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ABSTRACT 

The fluorinated half sandwich complex [CpCoLF] (Cp = cyclopentadiene; LF = o-perfluoro-

phenylenediimine; 2F) shows a T-shaped geometry with the LF ligand coplanar with the metallocycle. The 

molecules are dimerized in a head-to-tail fashion and arranged in a herringbone manner in the crystal packing. 

The crystal structure of 2F is different from that of the corresponding hydrocarbon compound (2H). 

Moreover, the differences due to the presence of fluorine atoms are also highlighted by the analysis of the 

intermolecular contacts, which show that 2F exhibits several F∙∙∙F contacts, as well as aromatic intra-dimer 

π∙∙∙π interactions in addition to C−H∙∙∙π and C−H∙∙∙F contacts. No relevant π∙∙∙π interactions are observed in 

the case of 2H. Hirshfeld Surface (HS) analysis also depicted well the differences in the solid state interactions 

between the different crystal structures. In particular, HS has been useful in highlighting the differences 

observed between the crystal structure of 2H obtained from Rietveld refinement and that measured on single 

crystal (2HP and 2HSCH, respectively). The effect of the fluorination on the electronic structure has been 

investigated also by CV measurements and Density Functional Theory calculations. Both are consistent with 

a lowering in energy of the molecular orbitals. Data Mining Force Field calculations clearly indicate that the 

2HSCH structure is more stable than the 2HP one. These findings can be explained in terms of the energy of 

the intermolecular interactions. The enhanced stability of the fluorine substitute can be easily explained by 

the large number of strong interactions involving fluorine atoms. 

 

 

 

 

 

 

Keywords: Cyclopentadienyl-cobalt complexes; fluorinated molecules; X-ray diffraction; DFT calculations; Force 

Field calculations. 

 

  



INTRODUCTION 

The remarkable interest in fluorinated compounds is related to their broad applications in several field 

such as materials, agrochemistry and the pharmaceutical industry.1,2 The substitution of hydrogen atoms 

with fluorine atoms in a molecule strongly affects its chemical and physical properties. Compared to the 

corresponding hydrocarbon compounds, the fluorinated ones indeed, generally show enhanced thermal 

stability, viscosity and density, whereas surface tension, refractive index and dielectric constant are 

smaller, as are the boiling and melting points.3 Furthermore, the fluorination also changes the solubility 

of the molecules towards higher hydrophobicity.4,5 

Because of  their electron-withdrawing capability, the presence of  fluorine atoms lowers the energy levels 

of  the molecular orbitals (MOs); in particular, the decrease in the energy of  the highest occupied 

molecular orbital (HOMO) confers to the molecules higher stability versus degradative oxidation 

processes. Furthermore, the lowest unoccupied molecular orbital (LUMO) is stabilized as well; conferring 

to the molecule an acceptor capability which facilitates the electron injection process resulting, in some 

cases, in air-stable n-type or ambipolar semiconductors.5-9 

The C−F bond is the strongest one in organic chemistry (≈ 450 kJ mol−1)4 and is characterized by a large 

dipole moment due to the different electronegativity of  the two atoms (2.5 vs 4.0 for C and F respectively, 

in the Pauling scale); this feature reduces the covalent character of  the bond, increasing the electrostatic 

character.1 Moreover, the low polarizability (αD: 3.76 vs 4.5, for F and H respectively)10 exhibited by the 

halogen atom results in a poor donor ability for fluorine. For these reasons, the intermolecular 

interactions shown by the C─F bond have mainly an electrostatic character. These interactions (in 

particular C─H∙∙∙F─C) are of  paramount importance in the supramolecular organization of  these 

compounds and therefore heavily affect their solid state properties.4,5,11,12 

Some of  us have recently reported a detailed study on half  sandwich cobalt complexes [CpCo(DAbnz)] 

(2H) and [CpCo(DAnap)] (3H) (Cp = cyclopentadiene; DAbzn = LH = diaminobenzene; DAnap = 

diaminonaphthalene).13 These compounds, which have been investigated for their potential 

(opto)electronic applications, present stable redox processes and two transitions in the visible and in the 



near infrared (NIR) regions. Moreover, for both compounds, the intensities of  the two absorptions are 

reversed in the solid state, with an enhancement of  the absorption at lower energy and a suppression of  

that in the visible. This behavior has been attributed to the intermolecular interactions. 

Taking into account the fluorination effects on the properties of  a molecule, and in particular the fluorous 

effect-induced enhancement of  the photo-stability14 (which is very important for photo-detection 

applications) seemed interesting to us to investigate the structural and electronic effects induced by the 

substitution of  hydrogen atoms with fluorine at the benzene ring of  the complex 2H. These effects are 

studied by single crystal X-ray diffraction measurements, UV-Vis-NIR spectroscopy, Density Functional 

Theory (DFT) and time-dependent DFT (TD-DFT) calculations and Hirshfeld surface analysis. 

Moreover, intermolecular interaction energy calculations, along with predictions of  sublimation energies 

have been also performed by Force Field methods in order to investigate the effect of  the fluorination 

on these properties. 

 

Results and Discussion 

SYNTHESIS AND CRYSTAL STRUCTURE – Complex 2F was synthetized in good yield starting from 1F 

and following the procedure previously reported by Richard F. Heck15 (see Scheme 1) for the preparation 

of  the corresponding hydrocarbon complex (2H). 

 

 

Scheme 1. Synthesis of  complexes 2H and 2F.  

 

Crystals of  2F suitable for single crystal X-ray diffraction were obtained by evaporation of  a diethyl ether 

solution; the crystallographic data are summarized in Table 1. The asymmetric unit, formed by four 



molecules of  the complex, two-by-two dimerized with a head-to-tail arrangement, is shown in Figure S1, 

whereas the structure of  a single representative molecule is depicted in Figure 1 as an example. 

Crystals of  2F suitable for single crystal X-ray diffraction were obtained by evaporation of  a diethyl ether 

solution; the crystallographic data are summarized in Table 1. The asymmetric unit, formed by four 

molecules of  the complex, two-by-two dimerized with a head-to-tail arrangement, is shown in Figure S1, 

whereas the structure of  a single representative molecule is depicted in Figure 1 as an example. Similar 

to the case of  2H,16 also the molecules of  2F exhibits a T-shaped geometry with the cobalt ion in the 

same plane defined by the LF moiety. The four molecules of  the asymmetric unit of 

 

Table 1. Crystallographic details for complex 2F.  

Formula C11H7CoF4N2 

Formula weight / g mol-1 302.12 

Temperature / K 123 

Crystal dimensions / mm3 0.06 × 0.06 ×0.04 

System Monoclinic 

Space group P21/n (#14) 

a / Å 15.5537(5) 

b / Å 16.7136(5) 

c / Å 16.4218(6) 

β / ˚ 100.520(18) 

V / Å3 4197.1(2) 

Z 16 

calcd / g cm-3 1.912 

μ (MoKα) / cm-1 16.726 

λ / Å 0.71075 

2θmax / ° 54.9 

Reflections collected 33268 

Unique reflections (Rint) 9582 (0.0373) 

Number of  parameters 681 

Final R1 [I > 2σ(I )] 0.0419 

wR2 (all data) 0.0811 

Goodness of  fit 1.076 

Residual electron density / Å3 0.38 e− 

 



2F differ because of  the different rotation of  the cyclopentadienyl ring with respect to the plane 

containing the metal ion and the other ligand (see Figure S2). 

This kind of  distortion has been previously reported for other cyclopentadienyl metal complexes.17 In 

the present case, considering that no significant differences can be predicted by DFT calculations (vide 

infra) in the energy of  the orbitals and the molecules, these structural features are probably mainly due to 

solid state interactions rather than electronic reasons. The η5-C5H5 (η
5-Cp) rings show an average dihedral 

angle of  88.22° with respect to the plane calculated on Co and LF ligand; furthermore, the average of  the 

distances between the metal ion and the centroid of  the η5-Cp ring is 1.652 Å. The C-N-Co-N-C cycles 

are planar (see Table S2) and are also almost coplanar with the corresponding phenylene rings (<av.> of  

dihedral angle = 1.41°). The bond distances are not unusual and with small differences among the four 

molecules (see Tables 2 and S1) with C−C, C−N and N−Co bond lengths ranging respectively, between 

1.356−1.426, 1.344−1.352 and 1.837−1.851 Å.18 Looking closer at the bond distances of  the LF moiety, 

the different C−C bond lengths at the benzene ring and the short C−N distances (π-character) suggest a 

o-benzoquinone nature for this ligand.16,18 In addition, the Co-N-C bond angle amplitudes (115.89° 

<av.>) are in agreement with a sp2 hybridization for the nitrogen atoms, and therefore consistent with 

this description of  LF ligand. The homologous hydrocarbon complex (2H) shows two molecules in the 

asymmetric unit arranged in a head-to-tail fashion.19 Moreover, by inspecting bond distances and angles, 

conclusions similar to those reported above for LF can be made also for the hydrocarbon ligand in 2H. 

A o-benzoquinone character of  the o-perfluoro-phenylenediimine moiety was found also for the complex 

(η5-Cyclopentadienyl)-(N-perfluorophenyl-o-perfluoro-phenylenedi-imine)-cobalt (3F) which presents a 

perfluorophenyl group as substituent at one of  the nitrogen atoms.16,19 Therefore, accordingly with these 

findings and with previously reported studies on similar complexes,20 also in the 2F case, the most 

plausible oxidation state for the cobalt ion is +1. 

 



 

Figure 1. Molecular structure of  one (A) of  four crystallographically independent molecules with bond distances 
(Å) and angles (deg); thermal ellipsoids are at the 50% probability level. 

 

 

 

Figure 2. Crystal structures of  two crystallographically independent dimers with intradimer short 

contacts (Å). 

 

As far as the crystal packing is concerned, both 2H and 2F crystalize in the P21/n space group. However, 

the unit cell contains 8 and 16 molecules in the case of  2H and 2F, respectively. The packing motif  of  

2F is formed from an alternation of  two different type of  dimers (Figure 2), arranged in a herringbone 

fashion (Figure S3). While the molecules of  the dimers are almost parallel (angles between Co-LF planes 

are smaller than 1°), the angles between the dimers are around 59° (see Figure S4). Furthermore, the 

angles between the plane of  the Cp moieties are nearly parallel in a dimer (2.29 and  

 



Table 2. Comparison between calculated and experimental 
selected bond distances (Å) and angles (deg) for 2F in the 
case of  molecule C. 

 
 B3LYP  BP86  Exp. (C) 

Co-N1 1.850 1.851 1.840(2) 

Co-N2 1.851 1.851 1.841(2) 

C6-N1 1.349 1.355 1.348(3) 

C5-N2 1.349 1.355 1.349(3) 

C5-C6 1.427 1.438 1.423(3) 

C1-C6 1.407 1.414 1.399(3) 

C1-C2 1.376 1.386 1.363(4) 

C2-C3 1.411 1.421 1.398(4) 

C3-C4 1.376 1.386 1.360(4) 

C4-C5 1.407 1.414 1.408(4) 

C1-F1 1.351 1.360 1.357(3) 

C2-F2 1.342 1.351 1.347(3) 

C3-F3 1.342 1.351 1.346(3) 

C4-F4 1.351 1.360 1.355(3) 

Co-N1-C6 116.18 116.44 115.98(17) 

Co-N2-C5 116.16 116.44 115.91(18) 

 

1.83° for the A-B and C-D dimer, respectively) whereas those between dimers show an average value of  

85.16° (Figure S5). 

Many contacts shorter than the sum of  the van der Waals (vdW) radii21 are present between adjacent 

molecules in 2F (see Table S4 and Figures 2, S3 and S6). In particular, those with a distance shorter than 

the sum of  vdW radii by at least 0.20 Å mainly involve hydrogen atoms. Several F∙∙∙F intermolecular 

contacts are also displayed by this complex, as well as aromatic intra-dimer π∙∙∙π interactions (Figure 2). 

Moreover, several C−H∙∙∙π and C−H∙∙∙F contacts are present between dimers (Figures S3 and S4) 

conferring to the crystal packing the motif  described above.22 In the case of  the corresponding 

hydrocarbon compound 2H, the crystal structure obtained from Rietveld refinement of  powder 

diffraction data (2HP)13 exhibits H∙∙∙H intermolecular distances which seem too short to be realistic (1.88 

and 1.92 Å; see Table S5). These contacts are shorter than 0.5 times of  the sum of  the VdW radii, likewise 



two C∙∙∙H interactions (2.308 and 2.529 Å). Despite a good agreement in the crystallographic parameters 

between this structure and that obtained from single crystal data (2HSC)16 some differences are present 

between the structures. In particular, the overlap of  2HP and 2HSC highlights a different conformational 

rotation of  the cyclopentadienyl rings (Figure S7).  

With the aim of  shedding light on the short H∙∙∙H contacts, and since the crystal structure obtained from 

single crystal16 (ref  CAFJEY) do not report hydrogen atoms, we added them with Mercury23 and refined 

the structure (2HSCH). The shortest contacts observed in this structure are between the hydrogen at the 

nitrogen atoms and carbon atoms of  the LH ligand (2.611 Å). The distance is 0.2 time below the sum of  

vdW radii, which coincides with the expectations. The differences in the intermolecular contacts between 

the two structures are mainly related to the different conformational rotation of  the cyclopentadienyl 

rings. 

 

ELECTROCHEMISTRY AND ELECTRONIC SPECTROSCOPY – The redox properties of  2F were 

investigated in CH3CN solution through cyclic voltammetry measurements as described in the 

Experimental part. As one can see in Figure 3, similarly to 2H, also 2F shows two reversible redox 

processes: a reduction (from 2F to 2F−1) with a half-wave potential of  −1.52 V (vs Fc/Fc+) and an 

oxidation at 0.13 V (from 2F to 2F+1). As expected, and in accordance with DFT calculations, the 

presence of  fluorine atoms makes the complex 2F more difficult to be oxidized and easier to be reduced, 

in comparison to 2H. Indeed, in the case of  2H, the same redox processes fall at −1.83 and −0.13 V, 

respectively. 

From the electrochemical data the HOMO energy was estimated following the method proposed by 

D’Andrade et al.24 giving a value of  −4.78 eV, in good agreement with the calculated one (−4.88 eV in 

CH3CN). Moreover, the HOMO-LUMO energy gap roughly evaluated25 from the difference between the 

onset of  the redox processes is ≈1.48 eV in accordance with the DFT calculations (1.41 and 1.42 eV for 

gas-phase and CH3CN, respectively). 



The electronic spectrum of  2F measured in CH3CN solution is reported in Figure 4. A strong absorption 

(ε = 1.577×104 dm3×mol-1×cm-1) is present in the visible region (532 nm), along with a weak one (ε = 

590 dm3×mol-1×cm-1) in the NIR at 720 nm. These transitions have been mainly assigned by TD-DFT 

calculations to HOMO─2→LUMO and HOMO→LUMO, respectively (see below). These features are 

very similar to those shown by 2H (λmax = 523 and 740 nm). In addition, the absorption in the NIR region 

exhibits a small solvatochromic effect (Figure S10) in agreement with the reduced charge transfer (CT) 

character associated to this transition (vide infra). Moreover, analogously to what was found in the case of  

2H, a dramatic increase of  the NIR absorption intensity in the solid state is observed also for the 

fluorinated complex (Figure 4). Indeed, the intensity ratios IVis/INIR are 26.7 and 1.4 in solution and in 

the solid state, respectively. Furthermore, small shifts of  the peaks positions have been observed in the 

case of  2F (542 and 726 nm). The HOMO-LUMO gap estimated from the onset of  the NIR absorption 

gives a value of  1.46 eV, in good agreement with the DFT value and that obtained from the 

electrochemical measurements. 

 

Figure 3. Cyclic voltammogram of 2F in CH3CN degassed solution at a scan rate of 0.100 V/s. 

 



 

Figure 4. UV-vis-NIR spectrum of  2F complex in CH3CN solution. The inset shows the diffuse reflectance 
spectrum. 

 

DFT CALCULATIONS - DFT calculations at the BP86/ and B3LYP26/ triple-zeta 6-311+G(d,p) level of  

theory have been performed on both 2H and 2F complexes to investigate the effect of  fluorination at 

the phenyl ring on the electronic structure of  2F. The geometries were optimized starting from the X-

ray structures (see Figure S11); calculated bond distances and angles result in very good agreement with 

the crystallographic data (Tables 2 and S6) with the largest discrepancies of  0.026 Å and 0.53° for 

distances (C3─C4 bond) and angles (Co-N2-C5), respectively, in the case of  BP86 functional. Even 

though the general shape of  the MOs and their energetic sequences are very similar (except for the 

reversal of  HOMO─3 and HOMO─4; Table S7) the MOs of  2F are generally lower in energy by about 

0.5-0.6 eV in comparison with those of  the corresponding orbitals of  2H (Table S8 and Figures S12 and 

S13), in accordance with the electronic effect of  fluorine atoms. As far as the frontier orbitals (FOs) are 

concerned, they are delocalized all over the molecule, with contributions from the orbitals of  all the parts 

of  the complex (see Table S9). In particular, the HOMO is formed with contributions of  38, 15 and 46% 

from LF, Cp and Co, respectively; whereas the corresponding values in the case of  the LUMO are 33, 40 

and 27 %. 

Calculations with the same basis-set but using B3LYP as the functional, have also been performed. 

Although, on the whole, the geometric parameters are similar to those predicted with B3LYP, with 



distances slightly shorter by about 0.01 Å, the energy of  the orbitals are significantly different and some 

inversions in the order of  the orbitals are also found (Table S7 and S8 and Figures S12 and S13). For 

instance, the energy of  the HOMO is −5.70 eV vs −4.93 eV predicted by BP86, whereas that of  LUMO 

orbital is −2.89 eV (ELUMO(BP86) = −3.52 eV). Taking into account the experimental results (see cyclic 

voltammetry and UV-Vis data), it seems that the HOMO and LUMO levels, as well as their energy gap, 

are significantly better predicted by BP86 rather than B3LYP. Moreover, the HOMO calculated with 

BP86 corresponds to the HOMO-1 predicted with B3LYP, and vice versa. Similar considerations can be 

done for the DFT calculations concerning the 2H complex. 

 

 

Figure 5. Frontier Orbitals of  2H and 2F calculated by DFT methods in CH3CN at BP86/6-311+G(d,p) level of  
theory (contour value of  0.040). 

 

The electronic absorption spectrum of  2F in CH3CN was simulated by TD-DFT calculations with the 

Polarizable Continuum Model employing both B3LYP and BP86 functionals. The results are reported in 

Figures S14-S17 and summarized in Table S10. The experimental measurement is better reproduced by 

calculations in the case of  BP86 functional (λmax = 464 and 735 nm) rather than with the B3LYP (λmax = 

466 and 922 nm); in particular for the position of  the transition in the NIR region and for the ratio 

between the intensities (and oscillator strengths) of  this absorption and that in the visible region. 



Moreover, differences in the findings obtained with the two functionals are also observed in the orbitals 

contributions to the transitions (see Table S10). Indeed, the NIR absorption is a HOMO LUMO 

transitions and HOMO−1→LUMO for BP86 and B3LYP, respectively. 

The effect due to the fluorination on electron density distribution on the complex is well highlighted also 

by the electrostatic potential (EP) mapped on the density surface shown in Figure S18. In 2H the part 

of  the molecule showing negative EP is mainly localized on the nitrogen and carbon atoms of  LH 

(electron-rich aromatic system) and, to a lesser extent, on those of  Cp ligand; whereas it is positive on 

the hydrogen atoms. Instead, in the case of  2F the most negative EP is located on the fluorine atoms, 

while it is only slightly negative at the phenylene ring. The reason for this is related to the polarization 

effect of  the halogen atoms which draw the electronic density away from the aromatic core. These 

findings may explain the different π∙∙∙π interactions observed in the two complexes. Indeed, the relatively 

large negative charge on the benzene ring in 2H may hamper the overlap between the benzene moieties 

in 2H because of  the electrostatic repulsions. In the case of  2F instead, the EP is almost neutral and this 

allows a good overlap between the aromatic rings.22 Moreover, the polarization effect due to the presence 

of  fluorine atoms is also confirmed by the calculated molecular dipole moment which increases from 

1.49 to 5.50 D going from 2H to 2F. No important differences concerning the EP have been found 

between the results predicted by the two different functionals used for DFT calculations. 

 

HIRSHFELD SURFACE ANALYSIS – With the aim of  studying the difference in the solid-state interactions 

between the 2H and 2F complexes, Hirshfeld surface (HS)27-29 analyses have been performed. In Figures 

6, S19 and S20 are depicted the HSs of  the two compounds mapped with the normalized contact 

distances (dnorm).28 The HS color code indicates by blue, white and red spots, distances which are 

respectively, longer, equal or shorter than the sum of  vdW radii (for more details on dnorm see the SI). As 

one can see, the 2HP HS shows more numerous and more extended red spots, suggesting stronger 

intermolecular contacts in comparison with 2F and 2HSCH, in accordance with the X-ray findings. 

However, as reported above, the crystal structure obtained from powder data shows too short H∙∙∙H 



contacts due to the rotation of  the cyclopentadienyl ring, and this heavily affects the HS appearance (see 

below). Both 2F and 2HSCH exhibit red spots in correspondence with hydrogen atoms of  the N−H 

groups, confirming the role played by these atoms in the intermolecular contacts. In addition, the HS of  

2F presents also red spots due to the interactions related to F2 and F3 atoms (see the structural formula 

reported in Table 2). 

The Hirshfeld fingerprint plots (FPs),30,31 which give an overall two-dimensional depiction of the 

intermolecular contacts occurring in the crystal, help to highlight the expected differences in the 

interaction types in the two complexes (see Figures 6, S21-S23). The FP of 2F presents (Figure 6c) in the 

bottom left region of the plot the fingerprint relative to F∙∙∙H (and H∙∙∙F), N∙∙∙H, H∙∙∙C and F∙∙∙F contacts. 

The 2HP FP exhibits three sharp peaks in the same region, related to short H∙∙∙H, C∙∙∙H (and H∙∙∙C) and 

N∙∙∙H interactions, whereas 2HSCH shows rounded peaks and at longer distance corresponding to the 

same kind of intermolecular interactions. Therefore, the FP analysis clearly highlights the differences in 

the two crystal structures reported for complex 2H. Moreover, in agreement with the different features 

of the structures, the FPs of the two complexes display remarkable dissimilarities in the region related to 

the π∙∙∙π interactions, as clearly shown by the different colors presented in that part (bins corresponding 

to de and di ≈ 1.8−2.0 Å). Indeed, the color of a bin depends on the fraction of total points of the HS 

belonging to that bin. The color can change from blue, for the smallest contributions, to red for 

contributions ≥ 0.1% of the surface.30 Moreover, by fingerprint analysis it is possible to assess the 

contributions from the different intermolecular contacts to the HS. In Figures S24-S29 are reported the 

percentage contributions to the HS for the complexes 2F and 2H, respectively. Whereas in the 

hydrocarbon compound, more than three quarters (76 and 77% for 2HP and 2HSCH, respectively) of the 

contribution is related to H∙∙∙X contacts (X = H, N and C) with the largest percentage due to H∙∙∙H 

(between 57 and 63%), in the 2F case, the fluorine atoms are involved in roughly 50% of contributions 

to the HS (F∙∙∙X; X = F, C, H). Furthermore, in accordance with the absence of π∙∙∙π interactions in 2H, 

no contributions from C∙∙∙C contacts have  



 

Figure 6. Hirshfeld surfaces for 2F (a), 2HP (b; P = powder) and 2HSCH (c; SCH = single crystal with added 
hydrogen atoms) and the corresponding fingerprint plots (d, e and f). 

 

been found. The dissimilarities in the aspect of  both HSs and FPs, especially in the case of  2HP and 

2HSCH, confirm the capability of  these analyses to highlight differences between crystal structures which 

look apparently very similar. 

 

ANALYSIS OF THE STRUCTURES WITH FORCE FIELD CALCULATIONS – Force Field calculations allow 

one to analyze the interactions of  the molecules in terms of  atom pairs on an energetic level. This force 

field is strictly based on atom pair interactions under the assumption that the total interaction energy EIJ 

between two molecules I and J can be written as sum of  pair interactions. For our calculations we used 

the program FlexCryst.32 This program is parameterized for all atoms including cobalt. The Force Field 

has been parameterized by data mining on existing crystal structures and is named for this reason as data 

mining force field (DMFF). For more details, the reader might refer to the Supplementary Information 



and references 33 and 34. The crystal structures have been taken from this work in the case of  2F, from 

reference 13 for 2HP, and from Mercury for 2HSCH (reference code CAFJEY). The missing hydrogen 

atoms have been added with the auto-editing tool of  Mercury.23  

In a first step we tested the DMFF for the structures by structure minimization. If the crystal structure 

is correct, the structure should change by very little upon minimization. Two common measurements for 

the similarity before and after minimization are the densities and the energies. The change in the density 

is for two structures below 1% and only for the structure 2HP it is as high as 7%. A similar picture was 

obtained for the energies. The change in the energy is for two cases (2F and 2HSCH) was below 20%, and 

only above for structure 2HP (see Table 3). The figures with plotted pair interactions give further insight. 

In Figure 7 the five strongest stabilizing (green) and destabilizing (red) interactions are plotted for two 

molecules within the crystal (see also Table S11).  

The crystal structure of 2HSCH coincides quite well with the expectations. The main interaction involves 

the hydrogen atom at the NH group. In addition, we find some interactions with the cobalt and carbon. 

In contrast, the structure of 2HP shows, in addition, a very destabilizing interaction between hydrogen 

atoms (9.2 kJ mol-1). This interaction is caused by the slight rotation of the cyclopentadienyl (Figure S7). 

As a consequence, the total energy rises from −76 kJ mol-1 to −62 kJ mol-1, and the result favors clearly 

the structure 2HSCH as more stable. The small inaccuracies, which are connected with structure 

determination from powder diagrams, are large enough to be recognized by the force field. The fluorine 

substitute, 2F, shows a huge number of additional interactions, which are formed with the fluorine atoms. 

The strong binding interactions are able to compensate the occurring destabilizing interactions. The 

lattice energy lowers from −76 to −242 kJ mol-1. 

 



 

Figure 7. DMFF calculated pair interactions for 2HP (a), 2HSCH (b) and 2F (c). The attractive and repulsive 

interactions are reported in green and red, respectively. 

 

Table 3. Energy calculations with a force field.  

 2F 2HP 2HSCH 

Lattice Energy exp.  
(kJ mol-1) 

-242 -62 -76 

Lattice Energy minimized 
(kJ mol-1) 

-270 -76 -80 

Delta G 
(%) 

12 21 5 

Density exp. 
(g cm-3) 

1.91 1.56 1.56 

Density minimized 
(g cm-3) 

1.92 1.44 1.56 

Delta d 
(%) 

0.81 -7.44 0.21 

 

 

CONCLUSIONS  

The fluorinated Co half  sandwich complex 2F shows a T-shaped geometry with the LF (o-perfluoro-

phenylenediamine) ligand coplanar with the metallocycle. The molecules are dimerized in a head-to-tail 

fashion and arranged in a herringbone manner in the crystal packing. The crystal structure of  2F is 

different from those of  the corresponding hydrocarbon compound. Moreover, the differences induced 

by the presence of  fluorine atoms are also highlighted by the analysis of  the intermolecular contacts 



which show that 2F exhibits several F∙∙∙F contacts, as well as aromatic intra-dimer π∙∙∙π interactions, in 

addition to C−H∙∙∙π and C−H∙∙∙F contacts which are present between dimers. No relevant π∙∙∙π 

interactions are present in 2H. Hirshfeld surface analysis also depicted well the differences in the solid 

state interactions between the different crystal structures. In particular, this analysis has been successful 

in highlighting the differences observed between the crystal structure of  2H obtained from Rietveld 

refinement of  powder diffraction data and that measured on single crystal (2HP and 2HSCH, respectively). 

The effect of  fluorination on the electronic structure has been investigated also by CV measurements 

and DFT calculations. Both are consistent with a lowering in energy of  the molecular orbitals; the effect 

is almost the same for all the orbitals, in agreement with the similarity observed between the electronic 

spectra of  2F and 2H. 

Data mining force field calculation clearly indicate the crystal structure 2HSCH is more stable than 2HP. 

These findings can be explained in terms of  the energy of  the intermolecular interactions. The enhanced 

stability of  the fluorine substitute can be easily explained by the large number of  strong interactions with 

fluorine. 

 

EXPERIMENTAL SECTION 

All the reagents and solvents were purchased from Aldrich and used without further purification. The 

complex CpCoI2CO and the ligand 3,4,5,6-tetrafluoro-1,2-phenylenediamine (C6F4(NH2)2, HLF) were 

prepared as previously described in references 35 and 36, respectively. 

 

Preparation 

 [CpCoI(LFH2)]I (1F). Synthesis: complex 1F was prepared by modifying the procedure reported by Richard 

F. Heck15 for the corresponding compound with LHH2. 1.265 g (3.12 mmol) of  CpCoI2CO in 10 mL of  

CH2Cl2 was added to 600 mg (3.12 mmol) of  C6F4(NH2)2 in 5 mL of  the same solvent and stirred at room 

temperature for 1.5 h. The formed solid was collected by filtration, washed with CH2Cl2 and dried (890 mg). 

After a partial evaporation of  the mother liquid, a further 900 mg of  product was obtained and combined 



with the first crop. Total yield 1.590 g, 2.85 mmol (91%). Analytical results are in accordance with the formula 

[CpCoC6F4(NH2)2I2]. Elemental Analysis: calculated for C11H9CoF4I2N2 (557.94): C 23.68, H 1.63, N 5.02; 

found: C 23.49, H 1.58, N 5.00.  

[CpCo(LF)] (2F). Synthesis: complex 2F was prepared modifying the procedure reported in reference 15. 

800 mg (1.43 mmol) of  1F in 80 mL of  diethyl ether and 5 mL of  an aqueous solution of  NaOH (115 mg in 

5 mL), were shaken in a separatory funnel for ten minutes. Then the aqueous phase was removed and another 

5 mL portion of  the NaOH solution was added and the resulting mixture shaken for a further ten minutes. 

After removed the aqueous phase, the ether solution was washed twice with water and dried with Na2SO4. 

After filtration, the solvent was removed by evaporation at reduce pressure leading to a greenish crystalline 

solid. Yield 410 mg, 1.36 mmol; 95%). Analytical results are in accordance with the formula 

[CpCoC6F4(NH)2]. Elemental Analysis: calculated for C11H7CoF4N2 (302.11): C 43.73, H 2.34, N 9.27; found: 

C 43.40, H 2.38, N 8.93. UV-Vis-NIR [in CH3CN; λ, nm (ε, dm3×mol-1×cm-1)]: 724 (5.87×102); 532 

(1.577×104); 431 (sh); 343 (sh); 267 (9.83×103). FT–IR: νmax/cm−1 3387 (m), 3313 (m), 1639 (w), 1506 (s), 

1494 (s), 1416 (m), 1367 (s), 1333 (s), 1247 (s), 1109 (w), 1054 (ms), 1003 (s), 974 (vs), 832 (s), 819 (m), 801 

(m), 692 (s), 672 (s), 661 (s), 643 (m), 634 (ms), 601 (vs), 578 (ms), 417 (vs).  

 

Elemental Analyses were performed with a Carlo Erba CE1108 Elemental Analyser. Electronic absorption 

spectra were recorded with an Agilent Cary 5000 spectrophotometer equipped with a diffuse reflectance 

accessory - solution measurements (CH3CN) were recorded using a quartz cell of  path length 1 cm, while 

diffuse reflection measurements were run on KBr pellets. Fourier Transform infrared (FT-IR) spectra in the 

Mid-IR range (4000-400 cm-1) were recorded on a Bruker Tensor 27 spectrometer equipped with a Platinum-

ATR accessory and a DTGS (deuterated triglycine sulfate) detector. Cyclic voltammograms were carried out 

using an μAUTOLAB Type III potentiostat, driven by the GPES electrochemical software; employing a 

conventional three-electrode cell consisting of  a platinum wire working electrode, a platinum wire as counter-

electrode and Ag/AgCl in a 3.0 mol∙dm−3 KCl solution as reference electrode. The experiments were 

performed at room temperature (25°C), in dry and degassed CH3CN containing 0.1 mol dm−3 Bu4NPF6 as 



supporting electrolyte, at 25-200 mV s−1 scan rate. Data are quoted against the ferrocene/ferrocenium couple 

(internal standard); under the above conditions the half-wave potentials for Fc/Fc
+ is +0.426 V vs. Ag/AgCl.  

 

X-ray measurements  

Single crystals of  2F suitable for X-ray diffraction were grown by evaporation of  a diethyl ether solution. 

Data were acquired with Mo-Kα radiation (λ = 0.71075 Å) on a Rigaku AFC10 Saturn-70 CCD diffractometer 

at 123 K. Data collection, cell refinement and data reduction were carried out using CrystalClear software.37 

The structure was solved by direct methods,38 giving the positions of  all nonhydrogen atoms, and refined 

using SHELX38 software and the CrystalStructure (version 4.2.5) structure visualizer39 using a full-matrix least-

squares refinement procedure on F2, with nonhydrogen atoms refined anisotropically, and hydrogen atoms 

placed at calculated positions. Details of  the crystallographic data are given in Table 1. CCDC 1970222 

contains the supplementary crystallographic data for complex 2F.  

 

DFT calculations 

Ground-state electronic structure calculations of  2F and 2H were performed at DFT40 level employing the 

GAUSSIAN 0941 software package. The functionals used throughout this study were B3LYP26 and BP86.42 The 

ground state geometries were obtained in the gas phase by full geometry optimization without any symmetry 

constraints. The basis set employed for all atoms was the valence triple-zeta 6-311+G(d,p).43 All structures 

were input starting from the crystallographic data. The atomic orbital compositions were calculated using a 

Simple Contribution Analysis. The effects of  solvation on the complexes were taken into account using the 

Polarizable Continuum Model (PCM); the ground state geometry was optimized in a CH3CN simulated 

electric field. The 10 lowest singlet excited states of  the closed shell complexes were calculated within the TD-

DFT formalism as implemented in Gaussian,44 both, in the gas phase and in CH3CN. The optimized 

molecular structures and the orbital isosurfaces were visualized using ArgusLab 4.0.45 

 

Hirshfeld surface analysis 



The Hirshfeld surface (HS) analysis27 was performed as reported in reference 46 and further described in 

the SI; all the calculations on the HS surface and its properties were performed by the CrystalExplorer 3.1 

program.47 

 

Force Field calculations 

Force Field calculations were performed using the program FlexCryst.32 The Force Field has been 

parameterized by data mining on existing crystals. For details, the reader might refer to the references.33,34 The 

crystal structures have been taken from this work for 2F, from reference 13 for 2HP, and from Mercury23 for 

2HSC (reference code CAFJEY). The missing hydrogen atoms were added employing Mercury using the 

module auto edit. For further calculations, the obtained structure has been used. 
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