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Fig. 1 UV-visible absorption spectra of 2H2-6H2 in CH2Cl2 at 295 K. 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2012



  3

-2-1012345678910

183 K

198 K

208 K

218 K

223 K

228 K

233 K

238 K

243 K

248 K

253 K

258 K

268 K

278 K

288 K

298 K

(ppm)-2-1012345678910

183 K

198 K

208 K

218 K

223 K

228 K

233 K

238 K

243 K

248 K

253 K

258 K

268 K

278 K

288 K

298 K

(ppm)
 

Fig. 2 1H NMR spectra of 2Zn in the 183 – 298 K temperature range (9.10-3 M, CD2Cl2, 500 MHz). 
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Fig. 3 Evolution of the UV-visible absorption spectrum of 2H2 in CH2Cl2 upon addition of 2 molar equivalents 
of TFA.  
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Fig. 4 Evolution of the CV voltammogram of 2H2 upon addition of TFA (0 to 2 molar equivalents of TFA, [2H2] 

= 5×10-4 M, CH2Cl2, 0.1 M TBAP,  = 0.1 V s-1, WE: glassy carbon (Ø = 3 mm), CE: Pt wire, RE: Ag/AgNO3 
10-2 M in CH3CN). Inset: RDE voltammogram of 2H2 after addition of 2 molar equivalents of TFA (same 

experimental conditions excepted = 0.1 V s-1 and  = 550 rpm). 
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Fig. 5 Electrolysis of a 10-4 M solution of 4H2 followed by UV-Vis absorption spectroscopy (l = 1 mm, 0.25 M 
TBAP in CH2Cl2, Eapp = 0.86 V, -2.1 e). 
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Fig. 6 Evolution of the CV voltammogram of 4H2 upon addition of TFA (0 to 2 molar equivalents of TFA, [4H2] 

= 5×10-4 M, CH2Cl2, 0.1 M TBAP,  = 0.1 V s-1, WE: glassy carbon (Ø = 3 mm), CE: Pt wire, RE: Ag/AgNO3 
10-2 M in CH3CN). Inset: RDE voltammogram of 4H2 after addition of 2 molar equivalents of TFA (same 

experimental conditions excepted = 0.1 V s-1 and  = 550 rpm). 
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Fig. 7 Normalized UV-visible absorption spectrum of 4H2 in CH2Cl2 before (black line) and after (red line) 
addition of 2 molar equivalents of TFA.  
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Fig. 8 Electrolysis of a 10-4 M solution of 4Zn followed by UV-Vis absorption spectroscopy (l = 1 mm, 0.25 M 
TBAP in CH2Cl2, Eapp = 1.13 V, -2.1 e). 

 

 

Table 1: Key parameters used for the digital simulations of the cyclic and rotating disk electrode 
voltammograms of 2H2-5H2 and 2Zn-5Zn. a Potentials are given vs. Ag/AgNO3 10-2 M. To be directly compared 
with those of the manuscript (vs. DMFc/DMFc+), +0.345 V must be added to these values. 

 2H2 3H2 4H2 5H2 2Zn 3Zn 4Zn 5Zn 

E0 (V) 0.295 
0.270 
0.355 

0.260 
0.375 

0.240 
0.350 
0.380 

0.241 
0.200 
0.290 

0.190 
0.300 

0.155 
0.310 
0.330 

ks (cm/s) 0.015 
0.012 
0.008 

0.012 
0.012 

0.012 
0.009 
0.006 

0.01 
0.012 
0.008 

0.0125 
0.008 

0.012 
0.012 
0.012 

D 
(cm2/s) 

1.910-5 1.710-5 1.710-5 1.510-5 1.910-5 1.710-5 1.710-5 1.510-5 

a The common parameters used for the digital simulations of the cyclic and rotating disk electrode 

voltammograms of 2H2-5H2 and 2Zn-5Zn are: Ru (Ω) = 0; Cdl (F) = 110-6;  (V/s) = 0.1; disk area (cm2) = 

0.07; Concentration of porphyrins (mol/L) = 510-4; / (eV) = 0.5; ω (rad/s) = 57.6; k(CH2Cl2) (cm2/s) = 
0.003327. Examples of digital simulations are presented in Fig. 9 and Fig. 10. 
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Fig. 9 Comparison between experimental (black line) and simulated voltammograms (red circles) of 4H2 using 
parameters presented in Table 1. Left: cyclic voltammetry, right: rotating disk electrode voltammetry. 
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Fig. 10 Comparison between experimental (black line) and simulated voltammograms (red circles) of 3H2 using 
parameters presented in Table 1. Left: cyclic voltammetry, right: rotating disk electrode voltammetry. 
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Fig. 11 Cyclic voltammograms of 1,1’-bis[2-(1,3-dithiolanyl)]ferrocene (CH3CN, 0.1 M TBAP; RE: Ag/AgNO3 
10-2 M in CH3CN ; WE: glassy carbon (Ø = 3 mm); CE: Pt). 
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Table 2. Summary of the crystallographic data 

 2Zn 8Zn 4Zn 10Zn 
Empirical formula C54 H42 Fe N4 S2 Zn C58 H48 Fe2 N4 O4 Zn C68 H64 Fe2 N4 O2 S4 Zn C65 H55.50 Fe4 N4 O2 Zn 
Formula weight 932.26 1042.07 1274.54 1213.40 
Temperature (K) 298(2) 223(2) 223(2) 298(2) 
Crystal system Monoclinic Triclinic Orthorhombic Monoclinic 
Space group C2/c P-1 Pbca C2/c 
Unit cell dimensions (Å, deg) 34.426(16) 8.236(2) 18.415(6) 58.224(18) 
 10.100(5) 12.414(4) 12.697(4) 7.400(2) 
 32.153(15) 12.620(4) 24.742(8) 27.891(9) 
 90 67.731(5) 90 90 
 112.358(8) 72.240(5) 90 110.088(5) 
 90 76.832(5) 90 90 
Volume (Å 3), Z 10339(8), 8 1127.9(6), 1 5785(3), 4 11286(6), 8 
Density (Mg/m3) 1.198 1.534 1.463 1.428 
Absorption coefficient (mm-1) 0.862 1.219 1.102 1.471 
F(000) 3856 538 2648 4988 
Crystal size (mm) 0.30 x 0.15 x 0.10 0.30 x 0.05 x 0.05 0.20 x 0.05 x 0.01 0.30 x 0.10 x 0.08 
Reflections collected 15373 6557 12817 22893 
Independent reflections (Rint) 7295 (0.0306) 4461 (0.0132) 4773 (0.1441) 8100 (0.0521) 
Data / restraints / parameters 7295/0/569 4461/0/409 4773/94/367 8100/285/775 
Goodness-of-fit on F2 1.124 1.109 0.904 1.296 
Final R indices [I>2sigma(I)] 0.0688 0.0418 0.0733 0.1088 
R indices (all data) 0.0839 0.0483 0.1892 0.1321 
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Details on the Ab initio dynamics calculations 
 

The ab initio Born-Oppenheimer dynamics calculations were performed using the CP2K-
QuickStep program.i QuickStep is an implementation of the Gaussian Plane Waves (GPW) 
method based on the Kohn-Sham formulation of the density functional theory (DFT). The 
GPW approach is an hybrid method using a linear combination of Gaussian type orbitals to 
describe the Kohn-Sham orbitals whereas an auxiliary plan waves basis set is employed to 
expand the electronic charge density. We used the BLYPii functional and the basis set was a 
double zeta polarized set of gaussian orbitalsiii  for the second and third row atoms, and 
double zeta for the iron and zinc atom a double in conjunction with the Goedecker-Teter-
Hutteriv pseudopotentials.  The auxiliary PW basis set was defined by a cubic box of 22 (Å)3 

and by a density cutoff of 300 Ry.  
Metadynamicsv has been used to overcome the problem of observing rare events in 

conventional molecular dynamics. This method has already been successfully used for 
organometallicvi reactivity and organicvii reactivity. A series of small repulsive Gaussian 
potentials centered on the values of some collective variables are added during the dynamics, 
preventing the system from revisiting the same points in configurational space and creating a 
history-dependent multidimensional biasing potential. A time step of 1 fs is used for the 
dynamic performed at 350 K with the H atoms replaced by D atoms and the hills (width 10 
degrees, height 0.3 kcal/mol) were added every 10 fs. 
In the present study, we explicitly considered the dihedral angle C-C-C-C shown in Fig. 8 (see 
main text) as a collective variable. During the simulation, the rotation around this angle is 
effectively observed corresponding to the rotation of one of the ferrocene and around 1200 
steps have been necessary to observe the complete rotation and the simulation was stopped 
after 1600 steps. The free energy surface reconstructed from this simulation is represented in 
Fig. 8 (see main text). It exhibits a total free energy activation of 10.3 kcal.mol-1 in very good 
agreement with the temperature dependent NMR study. We can also note that the free energy 
difference between the two minima is quite small, a little less than 1 kcal.mol-1 in agreement 
with the large distances between the two ferrocenes. 

                                                            

(i) (a) CP2K, http://cp2k.berlios.de (2000-2005).  (b) VandeVondele, J.; Krack, M.; 
Mohamed, F.; Parrinello, M.; Chassaing T.; Hutter J. Comp. Phys. Com. 2005, 167, 103. 
(ii) (a) Becke, A. D. Phys Rev. A 1988, 38, 3098.  (b) Lee, C. T.; Yang, W. T.; Parr, R. G.  
Phys. Rev. B 1988, 37, 785. 
(iii) Krack, M.; Parrinello M. in “High Performance Computing in Chemistry” Ed. J. 
Grotendorst, NIC series, Vol. 25, 2004, 29-51. 
(iv) Goedecker, S.; Teter, M.; Hutter, J. Phys. Rev. B 1996, 54, 1703. 
(v) (a)  Laio, A.; Parrinello, M. Proc. Natl. Acad. Sci. USA, 2002, 99, 12562.  (b) Laio, A.; 
Rodriguez-Fortea, R.; Gervasio, F. L.; Ceccarelli, M.; Parrinello, M. J. Chem.Phys. B, 2005, 
109, 6714. 
(vi) Michel, C.; Laio, A.; Mohamed, F.; Krack, M.; Parrinello, M.; Milet, A. 
Organometallics 2007, 26, 1241. Carine Michel, Anne Milet Journal of Molecular Structure-
Theochem  2008, 852, 54. 
(vii) Ensing, B.; Laio, A.; Gervasio, F. L.; Parrinello, M.; Klein, M. L. J. Am. Chem. Soc. 
2004, 126, 9492. 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2012



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


