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Computational Section 

Density functional theory (DFT) calculations for geometry optimizations (GO) were performed on 

the Mn(hfa)2•TMEDA and Mn(tfa)2•TMEDA complexes by using the PBE functional1 augmented 

with Hirao long-range corrections.2-4 Calculations were carried out with the Gaussian 09 (G09) 

code.5 The Stuttgart-Dresden ECP pseudopotentials were used with basis sets of the Stuttgart-

Dresden type for all atoms.6 The basis sets for H, C, N, O, and F atoms were augmented with 

diffuse and polarization functions taken from the (D95++(d,p)) basis set,7 already used for other 

M(hfa)2•TMEDA compounds (M= Fe, Co, Cu, Zn).8-13
 For both complexes, GO were performed by 

considering the following spin multiplicities: sextet, quartet, doublet. The highest-multiplicity spin 

state –namely, the sextet– was always energetically favored over the quartet and the doublet states 

by very large energy differences. Specifically, the calculated energy differences ∆E between sextet 

and doublet were 41.9 kcal×mol-1, for Mn(hfa)2•TMEDA, and 44.1 kcal×mol-1, for 

Mn(tfa)2•TMEDA, whereas the ∆E between sextet and quartet were 35.6 kcal×mol-1, for 

Mn(hfa)2•TMEDA, and and 39.7 kcal×mol-1, for Mn(tfa)2•TMEDA. Therefore, the spin state of 

Mn(dik)2•TMEDA was defined to be a sextet and all other calculations on the neutral complexes 

were performed in this multiplicity. 

All optimized structures resulted to be energy minima (with all positive frequencies). Optimized 

geometries and vibrational frequencies were also calculated for the three possible isomers of 

Mn(tfa)2•TMEDA –iso1, iso2, iso3– shown in Figure 1. Relevant geometrical parameters of 

Mn(hfa)2•TMEDA and of the three Mn(tfa)2•TMEDA isomers are reported in Table S1, while 

calculated IR spectra for iso1, iso2, iso3 are shown in Figure S1. A constant shift factor of 0.963 

was applied to the calculated vibrational frequencies in all reported simulated spectra. 

The molecular ions [Mn(dik)2•TMEDA]+• were obtained by removing an electron from the 

Mn(dik)2•TMEDA compounds and performing GO with the above-described computational 

approach and the same combination of DFT functionals/basis sets used for the neutral complexes. 

For both molecular ions, GO were performed by considering the following spin multiplicities: 
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quintet, triplet, singlet, and the lowest-energy spin state was found to be a quintet in view of the 

calculated energy differences. Specifically, the ∆E between quintet and singlet were: 48.4 kcal×mol-

1 ([Mn(hfa)2•TMEDA]+•); 56.7 kcal×mol-1 ([Mn(tfa)2•TMEDA]+•), while the ∆E between quintet 

and triplet resulted: 9.6 kcal×mol-1 ([Mn(hfa)2•TMEDA]+•) and 8.2 kcal×mol-1 

([Mn(tfa)2•TMEDA]+•). All optimized structures were found to be energy minima, with positive 

frequencies. Relevant geometrical parameters are reported in Table S4. 

The first principles molecular dynamics simulations (FPMD)14
 of the two parent Mn(dik)2•TMEDA 

compounds were performed with the CPMD code15
 using the PBE approximation to DFT1

 with 

dispersion corrections,16
 plane wave (PW) basis sets, and ultrasoft pseudopotentials17 for all atoms. 

Periodic boundary conditions were adopted, using a cubic box of 2.0 nm length. The adopted PW 

cut-off was 25 and 200 Ry for wavefunction and electronic density representation, respectively. 

The FPMD simulations were started from the minimum structures of Mn(dik)2•TMEDA obtained 

via GO. After equilibration, the room temperature behaviour of the two Mn(dik)2•TMEDA 

complexes (sextet spin state) was followed by 10 ps-long simulations in the canonical NVT 

ensemble using T = 25°C as a target temperature and Nose-Hoover chain thermostats.18-19 A time 

step of 0.121 fs was used for trajectory integration, with an inertia parameter of 500 atomic units 

(au) for the electronic coefficients.20
 In addition, since such a FPMD approach could adequately 

describe complex phenomena, even at non-standard conditions,21 for a broad variety of organic-

inorganic systems,22-23 including also transition metals/metal cations,24-26
 we adopted it to explore 

the high-temperature dynamic behaviour of [Mn(dik)2•TMEDA]+• molecular ions.  

For both systems, the 10-ps long FPMD simulations were performed, always in the canonical 

ensemble, using a target ionic temperature of 180°C. Moreover, in view of the relatively modest 

energy difference ∆E (triplet – quintet) calculated for these radical cations, two 10-ps long FPMD 

simulations were also performed for the two [Mn(dik)2•TMEDA]+• molecular ions in the triplet spin 

state. Relevant average geometrical parameters are reported in Table S5. 
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In all cases, 5-10 ps-long equilibration runs were performed prior to the production FPMD 

simulations. 

  



S5 
 

Table S1. Calculated geometrical parameters of Mn(dik)2•TMEDA [Hdik = 1,1,1,5,5,5-hexafluoro-

2,4-pentanedione (Hhfa), or 1,1,1-trifluoro-2,4-pentanedione (Htfa)]. For Hdik=Htfa, the three 

possible isomers (iso1, iso2, iso3) were considered. Atom labeling: Oe1, Oe2 = equatorial oxygens; 

Oa1, Oa2 = axial oxygens (see also Figure 1). 

 

distance (Å) hfa iso1 iso2a iso3b   

Mn−Oa1 2.123 2.117 2.137 2.106   

Mn−Oa2 2.123 2.117 2.125 2.122   

Mn−Oe1 2.128 2.120 2.110 2.144   

Mn−Oe2 2.128 2.120 2.109 2.116   

Mn−N1 2.248 2.303 2.232 2.257   

Mn−N2 2.248 2.303 2.247 2.238   

angle (º)       

Oa1−Mn−Oa2 171.5 177.3 166.7 170.5   

Oe1−Mn−Oe2 86.6 100.4 87.3 85.3   

N1−Mn−N2 81.4 79.5 81.5 81.2   

Oa1−Mn−Oe2 81.9 82.7 95.4 96.5   

Oa1−Mn−N2 96.2 86.4 97.8 87.1   

Oa1−Mn−N1 90.3 91.5 91.4 91.9   

N1-N2-Oe2-Oe1 

dihedral angle (º) 
      

 −13.5 −13.6 10.4 7.2   

a∆E(iso2-iso1) = 2.9 kcal×mol−1; b∆E(iso3-iso1) = 2.4 kcal×mol−1. 
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Figure S1. (a) Calculated IR spectra for the three isomers iso1, iso2, and iso3, of 

Mn(tfa)2•TMEDA. (b) Experimental IR spectrum for the same compound (black line). 
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Figure S2. 1H-NMR spectra of Mn(hfa)2•TMEDA (bottom trace) and Mn(tfa)2•TMEDA (top trace) 

(25°C; solvent, CDCl3; νo = 200.13 MHz).
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Table S2. Assignments of vibrational bands in the IR spectrum for Mn(dik)2•TMEDA complexes 

(dik = hfa, tfa).a 

Vibrational mode ν(Mn(hfa)2•TMEDA) 

(cm−1) 

ν(Mn(tfa)2•TMEDA) 

(cm−1) 

C-H stretching of dik ligands 
3144 3162 

C-H stretching of TMEDA ligand 
3030-2780 3023-2790 

C=O stretching of dik 
1656 1640 

Combinations of: C=C stretching of dik, 
C−H bending modes of dik, and CH2/CH3

deformation modes of TMEDA 

 

1570-1435 1555-1420 

C=C and CF3 stretching modes  
1346  

Bending CH3 (scissoring) 
 1360 

Combinations of: C−H bending and 
C−CF3/CF3 stretching modes 

 

1110-1290 1120-1300 

Combinations of C−C and C−N stretching 
modes 950-1100 930-1100 

Out-of-plane bending of the C−H in dik 
795 850 

Vibrations of Mn−ligand bonds 
400-527 400-560 

Mn−O stretching 
527 560 

Mn−N stretching 
473 468 

a The assignment was made by the analysis of the normal modes obtained by the frequency calculation.  

Experimental IR bands are normally combinations of different modes. For the sake of clarity, only the main 

components of each IR band have been reported in the table. 
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Table S3. Peak positions (m/z) and pertaining relative abundances (R.A.%) in the EI-MS spectra of 

Mn(dik)2•TMEDA compounds.  

Ionic species 

Mn(hfa)2••••TMEDA 

m/z (R.A.%) 

Mn(tfa)2••••TMEDA 

m/z (R.A.%) 

[Mn(dik)2•TMEDA]+•   585(0) 477 (0) 

[Mn(dik)2]
+•  469(2.1) 361 (42) 

[Mn(dik)2−CF3]
+  400(3.1) 292 (33.2) 

[Mn(dik)•TMEDA]+  378(74.3) 324 (3.7) 

[Mn(dik)]+  262(1.8) 208 (28.1) 

[Mn(dik)−CF2]
+•  212(6.9) 158 (63.3) 

[TMEDA]+• 116(12.5) 116 (2.6) 

[(CH3)2N=CH2]
+ 58(100) 58 (100) 

CF3
+ -- 69 (9.3) 
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Table S4. Coordination bond lengths (Å) from GO of the [Mn(dik)2•TMEDA]+• radical cations in 

the quintet, triplet, and singlet spin states. 

 [Mn(hfa)2•TMEDA]+ •••• [Mn(tfa)2•TMEDA]+•••• 

Spina quintet triplet singlet quintet triplet singlet 

Bondb       

Mn-N1 2.036 2.021 2.029 2.099 2.034 2.029 

Mn-N2 2.036 2.021 2.029 2.253 2.034 2.029 

Mn-Oa1 2.116 1.866 1.863 1.852 1.854 1.833 

Mn-Oa2 2.116 1.866 1.863 1.846 1.854 1.834 

Mn-Oe1 1.889 1.906 1.887 1.949 1.912 1.942 

Mn-Oe2 1.889 1.906 1.887 2.101 1.912 1.942 

a The lowest-energy spin state is the quintet (see Computational Section). b Values highlighted in red-bold 

refer to the longest metal-ligand coordination distance. 

Comment to Table S4. To facilitate comparison among the different spin states, this Table also 

contains the geometrical parameters of the minimum energy structures (quintet state) reported in 

Table 2 in the main text. In general, the geometry of the radical cations change appreciably with 

spin multiplicity. For this reason, and because of the modest energy difference between the 

optimized geometries of quintet and triplet (9.6 kcal×mol-1 ([Mn(hfa)2•TMEDA]+•) and 8.2 

kcal×mol-1 ([Mn(tfa)2•TMEDA]+•), see also Computational section), FPMD simulations of the two 

radical cations were performed in the quintet and in the triplet state (cfr. Table S5). 
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Table S5. Average coordination bond lengths <r>±∆ra (Å) from the FPMD simulations of the 

[Mn(dik)2•TMEDA]+• radical cations at 180°C in the quintet and triplet spin states. 

 [Mn(hfa)2•TMEDA]+•••• [Mn(tfa)2•TMEDA]+•••• 

spinb quintet triplet quintet triplet 

Bondc     

Mn-N1 2.14 ±0.04 2.17±0.09 2.25±0.10 2.21 ±0.09 

Mn-N2 2.14 ±0.04 2.17±0.10 2.25±0.11 2.19±0.11 

Mn-Oa1 2.16±0.08 1.91 ±0.07 1.97±0.14 1.92±0.09 

Mn-Oa2 2.16±0.09 1.91±0.08 1.99 ±0.12 1.92±0.10 

Mn-Oe1 1.95 ±0.06 1.95 ±0.08 2.05±0.12 1.94 ±0.09 

Mn-Oe2 1.95±0.07 1.94 ±0.07 2.05±0.12 1.94±0.09 

a ∆r provides an estimation of the amplitude of temperature-induced oscillations of metal-ligand bond 

distances. b The lowest-energy spin state is the quintet (see Computational Section). c Values highlighted in 

red-bold refer to the longest metal-ligand coordination distance. 

Comment to Table S5. To facilitate comparison among the different spin states, this Table also 

contains the average geometrical parameters calculated from the FPMD of the two radical cations in 

the quintet state, reported in Table 2 in the main text.  
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