tion. Accordingly, no extra stability is seen for the extended 

MV complex. 

In studies of the optical properties of these redox-active 

organometallic chromophores, we have observed a strong 

quenching of their fluorene-based luminescence, which 

occurs regardless of the oxidation state of the organometallic 

termini, negating their potential use as redox-switchable 

luminophores. However, Z-scan  measurements over a large 

wavelength range (400-1600 nm) have revealed sizeable 

cubic molecular polarizabilities in the visible region for these 

species. The two-photon absorption properties of the fluo-

rene-containing ligands are preserved in these compounds, 

which exhibit significantly larger apparent TPA cross-

sections in CH2Cl2 than purely organic derivatives of similar 

size. This enhancement might be attributed to the presence of 

the electron-releasing organometallic capping groups featur-

ing polarizable metal centers. The dinuclear compounds are 

more active than the mononuclear complexes, and 1b is 

much more active than 1a, presumably due to its more ex-

tended π-manifold.  The planarity of the central 2,7-fluorene 

unit has certainly also a beneficial effect on the TPA cross-

sections at the wavelength of the first transition with a large 

fluorene character, as revealed by the comparison with the 

4,4’-biphenyl analogues 3 and 4. 

We have reported the second example of homobimetallic 

organoiron complexes functioning as redox-switchable 

nonlinear electrochromes, and thereby revealed their poten-

tial for controlling the cubic NLO response. Again, this 

remarkable behaviour results from the combined effect of a 

strong two-photon absorption for the Fe(II) complexes, and 

from SA occurring in the same spectral range for the corre-

sponding Fe(III) complexes. The latter is triggered by the 

appearance of a strong (LMCT) absorption upon oxidation. 

Furthermore, compared to the known ruthenium-based ana-

logues operative in the same wavelength range, these new 

derivatives afford the advantage of being redox-switchable at 

lower applied potentials in the OTTLE cell, and exhibiting 

increased kinetic stability in their oxidized state. 

 

EXPERIMENTAL SECTION 

 

General Data. All manipulations were carried out under an 

atmosphere of inert argon.  Solvents and reagents were used 

as follows: MeOH, distilled from MgOMe; THF, Et2O and n-

pentane, distilled from Na/benzophenone; CH2Cl2, distilled 

from CaH2 and purged with Ar, opened/stored under Ar. 

High field NMR spectra experiments were performed on a 

multinuclear Bruker 500 MHz, 300 MHz or 200 MHz in-

strument. Chemical shifts are given in parts per million 

(ppm) relative to tetramethylsilane (TMS) for 1H and 13C 

NMR spectra and external H3PO4 for 31P NMR spectra. Ex-

perimental details regarding measurements on paramagnetic 

Fe(III) complexes can be found in previous contributions.32,33 
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Transmittance-FTIR spectra were recorded using a Bruker 

IFS28 spectrometer (400-4000 cm-1). Raman spectra of the 

solid samples were obtained by diffuse scattering on the 

same apparatus and recorded in the 100-3300 cm-1 range 

(Stokes emission) with a laser excitation source at 1064 nm 

(25 mW) and a quartz separator with a FRA 106 detector. 

UV-Visible spectra were recorded using a Cary 5000 appara-

tus in the 200-2500 nm range. Fluorescence spectra were 

recorded using a FLS 920 Edinburgh Instrument spectropho-

tometer. MS analyses were performed at the "Centre Re-

gional de Mesures Physiques de l'Ouest" (CRMPO, Univer-

sity of Rennes) on a high resolution MS/MS ZABSpec TOF 

Micromass Spectrometer. Elemental analyses were per-

formed at CRMPO. The single-crystal X-ray diffraction 

studies were carried out at the "Centre de Diffractométrie X" 

(UMR CNRS 6226, University of Rennes). 

Unless specified, all reagents were of commercial grade. The 

synthesis of the organic alkyne precursors 5a’-b’ , and 7a’-b’  

is given as Supporting Information. Compounds 5a’ and 7a’ 

were also recently synthesized via other synthetic 

approaches.67 4-Ethynylbiphenyl (8), 4,4’-diethynylbiphenyl 

(9) and Fe(η5-C5Me5)(κ2-dppe)Cl (6) were prepared accord-

ing to published procedures.15,68 

 

Synthesis of Fe(ηηηη5-C5Me5)(κκκκ2-dppe)C≡≡≡≡C(2,7-

C13H6/Bu2)C≡≡≡≡C-Fe(ηηηη5-C5Me5)(κκκκ2-dppe) (1a). Fe(η5-

C5Me5)(κ2-dppe)Cl (6, 842 mg, 1.35 mmol, 2.0 eq), 2,7-

diethynyl-9,9-dibutyl-9H-fluorene (5a’, 220 mg, 0.67 mmol, 

1.0 eq) and KPF6 (273 mg, 1.4 mmol, 2.2 eq) were dissolved 

in MeOH (30 mL) in a Schlenk tube. The solution was 

stirred and heated to 35 °C for 12 h. The brown suspension 

was allowed to settle and was filtered.  The solid was washed 

with deoxygenated MeOH (2 × 10 mL) at 0 °C and extracted 

with CH2Cl2. The solvent was removed and the solid was 

dried under vacuum to afford a brown solid which was char-

acterized by NMR as the bis-vinylidene complex [Fe(η5-

C5Me5)(κ2-dppe)C=CH(2,7-C13H6/Bu2)HC=CFe(η5-

C5Me5)(κ2-dppe)](PF6)2 (1a-v[PF6]2; 834 mg, 61 %). IR 

(KBr, cm-1): ν = 1623 (s, Fe=C=C); 1600 (s, C=CFlu). 
31P{1H} NMR (81 MHz, CDCl3): δ = 89.1 (s, Pdppe), -143.1 

(hept, 1JP,F = 713 Hz, PF6
-). 1H NMR (200 MHz, CDCl3): δ  

= 7.60-7.10 (m, 42H, HFlu and HPh/dppe), 6.48 (s, 2H, HFlu), 

6.23 (d, 2H, 3JH,H = 8 Hz, HFlu), 5.26 (m, 2H, =CH), 3.10 (m, 

4H, CH2/dppe), 2.51 (m, 4H, CH2/dppe), 1.77 (m, 4H, CH2/Bu), 

1.60 (s, 30H, C5(CH3)5), 1.10 (m, 4H, CH2/Bu), 0.75-0.50 (m, 

10H, CH2/Bu+CH3/Bu). 
tBuOK (202 mg, 1.6 mmol, 2.5 eq) in 

THF (30 mL) was added to this solid. The solution was 

stirred for 2 h and the solvent was removed. After extraction 

with toluene and evaporation of the solvent, the solid was 

washed with pentane (2 × 10 mL) and MeOH (10 mL) at 0 

°C, to afford the desired complex 1a as an orange solid (734 

mg, 73 %). Anal. Calc for C97H102P4Fe2: C, 77.49 H, 6.48; 

Found: C, 77.51, H 6.86. MS (ESI) m/z calc. for 

C97H102P4Fe2 (M
+•): 1502.5631; found: 1502.5641. IR (KBr, 

cm-1): ν = 2043 (s, FeC≡C); 1600 (s, C=CFlu). Raman (neat, 

cm-1): ν = 2049 (m, FeC≡C), 1597 (vs, C=CFlu). 
31P NMR (81 

MHz, C6D6): δ = 100.7 (s, Pdppe). 
1H NMR (200 MHz, C6D6): 

δ = 8.10 (m, 8H, Ho-dppe), 7.53 (d, 2H, 3JH,H = 7.6 Hz, HFlu), 

7.30-6.95 (m, 36H, HFlu and Hdppe), 2.68 (m, 4H, HCH2/dppe), 

2.05 (m, 4H, CH2-Bu), 1.82 (m, 4H, HCH2/dppe), 1.57 (s, 30H, 

C5(CH3)5), 1.19 (m, 4H, CH2/Bu), 1.03 (m, 4H, CH2/Bu), 0.70 

(t, 6H, 3JH,H = 6.8 Hz, CH3/Bu). 
13C{1H} NMR (125 MHz, 

C6D6): δ = 151.4 (s, CFlu), 140.8 & 138.8 (m, CPh-dppe), 138.1 

(s, CFlu), 136.9 (t, 2JC,P = 40 Hz, FeC≡C), 135.5 & 135.1 (m, 

CPh/dppe), 130.2 (s, CFlu), 130.0 (s, CHFlu), 129.8 & 129.6 (s, 

CPh-dppe), 128.1 (m, CPh/dppe), 125.5 (m, CHFlu), 122.6 (s, 

FeC≡C), 119.8 (s, CHFlu), 88.5 (s, C5(CH3)5), 55.3 (s, CFlu), 

41.7 (s, CH2-Bu), 31.8 (m, CH2/dppe), 28.5 (s, CH2/Bu), 24.4 (s, 

CH2/Bu), 14.8 (s, CH3/Bu), 11.2 (s, C5(CH3)5). 

(NB. Possible 13C NMR assignment as deduced from 

corresponding mononuclear complex). 

 

Synthesis of Fe(ηηηη5-C5Me5)(κκκκ2-dppe){C≡≡≡≡C(1,4-C6H4)C≡≡≡≡C-

(2,7-C13H6/Bu2)C≡≡≡≡C(1,4-C6H4)C≡≡≡≡C}Fe(ηηηη5-C5Me5)(κκκκ2-

dppe) (1b). Fe(η5-C5Me5)(κ2-dppe)Cl (6; 648 mg, 1.0 mmol, 

2.1 eq), 2,7-bis[(4-ethynylphenyl)ethynyl]-9,9-dibutyl-9H-

fluorene (5b’; 260 mg, 0.49 mmol, 1.0 eq) and KPF6 (191 

mg, 1.0 mmol, 2.1 eq) were dissolved in a MeOH/THF (1 : 

1) mixture (30 mL) in a Schlenk tube under argon. The 

solution was stirred and heated at 45 °C for 12 h. The 
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solvents were removed and the solid was quickly washed 

with cooled MeOH and extracted with CH2Cl2. The solvent 

was removed and tBuOK (135 mg, 1.2 mmol, 2.4 eq) in THF 

was added under argon. The solution was stirred for 5 h and 

the solvent was removed. After extraction with toluene and 

partial evaporation of this solvent, the solid was precipitated 

and washed with cooled n-pentane to afford the title complex 

1b as an orange solid (543 mg, 64 %). A sample for 

elemental analysis was reprecipitated from chloroform/n-

pentane mixtures. Anal. Calc for C113H110P4Fe2�CHCl3: C, 

75.11 H, 6.14; Found: C, 75.10, H 6.32. MS (ESI) m/z 

851.3129 (M2+••) calc. for C113H110P4Fe2: 851.3129 (M2+). 

FT-IR (KBr, cm-1): ν = 2191 (w, C≡C), 2044 (s, FeC≡C), 

1589 (m, C=CAr). Raman (neat, cm-1): ν = 2220 (m, sh), 2199 

(m, C≡C), 2047 (m, FeC≡C), 1608 (s, C=CFlu), 1592 (vs, 

C=CAr). 
31P{1H} NMR (81 MHz, C6D6): 101.3 (s, Pdppe). 

1H 

NMR (200 MHz, C6D6):  δ  = 7.95 (m, 8H, HPh-dppe), 7.69 (s, 

2H, H12), 7.59 (m, 8H, HPh), 7.30 (m, 13H, HAr+CHCl3), 7.2-

6.94 (m, 24H, HAr), 2.52 (m, 4H, CH2-dppe), 1.84 (m, 8H, 

CH2/Bu + CH2/dppe), 1.52 (s, 15H, C5(CH3)5), 0.99 (m, 4H, 

CH2/Bu), 0.73 (m, 4H, CH2/Bu), 0.58 (t, 3JH,H = 7.1 Hz, 6H, 

CH3/Bu). 
13C{1H} NMR (125 MHz, C6D6): δ = 152.1 (s, 

CFlu ), 147.3 (t, 2JC,P = 37 Hz, FeC≡C), 141.4 (s, CFlu), 140.0 

& 138.6 (2m, CPh-dppe), 135.2 & 135.0 (2m, CPh-dppe), 133.8 (s, 

CHFlu), 132.9 & 131.0 (2s, CHPh), 130.0 & 129.9 (2s, CPh-

dppe), 128.2 (m, CPh/dppe), 126.3 (s, CHFlu), 124.0 (s, CPh), 

122.1 (broad s, FeC≡C), 120.9 (s, CHFlu), 117.8 (s, CFlu), 92.6 

(s, C≡C), 91.7 (s, C≡C), 88.8 (s,  C5(CH3)5), 56.1 (s, CFlu), 

41.2 (s, CH2/Bu), 31.5 (CH2/dppe), 27.0 (s, CH2/Bu), 24.1 (s, 

CH2/Bu), 14.6 (s, CH3), 11.0 (s, C5(CH3)5) [1 CPh not detected, 

C1/4]. 

 

Synthesis of Fe(ηηηη5-C5Me5)(κκκκ2-dppe){C≡≡≡≡C(2-C13H7/Bu2)} 

(2a). Fe(η5-C5Me5)(κ2-dppe)Cl (6; 517 mg, 0.83 mmol, 1.0 

eq), 2-ethynyl-9,9-dibutyl-9H-fluorene (7a’; 250 mg, 0.83 

mmol, 1.0 eq) and KPF6 (168 mg, 0.91 mmol, 1.1 eq) were 

dissolved in MeOH (30 mL) in a Schlenk tube. The solution 

was heated to 35 °C and stirred at this temperature for 12 h. 

The brown suspension was allowed to settle and filtered. 

This solid, which was washed with MeOH (10 mL) at 0 °C 

and dried under vacuum, corresponds to the vinylidene com-

plex [Fe(η5-C5Me5)(κ2-dppe){C=CH(2-C13H7/Bu2)}][PF6] 

(2a-v[PF6]). IR (KBr, cm-1): ν = 1623 (s, Fe=C=C), 1601 (s, 

C=CFlu), 840 (vs, PF6
-). 31P NMR (81 MHz, CDCl3): δ = 89.2 

(s, Pdppe), -143.1 (hept, 1JP,F = 712 Hz, PF6
-). 1H NMR (200 

MHz, CDCl3): δ = 7.62-7.10 (m, 25H, HFlu and Hdppe), 6.58 

(s, 1H, HFlu), 6.29 (d, 1H, 3JH,H = 8 Hz, HFlu), 5.31 (m, 1H, 

=CH), 3.13 (m, 2H, CH2/dppe), 2.57 (m, 2H, CH2/dppe), 1.90 

(m, 4H, CH2/Bu), 1.64 (s, 15H, C5(CH3)5), 1.10 (m, 4H, 

CH2/Bu), 0.75-0.60 (m, 10H, CH2/Bu & CH3/Bu). 
tBuOK (113 

mg, 0.91 mg, 1.1 eq) and THF (30 mL) were then added. The 

solution was stirred for 2 h and the solvent was removed. 

After extraction with toluene and evaporation of the solvent, 

the solid was washed with pentane (2 × 10 mL) and MeOH 

(10 mL) at 0 °C, to afford the title complex 2a as an orange 

solid (388 mg, 53 %). Crystals were obtained by vapor 

diffusion of n-pentane into a benzene solution of the 

compound. Anal. Calc for C59H64P2Fe: C, 79.54; H, 7.24; 

Found: C, 79.31; H, 7.26. MS (ESI) m/z 890.3837 (M+•) 

calc. for C59H64P2Fe: 890.3833 (M+•). FT-IR (KBr, cm-1): ν = 

2049 (s, C≡C); 1598 (m, C=CFlu). Raman (neat, cm-1): ν = 

2051 (s, FeC≡C), 1600 (vs, C=CFlu). 
31P{1H} NMR (81 MHz, 

C6D6): δ = 101.6 (s, (dppe)Fe). 1H NMR (300 MHz, C6D6): δ 

= 8.19 (m, 4H, HPh-dppe), 7.66 (2×d, 3JH,H ≈ 7.6 Hz, 2H, 

2×H4/5), 7.47-7.42 (m, 10H, HPh-dppe), 7.40 (m, 1H, H3), 7.36 

(m, 1H, H8), 7.33 (s, 1H, H1), 7.32 (m, 1H, H6), 7.28 (m, 1H, 

H7), 7.28-7.15 (m, 6H, HPh/dppe), 2.77 (m, 2H, CH2/dppe), 2.14 

(t, 3JH,H = 7.8 Hz, 4H, CH2/Bu, C14), 1.94 (m, 2H, CH2/dppe), 

1.56 (s, 15H, C5(CH3)5), 1.24 (m, 4H, CH2-Bu, C15), 0.99 (m, 

4H, CH2-Bu, C16), 0.77 (t, 3JH,H = 7.2 Hz, 6H, CH3, C17). 
13C{1H} NMR (75 MHz, C6D6): δ = 151.6 & 151.4 (s, CFlu), 

143.1 (s, CFlu), 140.5 (m, CPh/dppe), 139.4 (t, 3JC,P = 39.2 Hz, 

FeC≡C), 138.8 (m, CPh/dppe), 137.3 (s, CFlu), 135.5 & 135.1 

(m, CHPh/dppe), 131.5 (s, CFlu), 130.1 (s, CHFlu), 129.9 & 129.8 

(s, CHPh/dppe), 128.2 (s, CHPh/dppe), 127.8 (s, CHFlu), 126.8 (s, 

CHFlu), 125.5 (s, CHFlu), 123.6 (s, CHFlu), 122.5 (s, FeC≡C), 

120.5 (s, CHFlu), 120.1 (s, CHFlu), 88.5 (s, C5(CH3)5), 55.6 (s, 

CFlu), 41.6 (s, CH2/Bu), 31.8 (m, CH2/dppe), 27.2 (s, CH2-Bu), 

24.3 (s, CH2/Bu), 14.8 (s, CH3), 11.2 (s, C5(CH3)5). 
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Synthesis of Fe(ηηηη5-C5Me5)(κκκκ2-dppe){C≡≡≡≡C(1,4-C6H4) 

C≡≡≡≡C(2-C13H7/Bu2)} (2b). Fe(η5-C5Me5)(κ2-dppe)Cl (6; 330 

mg, 0.5 mmol, 1 eq), 2-(4-ethynylphenyl)ethynyl-9,9-

dibutyl-9-H-fluorene (7b’; 213 mg, 0.49 mmol, 1.0 eq) and 

KPF6 (191 mg, 1.0 mmol, 2.0 eq) were dissolved in a 30 mL 

mixture of MeOH/THF (1 :1) in a Schlenk tube under argon. 

The solution was stirred and heated at 45 °C for 12 h. The 

solvents were removed and the solid was quickly washed 

with cooled MeOH and extracted with dichloromethane. The 

solvent was removed and tBuOK (135 mg, 1.2 mmol, 2.4 eq) 

in THF was added. The solution was stirred for 5 h and the 

solvent was removed. After extraction with toluene and 

partial evaporation of this solvent, the solid was precipitated 

and then washed with cooled n-pentane, to afford the title 

complex 2b as an orange solid (543 mg, 64 %). Crystals 

were obtained by vapor diffusion of methanol into a toluene 

solution of the compound. Anal. Calc for C67H68P2Fe: C, 

81.20; H, 6.92; Found : C, 81.20; H, 6.96. MS (ESI) m/z 

990.4144 (M+•) calc. for C67H68P2Fe: 990.4146. FT-IR (KBr, 

cm-1): ν = 2193 (w, C≡C), 2047 (s, FeC≡C), 1608 (m, 

C=CFlu), 1589 (s, C=CAr). Raman (neat, cm-1): ν = 2215 (sh, 

C≡C), 2198 (m, C≡C), 2045 (m, FeC≡C), 1591 (vs, C=CAr). 
31P{1H} NMR (81 MHz, C6D6): δ = 101.3 (s, Pdppe). 

1H NMR 

(400 MHz, C6D6): δ = 7.96 (m, 4H, HPh/dppe), 7.73 (s, 1H, 

H18), 7.60 (m, 3H, H2/3+H8/9), 7.52 (m, 1H, HFlu), 7.43 (d, 

3JH,H = 7.8 Hz,  1H, HFlu), 7.64-7.03 (m, 21H, HAr), 2.61 (m, 

4H, CH2-dppe), 1.91 (m, 8H, CH2/Bu+ CH2-dppe), 1.53 (s, 15H, 

C5(CH3)5), 0.99 (m, 4H, CH2/Bu), 0.71 (m, 4H, CH2/Bu), 0.60 

(t, 3JH,H = 7.1 Hz, 6H, CH3). 
13C{1H} NMR (125 MHz, 

C6D6): δ = 152.0 (s, CFlu), 151.8 (s, CFlu), 145.2 (t, 2JC,P = 39 

Hz, FeC≡C), 141.9 (s, CFlu), 141.9 (s, CFlu), 140.2 & 138.4 

(2m, CHAr/dppe), 135.2 & 135.0 (2m, CHAr/dppe), 132.5 (s, 

CHPh), 131.7 (s, CHFlu), 131.2 (s, CHPh), 129.8 & 129.6 (2s, 

CHAr/dppe), 129.6 (s, CHFlu), 128.2 (m, CHAr/dppe), 127.9 (s, 

CHFlu), 126.9 (s, CHFlu), 124.0 (s, CFlu), 123.7 (s, CHFlu), 

122.3 (broad s, FeC≡C), 121.0 (s, CHFlu), 120.8 (s, CHFlu), 

118.3 (s, CPh), 92.7 (s, C≡C), 92.0 (s, C≡C), 88.7 (s, 

C5(CH3)5), 56.0 (s, CFlu), 41.2 (s, CH2/Bu), 31.7 (CH2/dppe), 

27.0 (s, CH2-Bu), 24.1 (s, CH2-Bu), 14.6 (s, CH3), 11.1 (s, 

C5(CH3)5) [1 CPh not detected, C1/4]. 

 

 

Synthesis of [Fe(ηηηη5-C5Me5)(κκκκ2-dppe)C≡≡≡≡C(2,7-C13H6/Bu2)-

C≡≡≡≡CFe(ηηηη5-C5Me5)(κκκκ2-dppe)][PF6]2 (1a[PF6]2). Fe(η5-

C5Me5)(κ2-dppe)C≡C(2,7-C13H6/Bu2)C≡CFe(η5-C5Me5)(κ2-

dppe) (1a; 200 mg, 0.13 mmol) and [(η5-C5H5)2Fe][PF6] (88 

mg, 0.27 mmol, 2.0 eq) were dissolved in CH2Cl2 (15 mL) in 

a Schlenk tube, and the solution was stirred for 2 h. After 

partial removal of the solvent (to ca. 5 mL), pentane (60 mL) 

was added and the solvents were filtered. The residue was 

then washed with thoroughly deoxygenated toluene (2 × 2 

mL) and pentane (2 mL) at 0 °C to obtain the title dication 

(1a[PF6]2) as a dark green solid (188 mg, 80 %). IR (KBr, 

cm-1): ν = 1980 (s, FeC≡C), 1585 (w, C=CAr), 839 (vs, PF6
-). 

1H NMR (200 MHz, CD2Cl2): δ = 17.4 (m, 2H, HPh), 7.9 (s, 

4H, HPh/dppe), 7.3 (m, 8H, HPh/dppe), 6.8 (s, 8H, HPh/dppe), 6.5 (s, 

4H, HPh/dppe), 4.2 (m, 8H, HPh/dppe), 2.4-0.0 (m, 26 H, CHn/Bu + 

HPh/dppe), -2.0 (m, 4H, CH2/Bu), -8.7 (s, 30H, C5(CH3)5), -33.7 

(broad s, 2H, CHPh), -38.1 (broad s, 2H, CHPh). 

 

Synthesis of [Fe(ηηηη5-C5Me5)(κκκκ2-dppe){C≡≡≡≡C(1,4-C6H4)C≡≡≡≡C-

(2,7-C21H24)C≡≡≡≡C(1,4-C6H4)C≡≡≡≡C}Fe(ηηηη5-C5Me5)(κκκκ2-dppe)] 

[PF6]2 (1b[PF6]2). 1b (150 mg, 0.09 mmol, 1.0 eq) and 58 

mg [Fe(η5-C5H5)2][PF6] (0.18 mmol, 2.0 eq) were dissolved 

in deoxygenated CH2Cl2 (15 mL) in a Schlenk tube,  and the 

solution was stirred for 1 h. After partial removal of the 

solvent, the residue was precipitated and washed with cooled 

toluene (2 × 2 mL) and n-pentane (2 × 2 mL), to obtain the 

title dication 1b[PF6]2 as a green solid (100 mg, 56 %). IR 

(KBr, cm-1): ν = 2191 (w, C≡C), 1988 (s, FeC≡C), 1583 (m, 

Ar). 1H NMR (200 MHz, CD2Cl2): δ = 32.1 (4H, CHPh/dppe), 

8.6 (d, 3JH,H = 7.7 H, 2H, HFlu), 7.9 (broad s, 4H, HPh/dppe), 7.6 

(broad m, >2H, CH2/dppe), 7.2 (m, 8H, HPh/dppe), 6.9 (s, 8H, 

HPh/dppe), 6.3 (s, 4H, HPh/dppe), 3.9 (s, 2H, HFlu), 3.7 (s, 10H, 

HFlu + HPh/dppe), 2.1-0.8 (m, 26 H, CHn/Bu + HPh/dppe), -2.8 (s, 

4H, CH2/dppe), -10.4 (s, 30H, C5(CH3)5), -43.8 (4H, HPh/dppe). 

 

Synthesis of [Fe(ηηηη5-C5Me5)(κκκκ2-dppe){C≡≡≡≡C(2-C13H7/Bu2)}] 

[PF6] (2a[PF6]). 2a (250 mg, 0.28 mmol, 1.0 eq) and [Fe(η5-
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C5H5)2][PF6] (88 mg, 0.27 mg, 0.95 eq) were stirred in 

CH2Cl2 (15 mL) for 2 h at 25 °C in a Schlenk tube. After 

partial removal of the solvent (ca. 5 mL), pentane was added 

(60 mL) and the solvents were filtered. The residue was then 

washed with thoroughly deoxygenated toluene (2 mL) and 

pentane (2 mL) at 0 °C, to obtain the title complex 2a[PF6] 

as a green solid (187 mg, 67 %). MS (ESI) m/z 890.3836 

(M+•) calc. for C56H64P2Fe: 890.3833 (M+•). IR (KBr, cm-1): ν 

= 1989 (m, FeC≡C), 1595 (w, C=CAr), 839 (vs, PF6
-). 1H 

NMR (200 MHz, CD2Cl2): δ = 32.6 (m, 1H, CHFlu), 12.6 (s, 

1H, CHFlu), 11.9 (s, 1H, CHFlu), 8.0 (m, 2H, HPh/dppe), 6.7 (m, 

4H, HPh/dppe), 6.4 (m, 2H, HPh/dppe), 3.8 (m, 4H, HPh/dppe), 2.8-

0.0 (m, 22H, CHn/Bu + HPh/dppe), -3.2 (m, 2H, CH2/dppe), -6.6 

(m, 1H, CHFlu), -9.0 (m, 1H, CHFlu), -10.2 (s, 15H, 

C5(CH3)5), -49.2 (broad s, 1H, CHPh), -53.5 (broad s, 1H, 

CHPh). 

 

Synthesis of [Fe(ηηηη5-C5Me5)(κκκκ2-dppe){C≡≡≡≡C(1,4-C6H4)C≡≡≡≡C-

(2-C13H7/Bu2)}][PF 6] (2b[PF6]). 2b (150 mg, 0.15 mmol, 1.0 

eq) and [Fe(η5-C5H5)2][PF6] (47 mg, 0.14 mmol, 0.95 eq) 

were stirred in CH2Cl2 (15 mL) for 1 h at 25 °C in a Schlenk 

tube. After partial removal of the solvent, the residue was 

washed with cooled and deoxygenated toluene (2 × 2 mL) 

and n-pentane (2 mL), to obtain the title complex 2b[PF6] as 

a green solid (70 mg, 41 %). IR (KBr, cm-1): ν = 2193 (w, 

C≡C), 1989 (w, FeC≡C), 1585 (m, C=CAr). 
1H NMR (200 

MHz, CD2Cl2): δ = 32.4 (s, 2H, CHPh), 9.7 (broad d, HFlu, 

JH,H ~ 3.8 Hz), 7.8 (s), 7.7 (s), 7.5 (m), 7.2 (s), 6.9 (s), 6.3 (s), 

3.9 (s), 3.7 (s), 3.5(s), 3.2 (s), 2.1-0.8 (m, CHn/Bu + HPh/dppe + 

HFlu), -2.9 (s, 2H, CH2/dppe), -10.4 (s, 15H, C5(CH3)5), -44.3 

(broad s, 2H, CHPh). 

 

Luminescence Measurements. Luminescence measure-

ments in solution were performed in dilute deoxygenated 

solutions (except in the case of ligands 5a’, 5b’, 8 and 9) 

contained in air-tight quartz cells of 1 cm pathlength (ca. 

10−6 M, optical density < 0.1) at room temperature (298 K), 

using an Edinburgh Instruments (FLS920) spectrometer 

equipped with a 450 W Xenon lamp and a Peltier-cooled 

Hamamatsu R928P photomultiplier tube in photon-counting 

mode. Fully corrected excitation and emission spectra were 

obtained with an optical density at λexc ≤ 0.1 to minimize 

internal absorption. Luminescence quantum yields were 

measured according to literature procedures.69 UV-vis ab-

sorption spectra used for the calculation of the luminescence 

quantum yields were recorded using a double beam Jasco V-

570 spectrometer. 

 

DFT Calculations. Calculations were performed using the 

Amsterdam Density Functional (ADF) program,70 version 

ADF2012. Scalar relativistic effects were treated via the 

Zeroth-Order Regular Approximation (ZORA) method.71 In 

all calculations, all-electron Triple Zeta plus Polarization 

(TZP) Slater orbital basis sets were used for all atoms. Ge-

ometry optimizations were undertaken with suitable symme-

try constraints using the exchange-correlation (XC) func-

tional and the Generalized Gradient Approximation (GGA) 

proposed by Becke and Perdew (BP).72 The model systems 

were simplified by using 1,2-bis(dimethylphosphino)-

methane (dmpm) ligands instead of 1,2-bis(diphenyl-

phosphino)ethane (dppe) and methyls instead of the butyl 

groups. UV-Vis spectra were calculated using the Statistical 

Average of Orbital Potentials (SAOP) functional73 with the 

same TZP basis sets. 

 

Z-scan Measurements. Third-order nonlinear optical prop-

erties were investigated as previously described,74 but with 

some modifications. The laser system consisted of a Quan-

tronix Integra-C3.5F pumping a Quantronix Palitra-FS opti-

cal parametric amplifier, tuneable over a wavelength range 

from 500 nm to 2000 nm. The output wavelength was con-

firmed by use of an Ocean Optics USB2000+ spectrometer 

(500-1000 nm) or an Ocean Optics NIR-Quest spectrometer 

(1000-1800 nm). The system delivered 130 fs pulse with a 1 

kHz repetition rate. Colored glass filters and a Thorlabs 

polarizing filter were used to remove unwanted wavelengths 

and the power adjusted by use of neutral density filters, 

attenuating it to the µJ/pulse range to obtain nonlinear phase 

shifts between 0.2 to 1.3 rad. The focal length of the lens 

used in the experiment was 75 mm, which gave 25-40 µm 
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beam waists resulting in Rayleigh lengths sufficiently longer 

than that of the sample thickness that a “thin-sample” as-

sumption was justified. Solutions of compounds in “as re-

ceived” CH2Cl2 (see text), deoxygenated and distilled 

CH2Cl2, or deoxygenated and distilled THF, of 0.1 w/w% 

concentration in 1 mm glass cells were analyzed. Samples 

travelled down the Z-axis on a Thorlabs motorized stage 

between -20 and 20 mm (where 0 was the laser focus). Data 

were collected by three Thorlabs photodiodes, 500-900 nm 

with Si based detectors, 900-1300 nm with InGaAs detectors 

and 1300-2000 nm with amplified InGaAs detectors, moni-

toring the laser input, the open-aperture signal and the 

closed-aperture signal. Data from the detectors were fed into 

three channels of a Tektronix digital oscilloscope, collected 

with a custom LabVIEW program, and fitted with theoretical 

traces with a program that used equations derived by Sheik-

Bahae et al.73 A sample of the solvent was run at each wave-

length to account for solvent and cell contribution to the Z-

scan signals, and the light intensity was determined from a 

Z-scan run on a 3 mm fused silica plate; the real and imagi-

nary components of the second hyperpolarizability (γ) of the 

materials were calculated assuming additivity of the nonlin-

ear contributions of the solvent and the solute and the appli-

cability of the Lorentz local field approximation. The values 

of the imaginary parts of γ were also converted into values of 

the two-photon absorption cross-sections σ2. 

 

Crystallography. Data collection of crystals of 1a�C6H6, 2a 

and 2b�C7H8 was performed on an Oxford Diffraction 

Xcalibur Sapphire 3 diffractometer at 110 K, 130 K and 150 

K, respectively, with graphite monochromated MoKα radia-

tion. The cell parameters (Supporting Information) were 

obtained with Denzo and Scalepack.75 The data collection76 

provided reflections from which the independent reflections 

were obtained after data reduction using Denzo and 

Scalepack.75 The structures were solved with SIR-97 which 

revealed the non-hydrogen atoms.77 After anisotropic re-

finement, the remaining atoms were found in Fourier differ-

ence maps. The complete structures were then refined with 

SHELXL9778 by the full-matrix least-square technique. 

Atomic scattering factors were taken from the literature.79 

ORTEP views of 1a, 2a and 2b were generated with 

PLATON98.80 
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bimetallic complexes containing a 2,7-fluorene unit in the bridge exhibit
delocalization in their mixed-valent state and switchable 

results in less efficient molecular wires, but increasingly
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fluorene unit in the bridge exhibit 
switchable cubic nonlinear optical 

creasingly contrasted nonlin-


